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Foreword 


OLUME 70 of the Transactions of The American Society of Mechanical 

Engineers contains the individual papers published during 1948 under 
the sponsorship of the Society’s professional divisions and technical com- 
mittees, including the contributions of the Applied Mechanics Division, issued 
originally in a quarterly known as Journal of Applied Mechanics, and the 1948 
Society Records and Index. The technical papers:and reports that make up 
this volume represent the Society’s annual contribution to the permanent 
record of mechanical-engineering achievement. Most of these papers and 
reports were presented at meetings of the Society and its professional divisions 
and sections and were published in monthly issues, eight being distributed 
as the Transactions of The American Society of Mechanical Engineers and 
four as the Journal of Applied Mechanics. Three indexes will be found at the 
end of this volume; an index to Mechanical Engineering, an index to the eight 
issues published as Transactions, and an index to the four issues published as 
the Journal of Applied Mechanics. Indexes to other ASME papers and pub- 
lications will be found on page SR-55 at the end of this volume. 

In view of the fact that the material of which this volume is composed was 
originally issued periodically as the Transactions, Journal of Applied Mechanics, 
and Society Records, three sets of page numbers will be found. Numbers 
without letter symbols are those of the eight issues of Transactions, and the 
Journal of Applied Mechanics, and those with letter symbol SR to the So- 
ciety Records and Index section, which concludes the volume. 

All sections of the Transactions are bound together at the end of the year 
for the convenience of libraries and of engineers who wish all of the papers in 
permanent form. Copies of the bound Transactions will be found in deposi- 
tories located in selected engineering, university, and public libraries through- 
out the world. A complete list of these depositories will be found on pages 
SR-51 to SR-54 of the Society Records and Index. Copies of the Trans- 
actions have also been set aside for sale. 

The Society Records of the ASME for 1948, which form a part of these 
Transactions, are the permanent records of the Society’s activities for the 
year, including lists of committees. 


PUBLICATIONS COMMITTEE 
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High-Temperature Disk-Forging Develop- 


ments for Aircraft Gas Turbines 


By L. B. FONDA,' WEST LYNN, MASS. 


This paper is concerned chiefly with the Type I-40 tur- 
bine wheel which, with its buckets, comprises the high- 
temperature rotating part of the jet engine powering the 
P-80 airplane. Of interest are the conclusions drawn from 
bursting tests carried out on (179) turbine-wheel blanks 
and (6) bucketed turbine wheels. A brief discussion is 
presented of the circumstances which led to the launching 
of this gigantic investigation, the type of equipment used, 
the various alloys and forging practices investigated, and 
comparison of the actual results obtained. The most im- 
portant consideration was found to be ductility; the best 


method of obtaining it—proper control of grain flow. The 


source of previous difficulty was found to be unsound forg- 
ings; the best method of prevention—extreme care in pro- 
ducing sound ingots and billets. Inspection methods 
developed for detection of any harmful defect—a combina- 
tion of zyglo and supersonic testing. 


eINTRODUCTION 

OUR serious I-40 turbine-wheel failures—the last in flight— 
| pene early in 1945. Fortunately, there were no fatali- 

ties. As a result, the author’s company undertook an 
organized program of bursting and sectioning wheel forgings 
from various sources, made from various materials, and repre- 
senting various forging practices, heat-treatments, and methods 
of handling. In all, 185 wheels were burst, including 6 bucketed 
wheels. Sixteen additional forgings were sectioned for a com- 
plete survey of hardness and physical testing, and a large number 
of, forgings, rejected on supersonic inspection, were sectioned to 
check the accuracy of the results obtained by this inspection 
method. The average weight was close to 400 lb for each forg- 
ing. 

Because of the large number of wheels tested it was possible 
to make direct comparisons, based upon bursting speed, which 
led to evaluation of numerous old and new forging methods, 
heat-treatments, processing methods, and alloy compositions. 
The results extensively affected the manufacturing processes in 
use by the various suppliers, as many new methods were devised 
by these manufacturers, and general improvement was realized. 

The extensive scope of the program also permitted vast strides 
to be taken toward calibration and improvement of inspection 
methods as applied to the detection of defects in this type of aus- 
tenitic forging. It was an excellent opportunity to prove the 
desirability and accuracy of supersonic inspection as applied to 
internal forging defects, as well as to develop more suitable tech- 
nique. It proved also that gamma-ray and x-ray inspection 
methods were considerably limited when used for this application. 

Above all, the composite nature of the program allowed for a 
clearer understanding of fundamental considerations underlying 
the good or bad performance of the bucket wheels in operation. 
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Knowing these principles, it was possible more successfully to 
plan improved methods of manufacturing and to determine the 
reasons for some of our previous troubles. 

Virtuelly complete histories were obtained from the manu- 
facturers on each wheel tested, which enabled us to compare 
methods and to attempt correlation of various factors with burst- 
ing speed. Statistics were assembled in many ways to determine 
what relationships existed. 

The specific problems involved at the beginning of this in- 
vestigation were as follows: 


1 To determine a method for separating good forgings from 
bad forgings: in the first stage of the program, by a destructive 
test; and in the second stage of the program, by a suitable sam- 
pling control chart based on the results of previous destruc- 
tive tests. 

2 To establish a rigorous inspection routine for detecting 
flaws in turbine-wheel forgings, especially of an internal nature. 

3 To scrutinize the methods of the forging vendors, prin- 
cipally for the purpose of finding means of improving center 
ductility, soundness, and uniformity of forgings. 

4 To investigate all the stress-producing factors in the design, 
manufacture, and operation of the Type I-40 wheel; especially, 
to develop a satisfactory means for determining the axial and 
radial temperature gradients in the wheel under actual condi- 
tions of operation. 

5 To improve the basic contour of the turbine wheel so that 
the forging process could be improved, or so that the internal 
stresses could be relieved partially or entirely. 

6 To investigate the high-temperature and high-speed proper- 
ties of new alloys which promise to be useful on a long-range basis. 

7 To accumulate fundamental data on the production alloy 
(Timken 16-25-6) and to investigate new methods of processing 
this material. 


This paper will be confined principally to a metallurgical dis- 
cussion of the latter two problems. Metallurgical considera- 
tions are important because we are dealing with unusually large 
forgings made from materials designed for high hardness and high 
strength at elevated temperatures, a combination of factors defi- 
nitely not conducive to easy forgeability. 


CHEMICAL COMPOSITION 


Because the operating temperature, at least at the rim of the 
wheel, is in the order of 1200 F, it is not possible to use the ordi- 
nary ferritic type of alloy which is capable of being heat-treated to 
the desired balance of strength and ductility. This type of 
alloy depends for its strength upon quenching and tempering 
treatments. Operational temperatures are higher than the 
tempering temperatures and, consequently, tempering would 
continue during operation of the engine, thereby reducing the 
strength and causing the material to become very weak. 

The material used for gas-turbine bucket wheels must also be 
resistant to oxidation at temperature and to corrosion by com- 
busted gases and, when ethyl gasoline is used as fuel, it must also 
be resistant to corrosion by lead compounds. Therefore the 
selection of wheel material is limited to the austenitic type of 
stainless alloys. 


} 
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As an austenitic alloy has no phase change within the ordinary 
range of heat-treating temperatures, it is not capable of being 
hardened by quenching. Heating to high temperatures merely 
results in grain growth and solution of carbides and intermetallic 
compounds. Quenching from this temperature retains this 
metallographic condition. Hardening is accomplished by work- 
ing the metal below its recrystallization temperature. In the I- 
40 wheel, yield strength in the center area must be sufficiently 
high to minimize stretch during overspeed. Strain-relief-an- 
nealing is generally done at approximately the operating tem- 
perature and eliminates those peak strains which would be re- 
lieved in service. 

Some of the austenitic alloys for high-temperature application 
have been designed so as to include elements which cause age- 
hardening. After quenching from a temperature high enough to 
cause solution of carbides and intermetallic compounds (segre- 
gated due to forging or rolling of the metal), the part is reheated 
to a lower temperature which causes them to precipitate from 
this supersaturated solution in a fairly homogeneous pattern. 
The amount of precipitation is dependent both upon the tem- 
perature and the length of time at which the metal is heated or 
“aged” at this temperature. Although higher strengths are ob- 
tainable by cold-working most of these age-hardenable bucket- 
wheel alloys, it is generally more desirable to eliminate cold work, 
as this is hard on forging equipment, increases machining diffi- 
culties, reduces the ductility, and does not produce as consistent 
results as solution treatment followed by age-hardening. 

Compositions of the various alloys investigated in the bursting 
tests are given in Table 1. 

The alloys mentioned in Table 1 were designed for cold work 
except modified inconel which is an age-hardening alloy. Ex- 
periments on age-hardening of Timken alloy carried out during 
the wheel-bursting investigation met with at least a fair degree 
of success. EME alloy produced excellent center ductility, con- 
sidering its cold-worked condition. Both 19-9-DL and CSA 
produced very high bursting speeds in comparison to Timken 
alloy, processed in the same manner. Bursting data on all alloys 
other than Timken 16-25-6 are scanty but indicate that even 
better results might have been produced if various processing 
combinations had been investigated on the scale to which Tim- 
ken alloy was subjected. 

Timken alloy 16-25-6 has long been the standard-production 
bucket-wheel material because of its acceptable combination of 
forgeability, machinability, weldability, yield strength, and 1200 
F rupture strength. Many other alloys have been found which 
excel Timken 16-25-6 in one or more of these characteristics, 
but, as yet, none has been proved to be superior in all five. We 
have had an almost unlimitedamount of manufacturing experience 
with Timken alloy, but not with any of the other alloys investi- 
gated during the bursting program. To prove acceptable for 
production use, the material must be capable of being processed 
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without difficulty as well as having acceptable mechanical 
properties. 

Modified Inconel is capable of producing higher physical and 
rupture properties than Timken alloy and has acceptable forge- 
ability. We formerly experienced machining difficulties with 
this material. This difficulty has now been somewhat over- 
come, although the machinability still does not compare favorably 
with Timken alloy. However, it has not yet been proved that 
the weldability is equivalent to Timken alloy, and as the alloy 
content is greater, the cost is correspondingly more. 

EME alloy has been reported to be more easily forgeable than 
Timken alloy (also developing better center ductility). No 
difficulty has been experienced in machining. We have had no 
experience with welding. Yield strength can perhaps be de- 
veloped equivalent to Timken alloy, but to date it has not been 
proved that the 1200 F rupture strength is equivalent to Timken 
alloy. Because of its lower alloy content, presumably, it can be 
made less expensively. 

19-9-DL alloy is more easily forgeable, and, on the basis of our 
limited experience, is perhaps comparable in weldability and 
machinability to Timken alloy. Yield strengths and 1200 F 
rupture strengths have been produced equivalent to, and in some 
cases higher than, Timken alloy. However, the composition is a 
delicate balance of several different phases, and we believe that 
the resulting properties are much more sensitive to slight changes 
in composition than Timken alloy. Hence it might be considera- 
bly more difficult to produce consistent lots on a large scale. 
Due to the lower alloy content it can be produced at a lower 
cost. Our processing experience is limited. 

CSA, on the basis of very limited experience, seems to be com- 
parable to Timken alloy in forgeability and machinability. We 
have had practically no welding experience with this material. 
Our limited test data show the material to be superior to Timken 
alloy in both yield strength and 1200 F rupture strength. 
Alloy content is lower. However, our experience with this ma- 
terial is so extremely limited that present comparison as a pro- 
duction material would not be soundly based. 

Actual data on performance in an I-40 jet engine is not availg- 
ble on any of these alloys except Timken 16-25-6. 


EQUIPMENT AND METHOD oF TESTING 


The wheel blank employed for bursting tests incorporated the 
general dimensions of a bucketed I-40 wheel, except for the omis- 
sions of cooling vanes, buckets, and bucket slots. Principal 
dimensions are shown in Fig. 1. The stress distribution for this 
design is shown on the curve in Fig. 2, while that for the bucketed 
I-40 wheel (as used in the engine) is shown in Fig. 3. 

In comparing the average tangential rim stress of a wheel blank 
of this design to similar stresses in a smaller turbosupercharger- 
wheel blank of the same standard material (Timken 16-25-6 
alloy), it was possible to set up a ratio of bursting speeds. Thus 


TABLE 1 COMPOSITIONS OF VARIOUS ALLOYS 
Name of Cc Mn by 8 Si Cr Ni Mo Ne W _ Cb Ti Al Fe 


15.0 24 


alloy 

16-25-6... 0.12 2.00 0.030 0.030 1.00 $.8 a> 
foe ia max max max max max to to 
17:5 37 7.0 0.20 
eho ae EME...... 0.12 0.40 0.030 0.030 0.40 18.75 11.50... 0.10 3.0 0.85... site 
to to max max to to to to to to 
: es 0.17 0.60 0.60 19.75 12.50 0.20 3.5 1.25 

19-9-DL.... 0.28 0.75 0.040 0.040 0.30 18 Bal 
Pn to to max max to to to to to to to 

PSS 0.35 1.50 0.80 20 10 «1.5 1.5 0.55 0.50 

Modified in- 

conel..... 0.10 0.40 0.010 0.010 0.46 14 oe 2.00 0.40 5.5 

Sars max to max max to to to to to to 
peaieas 0.80 0.70 16 76 2.75 0.90 7.5 

CSA....... 0.20 4.0 0.030 0.030 0.30 18 50 1.0... wal 
ie to to max max to to to to to to , 
é oe 0.30 5.5 0.80 20 6.0 1.5 1.5 0.55 
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it was calculated that the normal bursting speed of the blank 
shown in Fig. 1 should be 25,000 rpm, whereas the average burst- 
ing speed of the smaller wheel blank (on which a vast amount of 
data were available) had been 49,000 rpm. When it was found 
that very few of the I-40 wheels reached or exceeded the caleu- 
lated bursting speed, it was realized that the center rather than 
the rim was the critical area, and that the quality of this center 
area was much more difficult to control in a large forging than in a 
small one. (Comparative sizes of the jet and the supercharger 
wheels with buckets are shown in Fig. 4.) 

Each wheel blank had three holes drilled and tapped in the 
stub shaft to which an adapter and spindle were attached. The 


Fic. 4 Comparative Sizes or Type B SupercHaRGER 
WHEEL AND LarGE Type I-40 Jet-ENGINE WHEEL 


spindle was suspended from a Type B turbosupercharger wheel 
and shaft installed in a standard bearing and pump casing, as 
shown in Figs. 5 and 6. Flexible steam lines conducted steam 
through nozzles attached indirectly to the bearing and pump 
casing, and in this manner the Type B turbine wheel supplied 
motive power to the I-40 wheel blanks. The lubrication system 
and tachometer assembly were installed in the same manner as 
those of a standard supercharger. 

Each I-40 wheel blank was suspended in a large armor-plate 
ring for the safety of the test personnel; the ring was lined with 
approximately 6 in. of laminated boiler plate to absorb the burst- 
ing impact. Wheels tested without a similar boiler-plate lining 
were practically pulverized against the armor plate. 

The entire test assembly was located in a pit with adequate 
protection, in the form of steel cover plates, for test personnel 
and observers. All instrumentation and control apparatus ex- 
tended from the pit to a central control panel. 

For the purpose of obtaining significant information regarding 
diametric stretch versus speed, tests were conducted in a series of 
l-min steps beginning at 13,000 rpm and extending to bursting 
speed in 3000-rpm speed increments. After each run the wheels 
were decelerated to standstill for measurements of the outside 
diameter in three marked locations, in addition to wheel-tempera- 
ture measurements, which were employed in calculating the tem- 
perature-corrected diametric expansion. 


Summary oF Tests 


In discussing the data obtained from bursting the numerous 
wheel forgings included in this investigation, it has been deemed 
advisable to refer to the actual vendors of the forgings as A, B, 
C, ete. 

Vendor A manufactured both the steel used as raw material 
and the wheel forgings which were made from it. Its standard 
process consisted of casting 16-in-diam round tapered ingots from 
a 12-ton electric-arc furnace. Its forging equipment consisted 
of a 1650-ton hydraulic forging press for billets, and a 20,000-lb 
open-frame steam hammer used in conjunction with segmental 
dies (about 4 in. in width), which were flat except for the contour 
of the hub section and the stub shaft. The standard forging slug 
used was a 440-lb section of 10!/,in. round billet stock whose 
surface was machined to eliminate surface defects. 
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Vendor B manufactured only the steel used as raw material. 
Its standard process consisted of casting 19-in-diam fluted 
round ingots from a 25-ton electric-arc furnace. Its forging 
equipment consisted of a 1500-ton mechanically operated forging 
press, which was used to cog these ingots into billets whose stand- 
ard size was 8'/, in. square. Billet quality was controlled by 
etch-test inspection on the ends and zyglo inspection on the sur- 
face of the billets. 

Vendor C manufactured only the wheel forgings (made in most 
cases from billets supplied by vendor B). Its forging equipment 
used in connection with this work consisted of a 25,000-lb and 
a 35,000-lb steam drop hammer equipped with completely con- 
toured, closed, drop-forging dies, and utilizing a suitable trim- 
ming press between hot and cold forging operations. The stand- 
ard forging slug used was a 330-lb section of the 8'/,-in-sq billet 
stock manufactured by vendor B. 
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Vendor D made a few experimental wheel forgings from billets 
of various sizes and compositions through the use of its 2000-ton 
steam-hydraulic press and 12,000-lb steam smith hammer. Forg- 
ing dies used were contoured but were segmental in that they 
covered only about 75 per cent of the surface area of the forging. 
Weights of forging slugs ranged from 550 lb down to 350 Ib, and 
sizes from 10!/» in. round down to 6'/: in. square billet. 

Vendor E made only wheel forgings. Its forging equipment 
consisted of a 12,000-lb steam drop hammer, equipped with a 
completely contoured bottom die and a contoured segmental 
upper die. Sizes of the forging slugs used ranged from 6%/, in. 
square down to 6 in. square, weighed approximately 330 lb and 
were made by forging down larger billets obtained from vendor B. 

Vendor F manufactured both the steel used as raw material 
and the wheel forgings which were made from it. Its standard 
process consisted of casting preformed ingots designed to repre- 
sent one of the early stages in the upset of an I-40 wheel blank. 
These were cast from a high-frequency induction furnace, and 
each individual casting had a 7-in-diam hot top, kept molten 
by means of an electric arc until the body of the ingot was solidi- 
fied. Forging equipment included a 2500-ton forging press 
equipped with nine separate sets of contour dies for use in a ‘‘cen- 
ter reversal’’ process of upset forging directly from the ingot 
(amounting to alternate kneading of center and rim of the wheel 
blank). Solution treatment between hot and cold work was part 
of the standard process used by vendor F. A 7500-ton forging 
press was used during final cold-work operations. The weight of 
the forging slug was approximately 510 lb. 

Vendor G manufactured only the steel used as raw material 
(this was an alloy other than the standard Timken 16-25-6 com- 
position). This vendor used the electric-are heating process for 
keeping the hot top molten and thereby assuring a sound ingot. 
The standard billet-forging process included special equipment 
for removing surface defects, and octagon billets made by this 
process were machined to 10!/:-in. round to remove scale and sur- 
face defects. 

Vendors H and J were steel manufacturers from which billet 
stock of special compositions was purchased for wheel forgings 
manufactured by vendor C. 

Table 2 shows relative average bursting speeds of the various 
groups of wheels tested to destruction. 

In addition to wheels in Table 2, which were machined to di- 
mensions shown in Fig. 1, several other wheels were machined to 
more advanced stages and burst. One wheel was burst with the 
(54) bucket slots gashed (smooth sides) preparatory to broach- 
ing. Seven wheels were burst with these slots broached (serrated 
to hold buckets). Six more wheels were burst in the vacuum- 
overspeed pit complete with (54) buckets and flash-welded to the 
shaft. Fig. 4 shows the completely bucketed wheel. 

Average bursting speeds are given in Table 3 (standard forging 
practice used on all wheels, which are all made from Timken 
alloy). 

Because of the severe wind resistance encountered in running 
the gashed and broached wheels to the necessarily high speeds in 
the bursting pit, it was impossible to reach the bursting speed 
until helium gas had been admitted to the pit to lower the density 
of the atmosphere. 

Bursting speeds of the (179) wheel blanks ranged from 14,300 to 
26,400 rpm. The six bucketed wheels tested burst over a range 
of 16,000 to 21,900 rpm. 

In addition to the (185) wheels which were burst, 16 additional 
wheels were sectioned for complete metallurgical survey, includ- 
ing physical testing. These wheels were selected as representing 
individual alloys, forging practices, heat-treatments, etc. The 
results obtained were considered to be an important adjunct to 
the bursting data, as physical properties obtained from the burst 
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Material and process 


Timken alloy—center 
reversal forging from 
preformed ingot, so- 
lution treated, cold- 
worked at 1200 F, 
strain-relief annealed 
10 hr at 1200 F 


CsA material—solu- 
‘ion-treated cold- 
worked at 1200 F, 


strain-relief-annealed 
Modified .neonel ma- 
terial —  solution- 
treated and aged 
19-9-DL material—so- 
lution-treated and 
cold-worked at 1250 
F, strain-relief-an- 


nealed 

Timken alloy, cold- 
worked at 1500 F, 
no solution treat- 
ment,  strain-relief- 
annealed 4 hr at 1200 
F, 6-in-sq billet stock 
use 

EME material—no so- 
lution treatment, 
cold-worked at 1250 
F,  strain-relief-an- 
nealed 

Timken alloy, cold- 
worked on press with 
full-contour dies 


Timken alloy, cold- 
worked at 1500 F, 
no solution treat- 


ment, strain-relief- 
annealed 4 hr at 1200 
6%/-in-sq_ billet 
stock used 
Timken alloy, cold- 
worked at 1500 F, 
no solution treat- 
ment, strain-relief- 
annealed 4 hr at 1200 
6%/¢in-sq billet 
stock used 
Timken alloy, center 
reversal process on 
first six forging oper- 
ations by vendor F, 
finished according to 
standard hammer- 
forging process of 
vendor C; no solu- 
tion treatment 
Timken alloy, cold- 
worked on rim only 
19-9-DL material—so- 
lution-treated, cold- 
worked at 1650 F, 
strain-relief-annealed 
Timken alloy, solution- 
treated and aged 
Timken Alloy, stub- 
shaft machined into 
billet before forging 
wheel blank, cold- 
worked, no solution 
treatment 
19-9-DL material, cold- 
worked at 1650 F, 


no solution treat- 
ment 

Timken alloy, solu- 
tion-treated and 


aged 
Timken alloy, cold- 
worked at 1350 F, 
no solution treat- 
ment,  shot-blasted 
after machining 
Timken alloy, 
tion-treated, cold- 
worked at 1250 F, 
strain-relief-annealed 
8 hr at 1200 F 
Timken alloy, cold- 
worked at 1250 F, no 
solution treatment, 
strain-relief-annealed 
4 hr at 1200 F, 3-in- 
hole bored through 
center 
Timken alloy, solution- 
treated, cold-worked 
at i250 F, strain- 
relief-annealed 4 hr 
at 1200 F 
Timken alloy, 
worked at 1 
strain-relief-annealed 
50 hr at 1:00 F 
Timken alloy, cold- 
worked at 1200 F 
strain-relief-annealed 
4 hr at 1450 F 
Timken alloy, hot 
work only, finished 
at 1450 F, thin blank 
with maximum me- 
chanical fibering, no 


solu- 


cold- 
F 


Ven- 
dor 
of 
mat'l 


TABLE 2 


forg- 
ing 


D 


ow 


Avg 
burst’g 
speed, 

rpm 

25328 
25000 
24215 


24138 


23513 


22400 


22400 


22218 
22000 


21906 
21833 


21300 


21270 


21113 


21063 


20850 


20592 


20522 
20514 


20513 


Consist- 

ency of 

burst’g 

speed? 
E 


E 


VG 


VG 


VG 


VG 
G 


VG 


Item 


24 


31 


33 


34 


36 


37 


38 


39 


40 


41 


Material and process 
stub shaft, no allow- 
ance for cooling 
vanes, 3-in-diam hole 
bored through center 

Timken alloy, cold- 
worked at 1.00 F, no 
solution treatment, 
strain-relief-annealed 
10 hr at 1200 F, be- 
fore welding on ma- 
chining knob 

Timken alloy, cold- 
worked at 1200 F, 
strain-relief-annealed 
4 hr at 1450-F 

Timken alloy, cold- 
worked at 1250 F, no 
solution treatment, 
strain-relief-annealed 
8 hr at 1.00 F; no 
machining knob 
welded on 

Timken alloy, solution- 
treated, prestressed 
by coid-spinning, no 
strain-relief anneal 

Timken alloy, solution- 
treated only (no sub- 
sequent treatment) 

Timken alloy, solution- 
treated, prestressed 
by cold-spinning, no 
strain-relief-anneal 

Timken alloy, (billet 
stock made from 20- 
in-diam ingots), cold- 
worked at 1200 F, 
strain-relief-annealed 
4 br at .200-F 

Timken alloy, cold- 
worked at 1350 F, no 
solution treatment, 
strain-relief-anneal 
8 hr at 1200 F, ma- 
chining knob welded 


on 

Timken alloy, hot- 
worked only, finished 
at 1700 F, strain- 
relief-annealed 4 hr 
at 1200 F 

Timken alloy, cold- 
worked at 1250 F, 
no solution treat- 
ment, strain-relief- 
annealed 4 hr at 1200 
F; no _ machining 
knob welded on 

Timken alloy, cold- 
worked at 1250 F, 
no solution treat- 
ment, strain-relief- 
annealed 50 hr at 
1200 F 


Timken alloy, cold- 
worked at 1200 F, no 
solution treatment, 
strain-relief-anneal 
4hrat 1200 F; ma- 
chining knob welded 
on 

Timken alloy, solution- 
treated, strain-relief- 
annealed 4 hr at 1200 
F; no cold work 

Timken alloy, hot- 
worked only, finished 
at 1800 F, strain-re- 
lief-annealed 4 hr at 


Timken alloy, _hot- 
worked only, finished 
at 1800 F, strain-re- 
lief-annealed 4 hr at 
1200 F, 3-in. hole 
bored through center 

Timken alloy, cold- 
worked at 1200 F, 
no solution treat- 
ment, strain-relief- 
annealed 10 hr at 
1200 F, machining 
knob welded on, sub- 
sequently strain-re- 
lief-annealed 10 hr at 
1000-F 

Timken alloy, cold- 
worked at 1350 F, no 
solution treatment, 
strain-relief-annealed 
4 hr at 1200 F, 3-in. 
hole bored through 
center 

Timken alloy, cold- 
worked at 1350 F, no 
solution treatment 
strain-relief-annealed 
8 hr at 1200 F, 1!/2- 
in. hole bored 
through center 


excellent; 


very poor. 


RELATIVE AVERAGE BURSTING SPEEDS OF WHEELS 
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TABLE 3 AVERAGE BURSTING SPEEDS OF WHEELS 


Consist- 
ency 
Vendor Vendor Avg of 
No. of burst’g burst- 
Machined ma- forg- wheels speed, ing 
Item condition terial ing burst rpm 8 
A Gashed 
slots A A 1 24800 
B Broached 
slots A A 7 22444 F 
Cc Bucketed A A 6 18357 F 


fragments of wheels after testing were proved to be practically 
valueless because of the cold work which takes place in stretching 
during test and in striking the pit lining after bursting. Minute 
cracks in the burst fragments, when present, also cause deviation 
from true physical values. 

Physical testing done,on wheels sectioned rather than burst 
showed that forgings from the same group as item 1 of Table 2 
had by far the highest center ductility in spite of the fact that 
both yield and tensile strengths were equal to or higher than all of 
the other Timken alloy wheels sectioned (see Fig. 7). The high 
center ductility resulted from completely radial-flow lines 
brought about by elimination of the billet stage during manufac- 
ture. The high strength is evidently the result of the center- 
reversal method of forging. These properties corresponded to 
the consistently high bursting speed of item 1. 

A sectioned forging representing those in the same group as 
item 3 exhibited slightly lower yield and tensile strengths but 
higher ductility than item 1. Item 3 (modified inconel material) 
is an alloy especially designed to develop its physical properties 
through age-hardening rather than through cold-working. High 
ductility is obtained by solution-treating, and evidently is not 
seriously lowered through the precipitation which takes place 
during the aging treatment, although this aging increases both 
hardness and strength. Corresponding bursting speeds were 
somewhat lower than item 1, although much more closely grouped 
together. The total range of bursting speeds in item 3 was less 
than 450 rpm for the entire 6 wheels tested. 

While these two items showed the outstanding physical prop- 
erties of those wheels which were sectioned, other groups having 
high bursting speeds showed, in general, fairly good center duc- 
tility, and good yield and tensile strengths. Wheels in groups 
showing low bursting speeds, in almost every case exhibited at 
least one or two center physical tests with from ‘‘nil” to 2 or 3 
per cent elongation (in 2 in. on a standard 0.505-in-diam tensile 
bar). 

During the first stage of the testing program, many wheels 
were burst which obviously contained mechanical defects. This 
occurred primarily because they formed the larger part of the 
wheels on hand or readily available. Such forgings are respon- 
sible for a large percentage of the low bursting speeds recorded. 
Later, when more forgings were available, all det. ‘tive wheels 
were rejected and only those proved mechanically sound by our 
inspection procedure were subjected to the bursting test. Burst- 
ing of these defective wheels served several worth-while purposes: 


1 It made possible a high degree of development in our in- 
spection procedires by allowing us to make a direct correlation 
of the indications found with the bursting speed, and also by in- 
spection of the burst fragments. 

2 It allowed us to discover ‘that a relation existed between 
center ductility and the extent of internal defects. 

3 It furnished a definite standard for measuring the improve- 
ments brought about by newer forging practices which were in- 
troduced during the latter part of the program. 


Standard inspection procedure included the following: (1) 
Etching of the entire surface area before machining to uncover 
serious surface defects, this being done by immersion in a tank 
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‘of aqua regia; (2) x ray through the center section for detection 


of large internal defects, this being done on a 1,000,000-v ma- 
chine, utilizing a lead collar around the stub shaft to prevent diffu- 
sion; (3) preliminary zyglo test to show surface defects on wheels 
in the rough-machined condition, this being done by immersion 
in a fluorescent penetrant followed by examination under ultra- 
violet light; (4) supersonic examination of the interior for detec- 
tion of all internal flaws, this being done by scanning the wheel 
in both axial and radial directions, and, photographing the re- 
sulting wave pattern for use as a permanent record; (5) a final 
zyglo examination of the wheel surface in the finish-machined 
condition immediately prior to burst-testing. This served not 
only to show whether surface defects noted in preliminary zyglo 
examination had been removed by machining, but in the case of 
increasing intensity, as compared to the original indications, it 
pointed out a very serious axial type of defect (see Figs. 8 and 9), 
which combined with low center ductility was certain to cause 
low bursting speed. These defects were perpendicular to the 
operational stresses at the center of the wheel. Presumably 
welding the machining knob over this area (see dotted line in 
Pig. 1) aggravated this condition. 


CONCLUSIONS AND RECOMMENDATIONS 


Ductility. The outstanding conclusion to be drawn from this 
bursting investigation is that the most important factor con- 
tributing to high and consistent bursting speed is ductility. With 
good center ductility the harmful effect of minor discontinuities or 
mechanical defects is minimized. When ductility is low, these 
defects tend to act as stress raisers, and this accounts for low 
bursting speeds. When ductility is high, these ordinarily local- 
ized stresses are redistributed, and the minor defects are not so 
highly stressed. Therefore in such a case the bursting speed 
more nearly approaches that of a sound forging. However, 
when ductility becomes exceedingly high (such as in the case of 
the purely solution-treated wheel of items 28 and 36), yield 
strength is correspondingly low, and an excessive amount of 
stretch is obtained before bursting. This would cause obvious 
difficulties in the case of a bucketed wheel operating in a unit. 

In our bursting tests, wheels in the solution-treated condition 
burst at rather surprisingly high speeds (see item 28) considering 
their initial low hardness. Hardness surveys of burst fragments 
from these wheels showed a marked increase in Brinell hardness 
over original values. This indicated that the material was con- 
siderably cold-worked by excessive stretch during test, and ac- 
counted for the comparatively good bursting speeds, because of 
the increased yield strength during overspeeding. Then too, the 
high ductility involved was sufficient to overcome sudden failure 
due to possible defects of a minor nature. However, stretch of a 
magnitude sufficient to increase materially the yield strength 
could not be tolerated if it occurred during actual operation, be- 
cause it would cause loosening of the buckets and probable rub- 
bing of the bucket tips against the shroud ring. Therefore 
wheels in the purely solution-treated condition cannot be used 
in I-40 units. 

The principle just outlined was the basis used to devise the 
procedure for prestressing of wheel blanks immediately prior to 
finish-machining. This method involved controlled overspeed 
of an oversized wheel blank for the purpose of inducing cold work 
in those areas where it was most urgently needed. After pre- 
stressing, the distorted wheel blank was machined to the dimen- 
sions shown in Fig. 1. The remachined blank was then burst in 
the regular manner. 

Prestressing was not commercially practical for Timken alloy 
I-40 wheel blanks, because it was found that the critical portion 
of the cold work took place at a speed just below the bursting 
speed. Due to the variations in bursting speed from.wheel to 
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sSe (is) 
235 235 235 () 262 265 
© 
© 
302 | 302 — 302 302 302 @) 289 269 
| 
255 265 302 | 269 302 269 269 277 
©) 
0.505 BARS PULLED AT ROOM TEMPERATURE 
Bar No. Y.S. (0.0002-in. per in.) TS. El. R.A. 
1 93750 psi 131500 psi 24 per cent 43.97 per cent 
2 89250 129000 21.5 46.02 
3 90375 130000 20.5 46.89 
4 96000 133500 20.5 44.55 
5 76125 120000 31 49.46 
6 73875 119000 24 44.85 
7 79500 121500 29 48.29 
8 83250 126500 23.5 49.18 
9 75000 117000 28.5 50.29 
10 97500 140500 22 40.96 
11 106125 148000 17.5 35.35 
12 106500 141500 6.5 14.47 
13 93375 135000 14 25.79 
0.250 BARS PULLED AT ROOM TEMPERATURE 
Bar No Y.S. (0.0002-in. per in.) TB. EI R.A 
14 95500 134600 24 46.3 
15 74904 120500 29 48.7 
16 65562 110400 36 46.93 
Nore: Forging Procedure-Upset directly from ingot into special contour dies to hot-forged blank at temperature 1950 F; Forged under 2500-ton steam 
press; solution-treated by quenching in water from 2200 F; cold-worked on 7500-ton press after heating to 1200 F; strain-relief annealed 1200 F for 10 hr; 
air cooled. 
Cc Mn P 8 Si Ni Cr Mo Ne 
0.09 1.40 0.022 0.018 0.96 25.50 16.86 6.30 0.15 
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wheel, it was impossible to regulate the prestressing speed closely 
enough to secure the necessary amount of cold work without 
cracking or bursting the wheel blank during the prestressing 
operation. (Items 27 and 29 show no advantage over item 28 
which was not prestressed. The probable reason is that the 
wheels were not prestressed at a sufficiently high speed before 
remachining. ) 

Grain Flow and Grain Refinement. The primary factor to be 
considered in obtaining the desired ductility throughout the 
wheel blank was shown to be proper control of grain flow within 
the forging. Thus, other factors being equal, the more com- 
pletely radial that the flow lines within the wheel blank become, 
the higher the bursting speed should be. The use of billet stock 
of smaller cross section insured a higher upset ratio and therefore 
more complete reversal of the direction of the flow lines. This 
resulted in somewhat higher bursting speeds (see items 5, 8, and 
9). Use of preformed ingots employed by vendor F entirely 
omitted the billet stage during forging and insured completely 
radial flow lines. This contributed greatly toward the fact that 
wheels supplied by this vendor burst at the highest speeds of 
any tested (see item 1). However, no wheels processed to item 
1 were tested in a unit. Possible manufacturing difficulties, such 
as machining and flash welding have been reported from other 
sources. Gyroscopic tests to determine the effect of radial-flow 
lines at the stub junction have not been carried out. 


In securing the proper grain flow, it seemed evident that pre- 
cautions should at the same time be taken to insure sufficient 
grain refinement through enough hot-working to break up the 
dendritic structure. (Complete proof of this point is lacking, as 
no cast I-40 wheel was tested. However, cast wheels of other 
types made in the past have appeared to be inferior to forged 
wheels both in soundness and physical properties.) Thus in 
wheels upset from billet stock, the ratio of hot-working reduction 
from ingot to billet should be as great as is commercially practi- 
cal. Maximum reduction ratio plus maximum upset ratio would 
produce maximum grain refinement and therefore should give 
the best type of forging which could be made from billet stock 
(see items 5, 8, and 9). Wheels in items 26 and 31 showed a 
notably dendritic structure in the center, indicating insufficient 
grain refinement. Consequently, bursting speed was below average 
and consistency of bursting speed was not particularly good. 
In this instance, dendritic structure as well as axial-flow lines at 
the center of the wheel just below the exit surface were due, at 
least in part, to prolonged contact with the comparatively cold 
lower hammer die which chilled the hot metal at this section and 
prevented proper flow under the hammer blows. 

When the billet stage is eliminated by using the preformed in- 
got, allowance must be made for an additional amount of hot- 
working during actual die-forging of the wheel blank, to make up 
for the grain refinement which would ordinarily be obtained by 
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the conventional process of cogging the ingot down to a billet. 
This was ingeniously accomplished in the ‘‘center-reversal’’ 
process by means of press-forging with several sets of contour 
dies, molding the ingot into a wheel blank by alternate kneading 
of the center and rim of the forging. Chilling due to pro- 
longed die contact was avoided because only one press blow was 
delivered after each time th. blank was heated in the forging 
_ furnace. The advantages of this operation are that the total 
amount of grain refinement is at least comparable to that ob- 
tained by the conventional forging process, while at the same time 
the kneading forms the flow lines into the positions most advan- 
tageous for operating conditions. Item 10 tends to indicate that 
the substitution of conventional die-forging on this same type of 
wheel blank for the center-reversal process has seriously lessened 
the degree of grain refinement obtained and thereby decreased 
the bursting speed. Also, this wheel was not solution-treated, 
while all wheels forged by vendor F were given a solution treat- 
ment between hot and cold work. 

Solution Treatment. Solution treatment consists of heating 
the metal to a temperature sufficiently high to dissolve the car- 
bides and intermetallic compounds in an austenitic solid solution. 
Temperatures used for this purpose ranged from 2100 F to 2250 F 
for Timken alloy, and forgings were held at this temperature for 
at least, 1 hr to allow sufficient time for solution to take place. 
In most cases the forgings were water-quenched from the solution 
temperature to cool the metal quickly through the precipitation 
range (approximately 1200 F to 1500 F). Precipitation (or 
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aging as it is also called) is a fairly slow process, but due to the 
large mass of the I-40 wheel forging, it might occur on air-cooling 
in the center where it is least desirable because this portion would 
cool most slowly. If precipitation occurs, these brittle carbides 
and intermetallic compounds are thrown out of solution and are 
apt to cause difficulties in the cold-working operation. 

Solution treatment has been involved in several different 
methods of processing Timken alloy wheels. In itself, it increases 
ductility and decreases hardness and strength. It also tends to 
equalize the variable conditions due to poor control over the 
finishing temperature during hot work. In order to recover the 
lost yield strength, subsequent treatments must be used which 
cause the material to lose a large percentage of the ductility 
gained through solution treatment. In most cases the subse- 
quent treatments cause a certain amount of precipitation to occur. 
They involve either aging or cold work. Practices involving 
solution treatment which were used during the program were as 
follows: 


1 Solution-treated only (see item 28). 

2 Solution-treated, strain-relief-annealed (see 36), 

3 Solution-treated, aged (see items 3, 13, and 16). 

4 Solution-treated, hammer cold-worked, strain-relief-an- 
nealed (see items 1, 2, 4, 12, 18, and 20). 

5 Solution-treated, cold-worked by prestressing (see items 
27 and 29). 


For reasons concerning excessive stretch and low strength, as 
previously noted, the first two practices could never be used for 
wheels actually operating in units. The third practice (solution 
treatment plus aging) produces wheels with good ductility, ten- 
sile strength, and hardness almost equivalent to that obtained 
in cold-worked wheels, but with yield strength intermediate 
between a purely solution-treated wheel and a cold-worked wheel. 
This practice resulted in consistent bursting speeds for the Type 
I-40 wheel, but might not be adaptable to some other type of 
wheel which requires higher yield strength. It depends upon the 
precipitation-hardening principle. Modified Inconel alloy is 
best adapted to this practice as its chemical composition includes 
certain elements which combine to cause a hard precipitate which 
quickly raises the strength, while at the same time retaining a 
very high ductility. Certain problems in welding this material, 
however, are still to be solved. 

The fourth practice produces wheels with the highest yield 
strength, although the ductility depends upon a number of other 
factors in the processing, notably the temperature at which the 
cold-working is performed. Practically all of those wheels which 
were cold-worked were worked within the precipitation range 
(1200 F to 1500 F). The higher temperatures were favored by 
the manufacturers because of Jess damage to forging equipment. 
Precipitation is promoted by cold work, and metallographic 
study of wheels made in this manner showed dense precipitate, 
especially in the grain boundaries which considerably lowered 
the ductility. It is possible that wheels cold-worked below the 
precipitation-temperature range after solution treatment would 
have much better ductility. Actua'ly, this is what has been 
done in the fifth practice (prestressing) where the temperature 
of cold work (only slightly above room temperature) is far below 
the precipitation range. As has been previously noted, our 
limited experiments in prestressing I-40 wheels were not too 
successful. 

Most of the outstanding groups of wheels tested (both from the 
point of view of bursting speed and consistency of bursting 
speed) embraced solution treatment as part of the manufacturing 
process. The fact that solution treatment is also included in the 
processes which showed lower bursting speeds indicates that when 
solution treatment is used in conjunction with certain beneficial 
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factors of good processing, the bursting speeds are consistently 
high, but that presence of these other factors is necessary for 
good bursting speed, not solution treatment alone. 

Foundry and Forge-Shop Practice. It has become fully evident 
from all of the historical data and test results accumulated during 
the bursting program that, in order to make good wheels, we must 
start with sound ingots. Vendors F and G used an electric are 
to keep ingot hot tops molten until the body of the ingot had 
solidified, thereby improving the soundness of their metal. None 
of the wheels made from this metal showed center defects. All of 
the vendors were careful about removing surface defects from the 
ingots, by grinding, machining, or chipping methods. 

Billet inspection included both zyglo for surface defects, and 
etched cross sections for the discovery of poor center conditions. 
Supersonic inspection of billets was recommended, and some ex- 
perimentation was done, but this was not used as a production 
inspection tool for this program. Vendor F, in eliminating the 
billet stage of manufacture, thereby eliminated a very serious 
source of defects. Those vendors who used round billets took 
heavy machining cuts to remove the surface defects. 

Vendors A and C developed special intermediate dies for pre- 
liminary upset of the billets, which not only prevented twisting 
but also helped pack the metal at the ends of the billets, thereby 
providing better grain refinement. In delivering only one press 
blow per forging heat, vendor F kept the metal hot and success- 
fully avoided forging defects. 

Vendor A used gamma-ray inspection and later installed a 
2,000,000-v x-ray machine, thereby providing a means of detect- 
ing some types of serious internal defects. 

Fig. 10 shows a disk type of defect which is undetectable by 
X-ray examination but is very readily located by supersonic in- 
spection. 

Recapitulation. Summing up the conclusions presented, the 
most important consideration is that sound wheels should be 
produced from sound ingots (and sound billets, if forged by the 
conventional procedure). Good ductility is the best insurance 
that minor defects will not affect materially the bursting speed 
of the wheel, other factors being equal. Good control over 
grain flow within the forging is the greatest step in the direction 
of obtaining high over-all ductility in the plane of maximum 
stress. The proper use of solution treatment may be an addi- 
tional step in this direction. Conscientious use of the proper 
combination of inspection procedures (zyglo and supersonic) 
should prevent the use,of any defective forgings. With this 
knowledge available, future designers of this type of apparatus 


may perhaps be spared the tragedy of serious accidents. 

It is hoped that a study of the information developed by this 
investigaticn may prove useful in the manufacture of other highly 
stressed rotating parts. 
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Discussion 


R. W. Anprews, Jr.? The benefits to be gained by press-forg- 
ing in accomplishing more uniform cross-sectional working should 
tend to produce more uniform properties in the critically stressed 
hub area, provided the dies are heated to minimize loss of heat by 
conduction, and the entire forging cycle is performed at an ade- 
quate speed. To gain this advantage, a forging press is necessary 
of sufficient capacity to permit the use of closed dies. This action 
should be contrasted with that of a large forging hammer which 
delivers a large amount of energy at the surface of the work, 
tending to produce nonuniform cross-sectional working. In addi- 
tion, the forging efficiency of the hammer must be considered 
since it depends upon the mass of the anvil, sow block, and attend- 
ant subbase. The number of blows required and the loss of heat 
during hammer-forging will influence materially the properties of 
the resultant forging. 

The stress conditions represented in Figs. 2 and 3 of the paper 
are evidently those resulting from centrifugal forces only at room 
temperature. To these must be added the stresses which result 
from the tempgrature differential between the rim and the hub in 
normal operation so that the operating values would be approxi- 
mately twice those shown on the curves. This further empha- 
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sizes the author’s conclusion that ductility is of prime importance 
in the critical area of the hub. 

The employment of nondestructive examination of the billets 
and forgings is a distinct advance. Further information on the 
interpretation and correlation of supersonic observations would 
be of interest, and it would be of value to know which of the five 
or more commercial types of supersonic devices was employed. 

Supersonic examination can reveal defects which are so small as 
to be obscured by diffusion of x ray or gamma rays but, since it 
involves measurement of energy of so low an order of magnitude, 
its interpretation assumes great importance. Each alloy will be- 
have in a different manner in this type of examination, and the 
sensitivity will vary with the frequency of the pulse. Except in 
the case of one fluid-immersed double-crystal device, only areas 
between essentially parallel surfaces can be explored successfully 
and, in the usual case of thin materials of 1 in. or less, the re- 
flected pulse on the oscilloscope screen is obscured by the pattern 
of the initia] pulse. To make a thorough examination, a number 
of observations must be made since each observation represents 
only the conditions in the path of the pulse, representing an area 
roughly the equivalent of the contact area between the oil, the 
object, and the searching crystal. 

However, defects can’ be quite definitely located by triangula- 
tion and can often be identified in scope and character by this 
means. 


C. A. Crawrorp.* It seems interesting that all four of the 
materials, CSA, modified inconel, 19-9-DL, and EME, showed a 
bursting strength higher than the majority of the forgings tested, 
but it is unfortunate that additional data have not been assembled 
on these other alloys as they obviously show much promise as 
wheel material. 

It is particularly interesting that the inaterials, items 1, 3, and 6 
in Table 2 of the paper, were graded as excellent with eference to 


consistency of bursting speed, which, obviously, is a requirement P 


of prime importanée. 

The only part of this test work with which the writer has pre- 
viously been familiar is the testing of the wheels in item 3. All 
concerned were favorably impressed with the remarkably close 
agreement in bursting speeds of the six wheels, all of which fell 
within 450 rpm, as stated in the text. This uniformity has been 
observed in the measurement of other physical properties of the 
age-hardenable material. 

Quite a number of wheels of other designs have been forged 
from the same alloy as item 3 and its later modification, and many 
tensile-test specimens, both radial and tangential, have shown a 
high degree of uniformity among wheels from a number of 
different heats forged by two different forging firms. 

In our opinion, the age-hardenable type of material is distinctly 
superior for rotor wheels subjected to high stresses. 

The work reported by the author, obviously, represents a great 
expenditure of time and money and is a valuable contribution to 
the stock of information available to many engineers who are now 
interested in gas-turbine design. 


Martin FLEISCHMANN.‘ Reviewing the conclusions and 
recommendations made in this paper the following comments are 
offered under the same headings as used by the author: 

Ductility. We agree with the author that a certain amount of 
center ductility in bucket wheels is desirable in order to distribute 
operating stresses and prevent stress concentrations due to minor 
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mechanical and metallurgical irregularities. The value for center 
ductility required in any particular application, however, seems 
open to discussion, As only very small stretch is allowed during 
the operation of the wheel, high ductility could never be utilized 
fully in the sense that considerable plastic flow would be per- 
missible. The bursting speed of a bucket wheel may be influ- 
enced by the ductility or plasticity of the material but depends 
mainly upon the effective yield strength. Unfortunately, it has 
not been possible actually to correlate the yield-strength values 
of the material with the bursting speed of bucket wheels, because 
quite often the internal residual stresses, introduced by the so- 
called “cold-working”’ of the forgings, are added to the stresses 
arising from rotation and yielding will occur sooner in regions of 
residual tensile stress, For this reason it may be well to ex- 
amine the effect of the cold-working operation. 

The mechanical properties and with them the bursting speed of 
the 16-25-6 wheels are largely controlled by the cold-working 
operation. It is of utmost importance that the shape of the forg- 
ing prior to cold-working shall be of such dimensions that the cold 
work will produce a uniform flow of material from the center of 
the piece toward the rim. The amount of deformation should be 
uniform for each unit of the cross section. Cold-working be- 
tween 5 and 15 per cent should be sufficient to assure high yield 
strength without too much sacrifice in ductility. 

Grain Flow and Grain Refinement. We think that proper em- 
phasis has been placed upon grain flow and grain refinement in 
relation to the quality of a wheel forging. The use of the smallest 
possible billet size and, if desired, the drawing out of the stub 
shaft prior to upset-forging will help materially in arriving at the 
proper grain flow, insuring best physical properties in the radial 
sections of the wheel. Additional steps in the hot-forging of the 
wheels may have to be incorporated to arrive at the best method 
of manufacture. 

Solution Treatment. Although solution treatment will put the 
16-25-6 alloy into its most ductile condition, the drastic water- 
quenching of such large sections is liable to create undesirably 
high stresses in the body of the forging. Since the heating and 
cold working in the usual temperature range of 1200 F to 1300 F 
will also cause more abundant precipitation in the grain bound- 
aries when the alloy has been previously solution-quenched, 
serious loss of malleability may develop while the cold working is 
in progress. In these circumstances, excessive amounts of cold 
working often result in cracking of the pieces. 

These difficulties may be avoided simply by reheating the hot- 
worked forgings to 2000 F to 2150 F and allowing them to cool in 
air. Such an equalizing treatment has the added benefit of 
eliminating the incidental cold-working effects which occur during 
hot-forging, owing to chill on surfaces in contact with the dies and 
to variable low finishing temperatures. 


J. Y.Rrepe..® From the point of view of the manufacturer of 
forgings, the data presented are of great value because they enable 
a comparison of the relative value of so many different manufac- 
turing techniques. 

Our experience confirms the conclusion that the manufacture of 
sound forgings requires the production of sound ingots, particu- 
larly when the size of the forging is as large as the I-40 wheel or 
larger. This is undoubtedly due to the inherent character of the 
so-called superalloys, i.e., their high strength at high temperatures 
prevent the penetration of mechanical hot work so that the heal- 
ing of voids is not as readily accomplished as with the lower- 
strength ferritic alloys. We have observed that mechanical hot 
work is less effective, due to lack of penetration, when the work is 
done on a hammer than when it is done on a press. 


5 Tool Steel Engineer, Bethlehem Steel Company, Bethlehem, Pa. 
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We are also in complete accordance with the conclusion that 
radial flow lines are desirable in the I-40 wheel. This goes back 
to one of the basic fundamentals of forgings, namely, that the 
flow lines should be in the direction of maximum stress. 

In the author’s second conclusion a comment is made as to the 
possible effect of radial flow lines in the stub shaft of wheels made 
by the “center-reversal” process. We would like to point out 
that there actually are no flow lines at allin the stub shaft. This 
is due to the fact that in this process the stub is cast on the ingot, 
and grain refinement is obtained by expanding and compressing 
the metal alternately in the stub, both radially and longitudinally. 
Thus the net effect is that the metal has received grain refinement 
by virtue of the hot-working without imparting directional flow 
lines. The stub is in exactly the same location in both the ingot 
and the finished forging. 

With respect to the center-reversal process, as described under 
“Summary of Tests Made,” it should be mentioned that the cold 
work was done on a 7500-ton forging press. This fact is recorded 
in Fig. 7 of the paper but not in the first description. This is im- 
portant since it is impossible to cold-work an I-40 wheel on a 
2500-ton press using full-contour dies. 

The cold-work operation was the source of much trouble in 
the manufacture of I-40 wheels. The reason for this situation is 
readily understandable when the author tells us that prestressing 
of wheels by spinning in order to cold work them is impractical 
because ‘...... it was found that the critical portion of the cold 
work took place at a speed just below the bursting speed.”’ The 
accurate development of this phase of manufacture was found 
equally difficult when working a 500-lb forging on a heavy press 
designed to forge ingots as large as 500,000 Ib. The foregoing 
discussion merely points to the fact that the development of 
alloys or treatments which avoid the necessity of cold work would 
greatly facilitate the production of this type of forging. 


A. O. ScuHaerer.® The results of the testing program de- 
scribed in this paper, yielded information quickly during an 
emergency period when it was badly needed. This information 
guided manufacturers in the improvement of their products and 
aided in the establishment of a system of nondestructive testing 
more adequate than had been used formerly. 

Little issue can be taken with the author’s conclusions. Sound 
ingots, sound billets, good ductility, and proper grain flow are 
desirable factors in all forgings. The difficulty in the present in- 
stance was occasioned by the relative unfamiliarity of the forging 
industry with working materials as refractory as these required 
for their high-temperature properties. 

The author has rightly pointed out that the test procedure de- 
scribed evaluated forgings solely on the basis of their ability to 
withstand bursting stresses imposed by high-speed rotation. 
Other conditions must be met in service including temperature 
gradient, and the altered stress pattern resulting from the load on 
the blades, the mass of the blades themselves, and the welded-on 
shaft. The welding on of the shaft and the centering button also 
complicated matters. 

The matter of solution treatment before cold-working was the 
basis of a discussion which has not yet been finally answered. 
The author has listed the various combinations of solution treat- 
ment, strain-relief-annealing, aging, cold-working, prestressing, 
and so on, which were tried. It is noted that cold-working was 
usually carried out at a temperature of 1200 F, which may be ex- 
pected to result in minimum ductility. It would have been inter- 
esting to note the results of solution-quenching, followed by cold- 
working at either a lower temperature (1100 F, for example), or a 


6 Executive Metallurgical Engineer, The Midvale Company, 
Nicetown, Pa. 


higher temperature (1300-1400 F). Higher ductility might be 
expected in either case. 

With regard to EME alloy, the author mentions the lack of 
data on rupture strength at 1200 F. Typical values of this, 
obtained after cold-working to a Brinell hardness comparable to 
that required for Type I-40 rotors, are as follows: 


At 100 hr 
49,800 to 59,500 psi 


Stress to produce 
rupture at 1200 F 


At 1000 hr 
39,000-43,000 psi 


It is interesting to note that no EME rotor forgings were made 
or tested which had been solution-quenched between hot and 
cold working. 

The author and his company are to be congratulated for releas- 
ing information which furnishes us so much food for thought. 


A. G. Hotms.? The author has presented overwhelming 
evidence to show that forging practice is a major factor in deter- 
mining disk strength, and that it is desirable to have the direction 
of forging deformation coincide with the direction of the impor- 
tant stresses. It is generally recognized that forming processes 
improve the mechanical properties of a material in the direction 
of forming, but the author states in his conclusions: ‘“The out- 
standing conclusion to be drawn from this bursting investigation 
is that the most important factor contributing to high and con- 
sistent bursting speed is ductility.” This statement is not a 
logical consequence of the author’s published data. In his sum- 
mary of tests made, the author says, “..... forgings from the 
same group as item 1 of Table 2 had by far the highest center 
ductility in spite of the fact that both yield and tensile strengths 
were equal to or higher than all of the other Timken alloy wheels 
sectioned.” From this it appears that the higher tensile strength 
could be responsible for the better performance of item 1. In 
the next paragraph he says, “A sectioned forging representing 
those in the same group as item 3 exhibited slightly lower yield 
and tensile strengths but higher ductility than item Here a 
material with greater ductility than item 1 burst at a lower 
speed. The explanation is apparently that the disks of item 3 
had lower tensile strength than item 1. From the author’s data 
it appears that a logical conclusion would be that the tensile 
strength was the controlling. factor. 


AUTHOR’s CLOSURE 


Press-forging such as mentioned by Mr. Andrews was very 
successfully used by vendor F in the manufacture of the forgings 
tested in item 1. Uniformity in working was accomplished by 
use of several sets of carefully designed dies used in the proper 
sequence. Loss of heat was minimized by location of a specially 
designed forging furnace so close to the press that a manipulator 
could reach between the jaws of the press, lift out a forging slug, 
and deposit it immediately on the dies. Only one press blow was 
delivered per forging heat. A direct comparison can be made 
with hammer-forging by considering item 10, which was started 
in this manner and finished on a 35,000-lb steam drop hammer. 
Item 10 was definitely inferior. 

We are aware that the stress conditions, represented in Figs. 2 
and 3 of the paper, would be altered by additional stresses result- 
ing from the temperature differential between the rim and the 
hub in normal operation. However, rather than becoming twice 
the values shown on the curves, we feel that the radial stresses 
would be increased more nearly 50 per cent during operation 
while the tangential stresses would actually decrease. Ductility 
in the critical area of the hub, as Mr. Andrews states, is of prime 
importance. The operating temperature at the center is not 


7 Engineer, Flight Propulsion Research Laboratory of the Na- 
tional Advisory Committee for Aeronautics, Cleveland, Ohio. Jun. 
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sufficiently high materially to alter the room-temperature duc- 
tility values. 


The supersonic device used in this investigation was not a com- ~ 


mercial machine but rather a laboratory model. Tt was an ultra- 
sonic tester of the reflectoscope type, built by the Thomson Labo- 
ratory (General Electric Company, River Works) under special 
Sperry license for our own use only. It employed two Rochelle- 
salt crystals at a frequency of */, megacycle. A good description 
of supersonic inspection, as applied to the I-40 wheel forgings 
covered in this paper, has been written by the late R. 8S. Davidson 
of the Thomson Laboratory.’ Further information on interpre- 
tation and correlation would be too lengthy to include here. 

It is quite true that the actual interpretation of supersonic 
indications is of very great importance. We feel that the carrying 
out of the I-40 wheel-bursting program was a most excellent op- 
portunity to further the accuracy of interpretation. We have 
found that while higher frequencies increase the sensitivity on 
this application, less divergence of the beam is encountered. 
Inspection of our I-40 wheels included a number of observations 
involving among others, scanning in different directions, i.e., 
axially through the hub from both opposite faces, axially through 
the rim at several locations, and radially through the entire di- 
ameter of the wheel blank. 

Mr. Crawford’s comments are in agreement with our conclu- 
sions. We also consider it unfortunate that additional data 
were not obtained on all of the alloys. The program was brought 
to a halt at the end of the war with the completion of perhaps 
less than half of the testing originally planned. Wheels not 
tested included several more variations in forging practice for 
Timken alloy, additional wheels made from CSA and 19-9-DL, 
as well as other alloys not mentioned in this paper, including low 
carbon N-155, Turbelloy No. 4, BSA, and low carbon 17-W. 

Mr. Fleischmann comments that high ductility could never be 
fully utilized during operation because more than a small amount 
of plastic flow would not be permissible. However, it would 
seem that in cases of emergency, much less damage would be 
caused to a plane or its occupants by a distorted rotor which 
would act as a warning signal, than by sudden failure of a defec- 
tive wheel. Considerable stretch could take place in an I-40 
engine, being shown by roughness of operation, before actual 
failure of wheel or buckets would occur. 

Mr. Fleischmann feels that the troubles caused by solution 
treatment outweigh the benefits it imparts. Our experience has 
shown the opposite to be true. During the past year, approxi- 
mately 1500 supercharger wheels have been forged at the author’s 
plant from 16-25-6 alloy using a full solution treatment between 
hot and cold work. These wheels have shown a consistently 
marked increase in center ductility over those previously made 
without using solution treatment as part of the forging practice. 
We have never found that solution treatment causes cracking to 
occur during subsequent cold-working, but rather that this has 
been sharply reduced by the use of solution treatment. The 
small size of the supercharger-wheel forging (60 to 65 lb) permits 
the use of air-cooling rather than water-quenching from the solu- 
tion temperature. However, water-quenching was used in the 


8§“‘Supersonic Flaw Detection Is Non-Destructive,’’ by R. 8. 
Davidson, Industry and Power, April, 1947, p. 79. 
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manufacture of many I-40 forgings tested during the bursting 
program. Vendor F used it on all wheels made by that company 
without experiencing trouble. Vendor C, however, reported 
cracks due to water-quenching after solution treatment. 

Mr. Riedel’s comments on press-forging supplement those ex- 
pressed by Mr. Andrews. Mention has been made in the text 
of the use of a 7500-ton forging press for cold work. His com- 
ments on grain refinement in the stub shaft are very enlightening. 

Mr. Schaefer’s comments are appreciated by the author. In 
regard to the rupture strength he has given for EME alloy, we 
have not been able to reproduce his figures. The highest 100-hr 
strength at 1200 F, which we could obtain from a wheel forging, 
was slightly in excess of 46,000 psi, as contrasted to an average 
of 48,000 psi, for similar tests on 16-25-6 alloy. Could it be that 
Mr. Schaefer’s rupture-test specimens were taken from bar stock 
rather than from a forging? This often results in higher rupture 
strength. 

Mr. Holms disagrees with the outstanding conclusion of the 
entire investigation, “that the most important factor contribut- 
ing to high and consistent bursting speed is ductility.’ Like 
Mr. Fleischmann, he points out that the bursting speed depends 
mainly upon the strength of the material. As proof, he calls at- 
tention to the fact that the wheels in item 1 (of Table 2) burst at 
higher speeds than those in item 3, which had higher ductility 
but slightly lower yield and tensile strength. While these state- 
ments are quite true, the author feels that consideration should 
also be given to other factors (in addition to physical properties) 
in arriving at over-all conclusions. As an example, let us con- 
sider item 34 which had an average bursting speed of 19,701 rpm 
for six wheels which were tested. Physical tests made on another 
forging from this group showed both yield and tensile strengths 
to be higher than item 8 (which had an average bursting speed of 
24,215 rpm), but center ductility to be very much lower (2.5 per 
cent average elongation for item 34, as compared to 22.5 per cent 
average elongation for item 3). Consistency of bursting speed 
was also much poorer for item 34, as it was in every other case 
of low ductility encountered throughout the investigation, e.g., 
following table: 


RPM BURSTING SPEED 


Item 3 Item 34 
24035 17550 
24035 19000 
24130 19000 
24275 19660 
24400 21000 
24415 22000 


Nondestructive inspection of wheels in item 34 indicated de- 
fects not shown in item 3. Because ductility was low, these 
defects had a marked effect on lowering the bursting speed. 

Numerous other examples could be cited but space does not 
permit. However, a confidential report to the Air Corps on this 
investigation considers each item in greater detail. In view of the 
fact that center ductility was the one property which showed 
any semblance of correlation with bursting speed, it was empha- 
sized in this report as the outstanding factor contributing to high 
and consistent bursting speed. 
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Heat Transfer by Free Convection From 
Heated Vertical Surfaces to Liquids 


By Y. S. TOULOUKIAN,? G. A. HAWKINS,' anv M. JAKOB* 


The present investigation deals with the study of heat 
transfer by natural convection from vertical cylindrical 
surfaces to water and ethylene glycol. The results are cor- 
related within the laminar range for (NGr°Npr) from 
2(108) to 4(10'°) according to the expression 


NNu = 0.726(NGe'Npr)'/* 


and within the turbulent range for (NGr:Npr) from 4(10'°) 
to 9(10'') the correlation is best represented by the expres- 
sion 

NNu = 0.0674 


The foregoing correlations represent the experimental 
data with a mean deviation of 5.6 per cent and 3.5 per cent 
for the laminar and turbulent ranges, respectively. The 
ranges of some of the important variables involved in the 
tests are given in Table 1 of the text. 


NOMENCLATURE 
The following nomenclature is used in the paper: 


a = subscript stands for air 


A, = active surface area of test section, sq ft 
We 
4vt,, Vv 

c, = specific heat at constant pressure, Btu lb,,~'F~! 
C = a dimensionless constant 

f = a functional relationship 

g = standard gravitational acceleration, ft hr~* 

G = subscript stands for ethylene glycol 

h, = mean heat-transfer coefficient of free convection, 

Btu 

k = thermal conductivity, Btu hr-'ft~'F-! 

L = active height of test section, ft 

n = exponent of dimensionless groups of numbers 


—t 
Ner = Grashof number: 


Cyt 

q. = rate of heat transfer by convection, Btu hr~! 


Nyu = Nusselt number: 


Np, = Prandtl number: 


1 Based on a doctorial thesis, Purdue University, Lafayette, In- 
diana, 1946,*by one of the authors.? 

? Assistant Professor, School of Mechanical Engineering, Purdue 
University, Lafayette, Ind. 

3 Westinghouse Research Professor of Heat Transfer, Purdue 
University. Mem. ASME. 

* Nonresident Research Professor of Heat Transfer, Purdue Uni- 
versity; Research Professor of Mechanical Engineering, Illinois 
Institute of Technology, and Consultant in Heat Research, Armour 
Research Foundation, Chicago, Ill. Mem. ASME. 

Contributed by the Heat Transfer Division and presented at the 
Semi-Annual Meeting, Chicago, Ill., June 16-19, 1947, of Tue 
AMERICAN Society OF MECHANICAL ENGINEERS. 

Nore: Statements and opinions advanced in papers are to be 
understood as individual expressions of their authors and not those 
of the Society. 
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q: = parts of heat input not given up from active surface 
area of test section by free convection, Btu hr~! 
q = rate of total heat input, Btu hr-? 
t,, t, = temperature; test surface, fluid bulk, deg F 
t, = surface fluid-film temperature: t, = .* fn deg F 
v = velocity in vertical direction, ft hr~! 
W = subscript stands for water 
zx = vertical distance from lower edge of plane, ft 
y = horizontal distance from plane surface, ft’ 
¢, £ = mathematical functions 
v = kinematic viscosity, ft?hr7! 
8 = thermal coefficient of cubical expansion, deg F~! 
p = density, lb,,ft~* 
= dynamic viscosity, 


TABLE 1 RANGE OF EXPERIMENTS ON WATER AND 
ETHYLENE GLYCOL 


Item Symbol Units Maximum Minimum 

Surface height.......... L ft 3.02 0.50 
Surface temperature..... ts deg F 239.0 90.5 
Temperature difference. . (ts — tm) F 83. 3.5 
Total heat input........ qt Btu hr-! 4229.5 245.9 
Total heat losses in per 

cent of input.......... 4 X 100% _ 8.5 3.1 
Heat transferred by con- 

WOE Btu hr-ft-? 1880 625 

Coefficient of heat trans- 

fer by convection...... ¢ Btu hr-ft-2F-! 151.0 17.6 
Nusselt number........./ NNu 903.0 89.2 
Grashof number......... NGr 326(10%) 2.25(10°) 
Prandtl number......... NPr _ 117.77 2.43 
Grashof number times 

Prandtl number....... (Nar NPr) 904(10*) 2.80(10*) 

INTRODUCTION 


The heat transfer by free convection from vertical plane sur- 
faces, cylinders, and wires has been rather extensively studied in 
connection with gases but not for liquids. In fact, data on free 
heat transfer from vertical surfaces submerged in liquids are al- 
most nonexistent, while only a scant amount of work exists on 
horizontal surfaces in liquids. 

The present experimental investigation was undertaken to 
secure and correlate free-convection data in liquids. Its results 
not only should yield some practical information in this field, but 
also should be of a more general scientific interest. 


IN THE DersIGN OF EXPERIMENTAL 


Basic CONSIDERATIONS 
APPARATUS 


Some of the factors of primary importance which had to be 
considered in the present investigation were the following: 


1 The use of cylindrical surfaces against plane surfaces for 
test sections. 

2 The minimum size of the liquid container in which the test 
section is placed. 

3 The various heights of heated sections to be used in the 
experiments. 


Although the use of a plane surface would have been preferable 
from the standpoint of general interest, thorough consideration 
led to the decision to use a cylindrical surface because of its over- 
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whelming practical advantages over the plane surface. The most 
important advantages are as follows: 


(a) A cylindrical test section can readily be prepared of 
standard pipe sections of any desired diameter. 

(b) A eylindrical test section has edge losses on its two ends 
only and these can be considered as constant for any height of 
the test section. For a plane rectangular section, heat losses on 
all four edges have to be considered and the losses on the verti- 
cal edges increase with the height of the section. 

(c) Uniform heating of a cylindrical section is easier to pro- 
vide. 

(d) A eylindrical section would require a smaller size of liquid 
bath. It also presents symmetry in any horizontal cross section, 


Whereas the development of the boundary layer and its effect 
on heat transfer will not be necessarily the same for cylindrical 
and plane surfaces, the difference will be significant only if the 
radius of the surface curvature is relatively small. In a recent 
paper on foreed convection from horizontal cylindrical surfaces, 
Jakob and Dow (1)* present a detailed discussion of this problem 
and arrive at some interesting conclusions. J. B. Carne (2) in an 
experimental study of the influence of diameter on heat transfer 
by free convection in air, develops a limited correlation according 
to which the difference in the coefficient of heat transfer for diame- 
ters of 2 in. and 8 in., is of the order of 0.5 per cent. 

On the basis of all available evidence it can be stated that the 
results obtained in the present investigation on cylinders of 2.75 
in. diam can be applied with reasonable certainty to plane sur- 
faces of equal heights. 

As this investigation is concerned with heated surfaces sub- 
merged in an unrestricted medium, it is necessary to ascertain the 
size of container such that the fluid thickness will be large enough 
to simulate this condition. This thickness should be larger than 
the sum of the thicknesses of the boundary layers developed on 
the test surface and the wall of the container. Estimates of this 
boundary-layer thickness for air are not too difficult to make; 
however, such is not the case for water and ethylene glycol. An 
attempt is made in the following manner to estimate whether the 
boundary layer on a vertical surface would be thicker or thinner 
for a liquid than for air. According to Schmidt and Beckmann 
(3) there exists a universal function 


v, cy 


They show by experimental evidence that for values of the 
function — $ 4 the velocity function becomes virtually negligible. 
Hence from the foregoing relationship 


y= 


c 


is that thickness of the boundary layer beyond which the fluid 
velocity may be neglected, compared to the mean velocity of the 
boundary layer. 

Assuming that 9v,, then y,/y, 3. Because is 
nearly constant, hence ¢ and v, are the same for air and water 
at any fixed height z. This would mean that for the same height 
z and the same temperature difference between the surface and 
the fluid, the boundary layer in water would be about one third 
that in air. However, it may well be that owing to the larger 
heat capacity of liquids, the flow of heat and the fluid velocity 
beyond — = 4 may still be appreciable in the case of liquids. 
Schmidt and Beckmann do not make any definite statements as 
to the influence of the Prandtl number in the solution of their 


5’ Numbers in parentheses refer to the Bibliography at the end of 
the paper. 
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differential equations. These equations have been numerically 
solved by Pohlhausen for Npr = 0.73 only, and Schmidt and 
Beckmann state that they should first be evaluated for larger 
Prandtl numbers before any definite conclusions can be drawn. 
Furthermore, the experimental results of Schmidt and Beckmann 
are not valid for surfaces higher than 2 ft. Hence the foregoing 
reasoning may be open to question. 

As to the selection of the different heights of heated surfaces 
for the test sections, it was intended that both laminar- and 
turbulent-flow regions be covered in the tests. Taking the 
evidence presented by Griffiths and Davis (4) as a guide, it was 
felt that experiments with heights of 6 in. to 36 in. should cover 
the turbulent as well as the laminar-flow regions to be encoun- 
tered in natural convection in liquids. 


DESCRIPTION OF EXPERIMENTAL APPARATUS 


Tests were conducted on vertical brass cylinders 2.75 in. OD 
and of three different heights, namely, 6 in., 18 in., and 36.25 in. 
These brass cylinders were supported between two other com- 
posite sections and mounted in an assembly frame where they 
were held in place under the pressure of a compression plate, 
Fig. 1. This assembly was placed at the center of a container 12 
ine ID, thus leaving a radial distance of 4.625 in. between the 
surface of the test section and the inner wall of the shell. Each of 
the auxiliary composite sections, mentioned as supporting the 
active test section, consists of three parts, namely, an end cap, 
a lava section, and a brass section. 

The end caps were made of transite board. Five thermocouples 
were placed symmetrically at three levels 0.5 in. apart, the first 
level being at the interface between the end-cap and the test sec- 
tion. The location of these thermocouples across the diameter 
of the end cap was so chosen that each would represent approxi- 
mately equal concentric areas of the cross section of the end-cap 
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With the 15 thermocouples thus located in each end cap, it was 
possible to make a thorough study of the temperature gradients 
in these sections in both the radial and axial directions. . This 
information was used to compute the heat loss by conduction 
across the top and bottom end caps. 

The lava and brass sections, while they provided a means for 
mounting the test section proper, also constituted the major part 
of the unheated hydrodynamic starting and trailing lengths 
(see Fig. 1). The function of these unheated lengths was to in- 
sure that the free convection currents enter and leave the test 
section parallel to the surface and not at an angle to it. These 
hydrodynamic lengths were kept constant with all three test sec- 
tions. 

The test sections were heated by means of electric heater 
elements, constructed of chromel-A resistance ribbon. Since 
it was necessary to maintain the surface temperature of the test 
sections uniform over their entire length, it was apparent that the 
heat input would have to be varied along the test sections. 
This was achieved, within practicable limits, by winding the 6-in., 
18-in., and 36-in. heaters in one, two, and three independent sec- 
tions, respectively. The power input to the various sections was 
controlled by separate variable-voltage transformers. 


«| 
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Fie. 2) Surrace-THERMOCOUPLE INSTALLATION 


Thermocouples used for the measurement of the surface tem- 
peratures were placed inside the wall of the brass pipe in order 
to avoid disturbances on the surface of the heated test sections. 
Slots were cut into the wall of the brass pipe and a hole was 
drilled at one end of this slot almost parallel to the surface of the 
pipe (set Fig. 2 for details). The thermocouples were then in- 
serted into these holes and the wires brought out in an isothermal 
plane along the length of the slots for a distance of 1.25 in. before 
being taken out radially on the inside of the brass pipe. The 
thermocouple wires in the slots were protected by a ceramic 
insulator and held in place by Sauer-eisen. A strip of lead was 
pounded into the remaining recess in the slots, and the surface 
was made perfectly smooth. Three, five, and nine couples were 
used on the 6-in., 18-in., and 36-in. sections, respectively. 

The axial and radial temperature distributions within the 
fluid bulk were measured by eight, twelve, and sixteen couples 
in the 6-in., 18-in., and 36-in-section tests, respectively. From 
the point of the junction the thermocouple wires parted verti- 
cally in opposite directions; they were held in place by special 
clamping devices once they were out of the fluid bath. By this 
method the thermocouple wires themselves served as their own 
means of support, thus making unnecessary any outside supports 
which would have interfered with the convection currents. 


Test PrRoceDURE 


The range of test-section surface temperatures covered was 
from 90 to 190 F in the water tests and 100 to 240 F in the 
ethylene-glycol tests. For each fluid the respective tempera- 
ture range was covered in five, approximately equal, increments 
thus making five tests per fluid, per test section; or a total of 30 
tests. Ample time was allowed in each test to reach steady-state 
conditions; this time varied from 6 to 24 hr, depending upon the 
height of the section, surface temperature, and the fluid under 


test. During this time the power input, surface temperatures, 
and some of the fluid bulk temperatures were observed at fre- 
quent intervals. When no change was found in the observations 
it was assumed that equilibrium was reached and six complete 
sets of readings were taken. 


ComMPUTATION MeTHODS 


The steady-state heat transfer by convection is given by the 
equation 


= A,h.(t, — te) 


In this equation all the terms are known through direct measure- 
ments, except h,. The term q, can be found by deducting from 
the measured value of the power input to the heater all heat dis- 
sipated in any form other than by free convection by the active 
test section. Heat losses occurred as follows: 


(a) By conduction across top and bottom end caps. 

(b) By conduction through electrical leads. 

(c) By conduction through thermocouple wires passing 
through the top and bottom end caps. 


Items (a) and (6) were taken into consideration only, while 
item (c) was ignored as it proved to be negligible. 

The heat loss through the ends of the active test section was 
evaluated by a graphical method. The method depends upon the 
fact that the heat-flow lines must cross the isotherms at right 
angles (5). By an appropriate plotting of the isotherms for the 
end caps, the heat-flow lines were constructed in such a manner 
as to form curvilinear squares together with the isotherms. By 
this well-known technique the heat flow crossing the interface 
between the end of the test section and the face of the end cap 
was determined. 

The heat loss by conduction through the electrical leads to the 
heater was calculated by the simple equation of conduction with 
the aid of data secured on the temperature gradients along the 
lead wires. Special auxiliary tests were conducted to secure these 
data. 

In the correlation of the test results, the physical properties of 
water and ethylene glycol were taken at ¢;. The thermal coeffi- 
cient of cubical expansion 8 was evaluated on the basis of t, and 


Discussion oF RESULTS 


The data on water and ethylene glycol are correlated according 
to Nusselt’s equation 


Nwe = (1 


for (Nar-Npr) within the range of 2(108) and 4(10"). This cor- 
relation leads to the values of C = 0.726 and n = '/, for the la- 
minar boundary-layer case. The mean deviation within this 
range is 5.6 per cent and the maximum deviation 11.2 per cent, 
Fig. 3. 

In the range of (NerNpr) from 4(10") to 9(10"), the data 
cannot be satisfactorily correlated by a single expression of Nus- 
selt’s type; however, separate correlations of the data on water 
and ethylene glycol give constants Cy = 0.0778 and Cg = 0.0939, 
respectively, with n = '/; in both cases, Fig. 4. Nusselt (6) in 
his theoretical paper indicates that in cases where the effect of 
viscosity can be neglected, data on various fluids can be satis- 
factorily represented by Boussinesq’s correlation 


= 


If the fluid acceleration can be neglected (in free convection), 
then data on various fluids can be satisfactorily represented by 
Nusselt’s correlation given by Equation [1]. Using Equation [2], 
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Beckmann (7) was able to obtain a single correlation for hydro- 
gen, carbon dioxide, and air, while he obtained three separate 
correlations for these three gases using Equation [1]. Neither 
Equation [1] nor [2] led to a unique correlation of the data on 
water and ethylene glycol. Hence it was presumed that in the 
present experiments neither the fluid acceleration nor the vis- 
cosity can be entirely neglected and that Np, should have an ex- 
ponent between 1 and 2. A plot of Ncr versus Np; was made at 
constant Nxuy, on logarithmic paper, and the slope of the line 
was found to be 1.29. By using a correlation of the form 


= [3] 


itis possible to obtain a satisfactory correlation of the water and 
ethylene-glycol data in the turbulent boundary-layer range. 
This correlation leads to the values of C = 0.0674 and n = !/;. 
The mean deviation within this range is 3.5 per cent, and the 
maximum deviation 9.5 per cent, Fig. 5. 
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The correlations presented in this work represent the data on 
water and ethylene glycol in a satisfactory manner. The mean 
deviations of 5.6 per cent and 3.5 per cent in the laminar and 
turbulent ranges, respectively, are of the same order of magnitude 
as the estimated probable experimental accuracy of 2 to 3 per cent, 
with a possible maximum of 5 per cent in a few extreme instances. 

The authors do not know of any other data on free convection 
in liquids over vertical heated surfaces. However, King (8) 
presents a correlation of data on wires, horizontal and vertical 
cylinders, plates and bodies of other geometrical shape in gases 
and liquids, covering a range of (NarN pr) from (10> 4) to 
The portion of King’s correlation corresponding to the range 
of the present investigation is reproduced in Fig. 6, together with 
the data of the various investigators on which King’s correlation 
is based. King represents the data over the wide range indicated 
by a single curve; however, he observes: “It is probable that if 
more accurate data were available several curves could be 
plotted ...... and the curves for streamline and turbulent flow 
might be distinguished.” 

The data obtained in the present investigation are also shown 
in Fig. 6, together with Lorenz’ (9) simple theoretical equation 
for laminar free convection. It is seen that for (NarNpr) within 
the range of 2(108) and 4(10'°) the results of the present investiga- 
tion are in good agreement with the other experimental data 
shown in Fig. 6. Within this range the present data are corre- 
lated by Equation [1], with n = '/, and C = 0.726, while King’s 
recommended curve is close to a straight line with n = '/;. The 
constant C = 0.726 is appreciably higher than those predicted by 
existing theories which, however, have not been checked ac- 
curately by previous experiments on liquids. The fact that the 
present experiments lead to a higher value of C than the theory 
may be due to an unforeseen influence of the Prandtl number or to 
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an additional effect upon convection of the large starting and 
trailing lengths used in the present experiments. 

For (Nar'Np,) above 4(10"), it is clearly seen from both Figs. 
4 and 6 that two separate curves can be drawn through the 
results for water (Vp, & 3 as an average) and ethylene glycol 
(Npr & 40 as an average). As previously explained, the corre- 
lation by a single curve is given in Fig. 5 (Equation [3]). Within 
this region King’s curve is partly based upon data of Colburn 
which, according to King, were obtained for water flowing at low 
velocities (about 1 ips or less) in a long vertical 3-in. pipe. This 
condition can hardly be described as free convection. The na- 
ture of heat transfer with forced convection inside tubes, even at 
low velocities, is quite different from that on the outside of tubes 
by free convection. By free convection it is understood that the 
movement of the fluid is caused by virtue of the difference in 
density, hence by buoyant force only. 
Colburn’s data for the purpose of correlating free convection data 
is questionable. The points of Griffiths and Davis (4) for air over 


On this basis the use of 


vertical cylinders which King has included in his correlation are 
also somewhat higher than the authors’ for liquids. This may be 
due to the effect of the end caps of their cylinders as mentioned 
already by King. 

Also there are some data available, obtained under boiling con- 
ditions, which may be compared with the present results. Jakob 
and Linke (10) conducted such experiments with water and car- 
bon tetrachloride (CCl,) and studied the heat transfer on a ver- 
tical heated plate 6 in. high X 1.38 in. wide. For moderate rates 
of boiling they found C = 0.61 and n = '/, for the laminar range. 
This value is 16 per cent lower than the present correlation 
It can be 
assumed that in their experiments a short range of turbulent con- 
vection existed between the state of moderate boiling and violent 
stirring action due to the vapor bubbles. Assuming n = '!/; for 
turbulent convection, an estimate led to the values of C = 0.10 
and 0.08 for water and carbon tetrachloride, respectively. These 
values, as those in the laminar region, are of the same order of 
magnitude as the constants Cy and Cg, found for water and 
ethylene glycol in the present investigations. 


corresponding to about the same range of (Nor.Npr). 
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Discussion 


R. C. Martine. From a simple balance of buoyant and 
viscous drag (or acceleration) forces, it can be demonstrated that 
the Grashof modulus is directly related to the Reynolds modulus; 
in effect the Grashof modulus is a Reynolds modulus in which the 
velocity of flow is replaced by the variables which establish the 
flow velocity. 

It has been shown by many authors that the best empirical cor- 
relation of turbulent forced-convection heat-transfer data is at- 
tained by means of a plot of Nnu/Npr” versus Nre rather than a 
plot of Nwu versus NegetNpr. Therefore it is recommended 
that turbulent free-convection data be plotted as Nywu/Np-” 
versus Nor rather than the present system of plotting Vwu ver- 
sus Nor: Npr. 

Extrapolating from turbulent forced-convection data, the ex- 
ponent m should lie in the neighborhood of 0.4. The authors indi- 
cate an exponent of 1.29 0.333 = 0.43 which appears quite 
reasonable. 


Myron Trisus.”? It would be of interest to know the local 
heat-transfer conductances as well as the averaged values. Since 
the authors indicate several sections were heated separately, 
perhaps they can compare their data with the following observa- 
tion. 

In turbulent flow, since the exponent of !/s; on Grashof’s number 
causes the dimension L to drop out of the equations, no variation 
in heating intensity from top to bottom should occur. 

In laminar flow, since by definition the average conductance 


is given by 
So hate 
h 


So az 


it should follow that the local conductance is given by 


Nus = — Nuay = 0.545 (Gr X Pr)'/* 


Do the author’s data confirm this? 


AuTHORS’ CLOSURE 


May we express our thanks to Dr. Martinelli and Professor 
Tribus for their valuable comments. Dr. Martinelli’s observa- 
tion about the relationship between the Grashof and Reynolds 
numbers is well known to the authors, and has been discussed by 
A. 1. Brownand S$. M. Marco (11). 

The authors have chosen to present their results in the form 
given in the present paper because in their opinion the results 
are more easily understood from a physical viewpoint if Nwu 
is employed as ordinate, since it may be interpreted as a general- 
ized coefficient of heat transfer or an apparent conductivity (12). 

The interest shown by Professor Tribus in the local heat- 
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transfer conductances is very well justified. However, to secure 
such data requires much more elaborate design of the experi- 
mental apparatus. In the present investigation the 6-in. test 
section had a single heater, the 18-in. test section had two 9-in. 
heaters, and the 36-in. test section had three 12-in. heaters. 
Hence in the opinion of the authors it would not be readily feasible 
to estimate the local coefficient with any degree of confidence. 
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The fact that, as indicated in the paper, it was not possible to 
maintain a truly constant surface temperature even with the pres- 
ent multisectional heater arrangement will add to the difficulty 
of obtaining reliable predictions. It is the intent of the authors 
to continue the present studies and it is hoped that it may be 
feasible to redesign the present test apparatus so that data re- 
lating to point values for conductances may be obtained. 
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Review of Data on Dynamic Viscosity 


Water and Superheated Steam 


By G. A. HAWKINS,! W. L. SIBBITT,? ano H. L. SOLBERG* 


The authors have compiled the experimental data ob- 
tained by numerous investigators relative to the viscosity 
of water and water vapor. These data and the experi- 
mental methods have been evaluated and are discussed. 


INTRODUCTION 


HE viscosity values for water and steam are necessary to 

the solution of many fluid-flow and heat-transfer relations 

used by engineers. In heat-transfer work, for example, the 
viscosity factor appears in the Prandtl and Reynolds numbers. 

A survey of the literature reveals a lack of agreement between 
various investigators in so far as values for the viscosity of steam 
are concerned. In order to summarize the data so that the engi- 
neer may select those which he feels are most reliable, this review 
has been prepared. The subject matter will be divided into 
three general sections, as follows: (a) The viscosity of the satu- 
rated liquid; (b) the viscosity of the subcooled or compressed 
liquid; and (c) the viscosity of the vapor. 

The lack of agreement between independent investigators is 
not surprising, when one considers the enormously difficult ex- 
perimental problems which confront experimenters pursuing re- 
search work dealing with the determination of the viscosity of 
saturated liquids and superheated vapors. 


VISCOSITY OF THE SATURATED LIQUID 


All of the existing data which are known to the authors have 
been plotted in Fig. 1. All of the data are in agreement up to 620 
F. Beyond 620 F and up to the critical, serious disagreement 
exists. For most engineering purposes the following relation 
may be used for computing the viscosity of the saturated liquid 
between 212 F and 620 F 

—2.185 


— 0.04012t — 0.000005154722 


when fis in deg IF, and win centipoise units. 

For temperatures between 0 F and 212 F, and at atmospheric 
pressure, values may be obtained from Table 1, which was com- 
piled by Dorsey (12).‘ 


VISCOSITY OF THE SUBCOOLED OR CompPRESSED LIQuID 


Sigwart (9), Hawkins, Solberg, and Potter (7), and Timroth 
(26) conducted experiments to determine the viscosity of sub- 
cooled or compressed water. The Purdue University investi- 
gators found that pressures up to 3500 psia had little influence 
at four different temperatures. Sigwart found that pressure in- 
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fluenced the viscosity. At a temperature of 212 F and pressure 
of 4408.8 psia the viscosity was approximately 21 per cent higher 
than that at the saturation condition. At 572 F and 4408 psia 
the increase in viscosity over that at the saturation pressure was 
about 7.22 per cent. For the same high pressure the increase 
was approximately 16.7 per cent at a temperature of 662 F. 
Timroth (26) found that the pressure influenced the viscosity less 
than that found by Sigwart. The results obtained by Sigwart 
and Timroth are compared in Fig. 2. Bridgman (13) found that 


TABLE 1 VISCOSITY VALUES FOR WATER 
Temperature, Viscosity, 
eg F centipoises 
32 1.794 
50 1.310 
68 1.009 
86 0.800 
194 0.653 
122 0.549 
140 0.470 
158 0.407 
176 0.357 
194 0.317 
212 0.284 
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at 167 F the increase in viscosity between 0 and 1000 atm was 
less than 10 per cent, or less than 0.01 per cent per atm. 

Until additional data are available, Fig. 3 may be used for 
computing the viscosity of a subcooled liquid between the tem- 
peratures of 250 F and 600 F. The data used for establishing 
the figure are those of Sigwart. 


Viscosity oF WATER VAPOR 


The following data are now available from seven different ex- 
perimental investigations of the viscosity of water vapor: 


1 Speyerer (14) in 1925. 

2 Schougayew (16) in 1933. 

3 Schiller (18) in 1934. 

4 Hawkins and co-authors (7) in 1935. 
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5 Sigwart (9) in 1936. 
6 Hawkins and co-authors (20) in 1940. 
7 Timroth (26) in 1940. 


The data are in good agreement for the viscosity at 1 atm 
pressure over a wide temperature range. However, large dif- 
ferences were reported for the pressure coefficient of viscosity by 
the various investigators. 

In 1925, H. Speyerer (14), a student of Professor Nusselt, 
measured the viscosity of steam over the range 212 F to 662 F 
and pressures from 1 atm to 146.06 psia. Speyerer employed a 
brass capillary-tube viscosimeter, the tube of which was 2.4 meters 
long and had an internal diameter of 2 mm. The constant- 
pressure lines when plotted are straight and come closer to- 
gether with decreasing pressure. Speyerer found that the Suther- 
land (15) equation expressed the experimental results in a satis- 
factory manner. Speyerer avoided the necessity of making 
correction for end effects by using the middle portion of the 
capillary to ascertain the pressure drop. The effect of this 
technique upon the flow conditions was not known. Inac- 
curacies in the pressure-drop readings may have occurred due to 
vapor condensation in the lines to the manometer legs. 

Schougayew (16, 17) measured the viscosity of steam up to a 
pressure of 1367 psia and a temperature of 752 F by means of a 
capillary of the Rankine type. Schougayew found that the 
viscosity was independent of pressure (a function of tempera- 
ture only), as reported in Table 2. 


TABLE 2 VISCOSITY OF AND SUPERHEATED 


Viscosity, 
eg F centipoise 
—212 0.0125 
302 0.0145 
392 0.0163 
482 0.0183 
572 0.0202 
662 0.0222 
752 0.0241 


The Rankine method may introduce effects of unknown 
magnitude at high temperatures and pressures. The leaching 
action of the water vapor on the glass may have influenced the 
results. Constant temperature conditions were not maintained 
during an experiment. 

Schiller (18) published data on the viscosity of steam for pres- 
sures up to 440 psia and temperatures up to 539.6 F. These 
measurements were made by use of a calibrated discharge nozzle. 
Schiller developed this interesting method in order to avoid the 
difficult experimental measurement of small pressure differentials 
at high pressures. _He assumed that the viscosity of water was 
known. Then he evaluated the viscosity of steam in relation to 
that of water by determining the velocity at which the discharge 
coefficient of a nozzle shows an abrupt increase for water and for 
steam and then equating the two Reynolds numbers. This 
unique method is indirect and involves a number of factors which 
may produce unknown effects upon the experimental results. 

Hawkins, Solberg, and Potter (7) (1935) used a Lawaczeck 
viscosimeter to determine the viscosity of steam at pressures up to 
3500 psia. Essentially, they measured the time of fall of a cylin- 
drical body in an accurately bored cylinder containing a fluid of 
known viscosity, and then measured the time of fall of the same 
body when the cylinder contained water or steam under test 
conditions. The measurements of pressure, temperature, and 
time were made with great care. However, it has been shown 
that viscosimeters of this general type are not suitable for use in th- 
turbulent range with gases. If the unknown fluid has a vis- 
cosity-density isotherm differing greatly from that for the'calibrat- 
ing fluid, then large errors may be introduced, especially in the 
high-pressure range. An examination of the data reported indi- 


e 
025 - | 
| 
Re. 
4410 RSA | 
\ 
566 
| 
0.4 
| 
0.2 
0.1 


HAWKINS, SIBBITT, SOLBERG—DATA ON DYNAMIC VISCOSITY OF WATER AND SUPERHEATED STEAM 21 


0.030 T T 
TIMROTH 
| P=142 PSIA 
| | 
00 28} + 
| 
| J 
| SIGWART} 
0024}: 
| 
PURDUE UNIVERSITY 
4% 
| 
P= 147 
4 
0 018 - 
SCHILLER 
P=i42 
0 016 
400 500 600 700 800 900 1000 


TEMPERATURE, F 


Fia. 4 Compartson oF Data ON SUPERHEATED STEAM aT 1 ATM ~ 


0.036 
PURDUE UNIVERSITY 
0.034 _|P=1500_ PSIA 
0.032 
0.030 + ‘ + 4 
TIMROTH 
P=i422 
= ~~ SIGWART 
P=1470 
0.024 
0.022 it 
600 700 800 900 1000 


TEMPERATURE, F 


Fic. 6 Comparison oF Data ON SUPERHEATED STEAM AT PRES- 
SURE OF APPROXIMATELY 1400 Psa 


00 30 
| 
PURDUE UNIVERSITY — 
P= 200 PSIA 
0.026 | 
TIMROTH 
P=146 
0024 | 
~ SIGWART 
SCHILLER P= 147 
P= 1422 

~ 0022+ — 

SPEYERER 
P=146.7 
0.018 1 
ool6 
300 400 500 600 700 800 900 1000 


TEMPERATURE, F 


Fie. 5 Comparison or Data ON SUPERHEATED STEAM AT PRES- 
SURE OF APPROXIMATELY 150 Psta 


0 040 
PSIA-— 
0 036 
0032+ 
a 
~ 
° 
0.026} — 
0.020} 
---PURDUE UNIVERSITY 
——DL. TIMROTH 
0.016 | | 
300 400 500 600 700 800 900 1000 


TEMPERATURE, F 


Fic. 7 Comparison or Data ON SUPERHEATED STEAM BY D. L. 
TrmRoTH AND PuRDUE UNIVERSITY 


cates that, in general, viscosity values obtained by this experi- 
mental method are unduly high. If these reported viscosity 
values were high, then a considerable portion of the Reynolds 
numbers exceeded the critical value during these experiments. 
It would appear that the theory of the Lawaczeck viscosimeter 
has not been sufficiently developed to the point where it is ac- 
ceptable for evaluating the viscosity of vapors and gases in the 
high-pressure regions, unless it has been calibrated with a fluid of 
viscosity-density isotherms nearly identical to that of the fluid 
which is to be evaluated. 

Sigwart (9) reported measurements of the viscosity of water 
vapor reaching into the critical region. The viscosity was eval- 
uated from the pressure loss, measured with a pressure balance, 
for the fluid in laminar flow through a straight capillary. Sig- 
wart used the entire length of the capillary (approximately 14 
in.) to obtain a pressure drop which was measured on a ring 
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balance. Consequently, it was necessary to correct for the 
pressure-drop effects at the ends. The data reported indicate 
that the pressure drops measured were in the range of 0.184 to 
0.247 in. Hg, and the possible accuracy was to 0.00197 in. 
Hg. These tests by Sigwart were carried out with the greatest 
care; however, it is not evident that the variable physical states 
of the fluid in the manometer legs did not affect the pressure- 
drop readings. If these conditions did produce errors, it is 
probable that they would not be systematic errors. If the 
pressure-drop measurements were as accurate as reported, then 
no satisfactory explanation of the surprisingly low pressure 
coefficient of viscosity can now be made. 

As a consequence of the disagreements in the determination 
of the viscosity, Hawkins, Solberg, and Potter (20) chose a differ- 
ent experimental method to check the results of their earlier in- 
vestigation (7). They used the steady-flow capillary method as 
exploited by Speyerer. A thick-walled nickel capillary 103.2 
ft was used; consequently, the corrections for end effects were 
negligible. The differential mercury manometer was connected 
to the capillary in such a way as to avoid the variable physical 
state of the fluid in the vertical manometer legs. The rather 
large pressure drops were measured by making a radiograph of 
the high-pressure differential mercury manometer. The con- 
stants in the viscosity equation were obtained from calibration 
tests with nitrogen and water; consequently, the final values 
for the viscosity of steam were independent of the numerical 
values of the physical dimensions of the capillary, ii these di- 
mensions did not change during the experiments. Deformation 
of the cross-sectional area of the capillary due to bending was 
found to be negligible. The effect of curvature of the coil was 
established by calibration tests. Partial corrections were made 
for the effect of high temperatures upon the physical dimensions 
of the capillary. However, corrections for the effect of high 
pressures upon the deformation of the cross-sectional area may 
have been necessary in spite of the heavy capillary wall (0.25 
in. OD X 0.09294 in. ID.) 

Timroth and Vargaftik (19) published a critical analysis of the 
available data for the viscosity of steam. It was shown that the 
extrapolation of Sigwart’s data might have been erroneous, 
Values of the viscosity of steam were calculated for temperatures 
up to 1022F and pressuresup to 250 atm on the basis of theoretical 
works of viscosity. 

Timroth (26) published extensive data relative to the vis- 
cosity of steam in 1940. In the experiments Timroth used a short 
capillary tube and measured the pressure drop by means of a 
special ring balance. 

The agreement at atmospheric pressure and disagreement at 
higher pressures of the various data are shown in Figs. 4, 5, 6, 
and 7. Discussions of the various investigators have been pre- 
sented in the literature (10, 21, 22, 23, and 27). 


CONCLUSIONS 


The data accumulated by numerous investigators on the vis- 
cosity of saturated water are in excellent agreement except in the 
vicinity of the critical region (620 F up to the critical point). 
It is obvious that the experimental problems are vastly multiplied 
as the critical point is approached; consequently, high precision 
may be difficult to obtain in this region. 

All experimental data on the viscosity of compressed liquid 
water indicate that the increase with pressure is small for the 
range of industrial pressures. The experimental data agree 
only as to the order of magnitude of the pressure coefficient of 
the viscosity, thus more work is needed to obtain accurate data 
in this region. The actual errors in these experimental values 
are small; consequently, they are satisfactory for most design 
work. 
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Serious disagreement exists in the data for the viscosity of 
water vapor, as determined by the various investigators. The 
vapor region needs to be investigated further. This field of re- 
search remains as a challenge to investigators. The research 
workers at Purdue University are now undertaking a new in- 
vestigation which will cover the determination of the viscosity 
of superheated steam and other vapors. 

Until such time as order can be brought out of chaos, the ex- 
tensive values of the viscosity of steam as published by Leib (25) 
(based upon the data of Hawkins and co-authors) and those 
of Timroth are available for those who wish to use them. 
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Discussion 


E. W. Comines.§ The authors have pointed out the experi- 
mental difficulties encountered in the determination of the vis- 
cosity of steam, especially in the vicinity of the critical region. 
These difficulties are in large measure due to the relatively high 
critical temperature of steam and its effect on the precision of the 
experimental measurements. This situation, together with the 
large disagreement between the results of different investigators, 
indicate the need for additional criteria for judging the accuracy 
of experimental data. An infallible criterion is probably not 
available but several useful ones are worth mentioning. These 
are as follows: 

1 The existence of turbulence as predicted by Reynolds num- 
ber is an indication of questionable results. Conditions selected 
to insure laminar flow at low pressures and also near the critical 
pressure frequently result in turbulent flow at intermediate pres- 
sures. 

2 The ratio of the viscosity of steam at an elevated pressure 
to its viscosity at 1 atm and at the same temperature should be 
expected to increase with pressure to an extent somewhat com- 
parable with other gases and vapors. This ratio for all other 
vapors increases rather slowly with pressures for temperatures be- 
low the critical up to 1.3 to 1.5 until the pressure approaches the 
critical pressure. The ratio then increases rapidly with pressure 
(for temperatures just above the critical) to 3 to 4 and higher (24). 
Results which differ widely from this general behavior should be 
questioned. 

3 The foregoing indicates that a graph of a viscosity isotherm 
is usefyl in evaluating experimental data. Such a graph should 


5 Professor of Chemical Engineering, Chemical Engineering Divi- 
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extrapolate smoothly from high pressure to the viscosity values at 
1 atm. 

4 It need not be mentioned here that careful consideration 
should be given the precision of the measurements. The deter- 
mination of small pressure differentials, flow rates, and apparatus 
constants are likely to be troublesome and should be corrected for 
both pressure and temperature effects when necessary. It is par- 
ticularly noteworthy that the viscosity is related to the fourth 
power of the radius of the flow tube, and minor changes in this 
dimension are greatly magnified in the results. 

Separate examples of published data on the high-pressure vis- 
cosity of other gases as well as steam can be cited where each of 
the foregoing points has been overlooked. 


G. H. Van Henceu.* In this excellent survey on the viscosity 
of steam and water, we may conclude that two series of data are 
now available for superheated steam, viz., those by Purdue Uni- 
versity and those by Timroth. The first series were based upon 
test. data on a very long capillary tube; the secgnd series on a very 
short one. These data on superheated steam agree very well for 
steam at atmospheric pressure, but at 1500 psi, the Purdue Uni- 
versity values are 25 per cent higher than the Timroth values. 
Some new experiments seem to be necessary to get a better agree- 
ment, but as long as no agreement exists one or the other set of 
data has to be chosen. 

In some private correspondence with Prof. G. A. Hawkins, the 
writer found in the original paper two complete tables on the vis- 
cosity of superheated steam, which would be very useful to all 
engineers for flow and heat-transfer problems. The writer would 
like to see these tables published, especially the one of Timroth’s 
data, as they are not easy to obtain and were recalculated from the 
metric into the English system. 
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Temperature Distribution in Some Simple 


Bodies Developing or Absorbing Heat 


at a Linear Function of Temperature 


By MAX JAKOB,' CHICAGO, ILL. 


In a previous paper the temperature distribution in 
electrical coils of simple shape has been studied under 
the assumption of constant current, uniform and constant 
surface temperature, and linear increase of the electric 
resistance with temperature. It covered also the case of 
exothermic chemical reactions in similar configurations 
and under analogous conditions. The present investiga- 
tion deals with bodies of the same form, but producing 
Joulean heat or heat of reaction at a rate decreasing lin- 
early with rising temperature, or absorbing heat by endo- 
thermic reaction with a constant positive or negative 
temperature coefficient. The equations of temperature 
distribution derived in the paper are closely related to 
the previous ones in their form as well as in the occurring 
functions. 


NOMENCLATURE 
The following nomenclature is used in the paper: 


f = a function 

a function 

a 

thermal conductivity of material at temperature ¢ or ¢,, 
respectively . 

constant of integration 

m = q,’’’/k, 

constant of integration 

me 

= —n 

q’’’ = time rate of heat developed in unit volume at tem- 

perature ¢ or ¢,, respectively. 
r = distance of any point in cylinder or sphere from center 
line or center, respectively 

half-thickness of plate, radius of cylinder or sphere 

t;to;t, = temperature at any point, center, or surface, respectively 

xz = distance of any point in plate from median plane 


y = rV—n 


z= 
« = temperature coefficient 
0; 0, = t —t,; to —1U,, respectively 
= 2z/s or r/s 
c= sVn 
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Norte: Statements and opinions advanced in papers are to be 
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INTRODUCTION 


The author has previously? studied the temperature distribu- 
tion in electric coils of simple cross-sectional shape for the case 
of uniform and constant surface temperature, constant electric 
current, and linear increase of the electric resistance with tem- 
perature. The present paper is devoted to the related case of 
linear decrease of the electric resistance with increasing tem- 
perature ¢, which occurs in electrolytes, melted and solid salts, 
semiconductors as silicon carbide used in rod form for electrical 
heaters, Nernst and Auer lamp materials, and particularly in all 
sorts of carbon, as arc-lamp carbons, graphite electrodes, and the 
product known as Kryptol, composed of graphite, carborundum, 
and clay and used for electric-resistance furnaces. 

Again, as in the previous paper,? equations of the temperature 
distribution @/@) in plane plates, cylinders, and spheres will be 
derived where @ = t — t, is the excess of the temperature t, of 
any point of the body above surface temperature ts and 6 = 
to — t, is that excess in the center of the body. These equations 
will hold also for exothermic chemical reactions with a constant 
negative temperature coefficient of heat development in the same 
way as the equations of the previous paper can be used for exo- 
thermic reactions with constant positive temperature coefficient. 
The temperature coefficient ¢ is defined by the equation 


where the subscript s refers to the temperature ¢,. Quasi-sta- 
tionary conditions are supposed to prevail in the reactions, For 
instance, a reacting substance may be moved through a tube so 
slowly that the influence of movement is negligible, and constant 
heat development or absorption can be assumed at any point of 
the reacting body. 

In endothermic reactions, where the heat absorption increases 
linearly with the temperature, the temperature distribution 
6/@ is the same as that in exothermic reactions with negative 
temperature coefficient; however, @ and 6) have negative values, 
In endothermic reactions with negative temperature coefficient, 
on the other hand, @/@) is the same as in electrie coils or exo- 
thermic reactions with positive temperature coefficients, and 
again 6 and @ are both negative. 

A surprising result of the previous paper? was that infinitely 
high temperature was approached at relatively small currents 
when sv €q,'''/k, approached certain finite values, s being the 
half-thickness of the plate or the radius of cylinder or sphere. 
This had to be considered as a theoretical upper limit, never 
reached in practice since the coil would burn through and the 
linear relationship between electric resistance and temperature 
would change long before that limit had been attained. In a 


2 “Influence of Nonuniform Development of Heat Upon the Tem - 
perature Distribution in Electrical Coils and Similar Heat Sources of 
Simple Form,’’ by M. Jakob, Trans. ASME, vol. 65, 1943, pp. 
593-605. 

3 More exactly, for linear increase of q’’’/k with the temperature 
where q’’’ is the time rate of heat developed in unit volume and k is 
the equivalent (apparent) thermal conductivity of the coil material. 
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similar way when temperature excesses theoretically would ap- 
proach infinitely large negative values the endothermic reaction 
or the decrease of electric resistance will stop before the tem- 
perature in the center has reached the absolute-zero point. 

As in the previous paper? the calculations are based on the 
equation 


n 
emt 1+-0] = m(1 + €)..... [2] 
k m 
where m and n are constants. However, m, n, and e, formerly 
considered as positive, may have positive or negative values. 
Comparison with Equation [1] shows that 

n= 


and 


THE PLANE PLATE 


For heat development with e < 0 the same differential equa- 
tion is valid as previously? used for e > 0, namely 


yee 
dx? k 


where z is the perpendicular distance of a point of the plate from 
the median plane and 


ms 0; 
q m 


m > Q; 
Using Equation [2], the general solution of Equation [3] becomes 
m 
= — + Me-z V—n+ [5] 
p 


where M and N are arbitrary constants. 
The boundary conditions are 
{6] 
r=8 


Herewith Equation [5] converts to 


m | cosh —n) | 
n (sV —n) 


Introducing as previously 


t=2/s and = sVn 
cosh 
1 
6 _ cosh (igo) — cosh (ic) 11] 


which differ from the equations of the previous paper for positive 
¢ only in so far as the cosines are replaced by hyperbolic cosines, 
and their arguments are multiplied by i = Y—1. 

Table 1 and Fig. 1 show the temperature distribution for dif- 
ferent values of ic. The column for ic = 0 gives the parabolic 
distribution which holds for all cases of the former and of the 
present paper. The lowest curve in Fig. 1, represents the limit 
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TABLE 1 TEMPERATURE DISTRIBUTION IN PLANE PLATES 


ic = 2 5 10 
0/0 0/09 6/00 6/60 6/00 
0 1.000 1.000 1.000 1.000 1.000 
0.1 0.990 0.993 0.998 1.000 1.000 
0.2 0.960 0.971 0.993 1.000 1.000 
0.3 0.910 0.933 0.982 0.999 1.000 
0.4 0.840 0.879 0.963 0.998 1.000 
0.5 0.750 0.803 0.930 0.993 1.000 
0.6 0.640 0.707 0.876 0.982 1.000 
0.7 0.510 0.583 0.787 0.950 1.000 
0.8 0.360 0.429 0.642 0. 865 1.000 
0.9 0.190 0.237 0.400 0.632 1.000 
1.0 0.000 0.000 0.000 0.000 ves 
1.0 T 
ome 
0.9 
. 
N 
(e) 
0.7 
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@— o previously found for o — 2/2 when n > 0 (case of posi- 
tive e). 

When heat is absorbed in an endothermic reaction in the range 
where the simple relation of Equation [2] is valid and « > 0, i.e., 
more heat is absorbed at higher temperature 


q’” 20; m20; n 20; $0 [12] 
m 
Hence 
d*9 


The general solution of this differential equation is 


Equations [6] to [11] and Fig. 1, remain valid. However since 
e > 0, and the terms in square brackets are negative, the tem- 
perature excesses @ and @ are found to be negative, as it must be 
with an endothermic reaction. 


THE CYLINDER 


Again, for heat development with « < 0, the same differential 
equation is valid as previously used for « > 0, that is 


where r is the radial distance of a point of the cylinder from the 
center line. Equation [4] can also be used unchanged. 


x 
= 
q — 4s 
ke 
[Fass 
od 
4 
dr? dr k 
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n, the 


Employing Equation [2] and introducing y = 
solution of this equation becomes 


. @ = —— + MJdliy) + NY oliy) ........--- 


where J) and Y» are the Bessel functions of zero order first and 
second kind, respectively, or 
” 


The boundary conditions are 


| 


r = 0 


Herewith Equation [17] becomes‘ 


r=s [ 19] 
m n) _m EY n) 1 (20) 
Jolis n) n n) 


where /o is the modified Bessel funetion of zero order and first 
kind. 
Introducing € = r/sande = n 


| 
eL /(ic) 


n 


l 
A = 1 (22) 
| | 
I(ite) — Io(io) 


which again differ from the previously derived equations for 
positive « only® by the factor 7 and the use of the modified Bessel 
function /9 instead of the ordinary Bessel function J». 

Table 2 and Fig. 2 show the temperature distribution with 
to as parameter. The lowest curve represents the limit @ —~ © 
previously found for o — 2.4048 .. . (the first zero point of the 
function Jo) when n > 0. 

Equations [20] to [23] are also valid for heat absorption by an 
endothermic reaction with e < 0 in the range where Equation [12] 
can be assumed. Again @ and 6) become negative in this case. 


THE SPHERE 


For heat development with e < 0, as previously for « > 0 


where r is the radial distance of any point from the center of the 


sphere. Again Equation [4] will be assumed. 
Using Equation [2] again and introducing p = —n 
— + - — — 90 = —m.............. 25 
dr? r dr P 1 [25] 
Considering the reduced equation 
d’9 2 dé 


dr? r dr 


‘In the analogous derivation of the previous paper? the following 
typographical errors may be corrected: In Equation [34] the ex- 
dé 
pression leg ¢ should stand instead of — and —M instead of M. In 
Vn dr dr 
Equation [42] the numerator @ has been omitted. 


‘ The symbol £ is used here for the symbol p of the previous paper. 


TABLE 2 TEMPERATURE DISTRIBUTION 


IN CYLINDERS 
10 


0 2 


5 
0/8 6/4 6/00 6/00 6/05 
0 1.000 1.000 1.000 1.000 1.000 
0.1 0.990 0.992 0.998 1.000 1.000 
0.2 0.960 0.969 0.990 0.999 1.000 
0.3 0.910 0.928 0.976 0.998 1.000 
0.4 0.840 0.870 0.952 0.996 1.000 
0.5 0.750 0.792 0.913 0.991 1.000 
0.6 0.640 0.692 0.852 0.976 1.000 
0.7 0.510 0.568 0.757 0.940 1.000 
0.8 0.360 0,414 0.608 0.848 1.000 
0.9 0.190 0.227 0.372 0.611 1.000 
1.0 0.000 0.000 0.000 0.000 ate 
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DERS 


and substituting @ = 2/Vr 


+i,)2=0 (27] 


Substituting’ r = y iV p, the solution of Equation [26] becomes 
2 = Ml1;,(y) + [28] 


where /1/, and J—1/, are the modified Bessel functions of '/; and 
—!/, order and first kind. 
But according to the theory of Bessel functions 


2 
= @— sinh [ 29] 
ry 
and 
2 
= cosh) . [30] 
ry 
Herewith the solution of Equation [25] becomes 
m M 2. 
6=——+ — sinh (r ~/—n) 
n r —n 
N 2 
= cosh (r V—n). [31] 


3 Two typographical errors in the corresponding equations of the 
former paper? may be corrected. On p. 598, column 1, line 6 from the 
botior the first sign should be +, instead of =, and in the following 


line 1 should read y/*V/n instead of 
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Using the boundary condition of Equation [18]: 


dé 
= N = 0 
dr 
which is possible only if VN = 0 

Using also the second boundary condition, Equation [19], 
Equation [36] turns into 


m E (r sV —n [32] 

n rv —n sinh (r-/—n) 

Introducing again ¢ and ¢ 
€ tko sinh ( ic) 
1 lo 
E (io) | 
sinh (if¢) sinh (io) 
lio lo 
35 
1 sinh (ic) 
io 


which differ from the previously derived equations for positive 
e only® by the factor 7 and hyperbolic sines replacing the sines. 

Table 3 and Fig. 3 show the temperature distribution. The 
lowest curve represents the limit 6 -> © previously found for 
o—xwhenn > 0. 

The same equations are valid for heat absorption by an endo- 
thermic reaction with negative e in so far as Equation [12] can 
be assumed. Again @ and @ take negative values. 


TABLE 3 TEMPERATURE DISTRIBUTION IN SPHERES 


io = 0 2 5 10 
6/60 6/60 6/80 6/80 6/60 
0 1.000 1.000 1.000 1.000 1.000 
0.1 0.990 0.992 0.997 1.000 1.000 
0.2 0.960 0.968 0.988 0.999 1.000 
0.3 0.910 0.926 0.970 0.998 1.000 
0.4 0.840 0.865 0.942 0.995 1.000 
0.5 0.750 0.773 0.898 0.985 1.000 
0.6 0.640 0.684 0.831 0.967 1.000 
0.7 0.510 0.556 0.731 0.930 1.000 
0.8 0.360 0.399 0.57 0.832 1.000 
0.9 0.190 0.220 0.357 0.592 1.000 
1.0 0.000 0.000 0.000 0.000 
1.0 T 
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CONCLUSIONS 


If in each volume element of an infinitely wide plane plate, an 
infinitely long cylinder, or a sphere which are held at constant 
surface temperature, either Joulean heat or heat of reaetion is 
developed at a steady rate, then the temperature distribution in 
a direction perpendicular to the surface can be represented by a 
parabola with the apex in the median plane, center line, or center, 
respectively. If the rate of heat development is steady, but in- 
creases linearly with the temperature, then the line of tempera- 
ture distribution is less strongly curved than a parabola. Di- 
mensionless equations for the temperature distribution in the 
three mentioned bodies have been derived in a previous paper? 
and can be brought to the common form 


00 1 — f(a) 


where the symbol f stands for the cosine-function, the Bessel 
funetion of zero order and first kind, and the function of sine 
divided by its argument, respectively, in the cases of plate, evlin- 
der, and sphere. The other symbols used in the equation are 
defined in the present paper. 

In this paper, it is shown that for a steady rate of heat develop- 
ment which decreases linearly with increasing temperature (as 
in graphite electrodes) and for endothermic heat absorption 
(endothermic reaction) at a rate which increases linearly with the 
temperature, the temperature lines are more strongly curved 
than a parabola and may be expressed by 
g(ita) — glia) 


1 — 


where ¢ = ‘f= 1 and g stands for the hyperbolic cosine function, 
the modified Bessel function of zero order and first kind, or the 
function of hyperbolic sine divided by its argument, for the three 
forms of bodies, respectively. 

However, the temperature excesses @ and 6) have both negative 
values in the case of the endothermic reaction, as they would in 
the case of endothermic reaction with negative temperature co- 
efficient which is covered by Equation [36]. 

The parabola divides the curves represented by Equations 
(36] and [37] in two families, the first limited by a curve where 
the temperature would become infinitely large, the second limited 
by the line 6/4) = 1. 

Tables have been calculated and graphs drawn for the different 
cases with values of ¢ as parameter. 


Discussion 


G. M. Dustnperre.?’ The ptesent paper is limited in the 
introduction to the case of constant electric current where this 
is the source of heat. It may also be noted that it is limited to 
constant thermal conductivity. A more general form of the dif- 
ferential equation for one-dimensional heat flow is 


and this takes the form of the author’s Equation [3] only if k is 
constant. 

A treatment under these two limitations may be adequate for 
a coil of insulated wire where (a) all elements of the electrical 
path are in series, and thus the current is everywhere the same, 
and (b) the effective thermal resistance in the direction of heat 


7 Professor of Mechanical Engineering, University of Delaware, 
Newark, Del. Mem. ASME. 
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flow depends mostly on the insulating material and very little 
on the properties of the electric conductor, and may be sub- 
stantially constant with temperature. 

However, a system such as a graphite electrode is homogene- 
ous; the same material serves as the path for electrical flow and 
for heat flow. Here it seems that if the variation of electric re- 
sistance is going to be important, we should also take account of 
(a) the variation of thermal conductivity, which usually goes 
hand in hand with electrical conductivity, and (b) the variation 
of current density, since here the system is better represented 
by a number of electric paths in parallel. In this case q’’’ = 
E*y, where E is the electrical potential gradient, and y the elec- 
trical conductivity. 

For such a system, if we can assume k = C, + Cot, t = C3 + 
Ck, gq!’ = E*y = Cy + Cot = Cr + Cok, Equation [38] of this 
discussion takes the form 


+h > Ch 
dx dz 
or 
d? 2C, 2s 
dt (k?) + C, + 


This is the simplest form, but the writer cannot find a convenient 
solution. Then we might as well work directly in terms of t 


= (Ci + cn ~ + C.+ Ce = 


1°t lt 


This can be solved by writing ¢ as a power series in z. The con- 
stant term is the temperature at the origin. If here di/dz = 0, 
coefficients of odd powers vanish. The writer has not investi- 
gated the convergence of this series, but trial indicates that three 
coefficients should usually be adequate (for x?, x, and x). 


FE. A. Farser.§ In connection with heat-transfer-coefficient 
determinations from hot surfaces to boiling liquids, it was neces- 
sary to determine the surface temperature of a cylindrical wire 
heated electrically. To find the surface temperature, an ex- 
pression representing the temperature field inside the wire had 
to be developed. 

Using the relation 


sensible heat generated 
Heat in + | electrically within the | = heat out.......... [39] 
volume 


the differential equation 


06 E2232 
r +a r= 0 [40] 


was obtained which is the same as Equation [15] of the paper, 
where 

r,0,s are defined in the paper 

a = 3.413 Btu/watt 

= voltage drop across wire 

= thermal conductivity 
p = resistivity 

= length of cylinder, ft 

Both k and p were taken as linear functions of the temperature 
and the differential equation takes the following forms 


8 Research Fellow, University of Iowa, Iowa City, Iowa. Jun. 
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r(a+ be) =0........ 

This equation where a and b are constants can be solved as 
outlined by the author. 

Experimental work shows that this relation, at least quali- 
tatively, approximates the actual conditions over a rather wide 
range. Even using a small, 18-gage chromel wire (cylindrical) 
the temperature difference between the center of the \!re and 
its surface exceeds 100 deg F for maximum heat transfer. From 
microstructure investigations of the wire after the experiment 
it was found that the grain structure of the center portion had 
changed, the extent of that portion depending upon the maxi- 
mum temperature of the wire during the test. From these 
observations it is safe to say that the center part of the cylinder 
was in the molten or possibly in the vapor phase surrounded by 
solid material. At very high temperatures it could be seen 
from the change of the microstructure that the material was 
molten with only a thin solid crust remaining at the bottom 
and lower part of the sides acting as support for the molten mate- 
rial. The wire failed when this crust became too thin to carry 
the weight of the rest of the material. 

Since the difference in grain structure and phase at higher 
temperatures lead to discontinuities in the assumed homogeneity 
of material, it was necessary to find some method of approxi- 
mating the limiting factors of the equations. Equation [40] or 
[41] of this discussion certainly cannot represent the true condi- 
tions when those discontinuities appear, which means whenever 
the eutectic temperature of the material is exceeded at any point 
within the cylinder. 

One possible method of approximating this critical limit or the 
end of the range is by the use of the mean field temperature which 
can be expressed by 


Equation [42] can be solved by means of infinite series, and 
3 terms of the rapidly converging solution were found to be ac- 
curate enough for all practical purposes. 

The mean temperature (7) of the wire can be found from a 
resistivity (9) versus temperature graph (which can be obtained 
from many handbooks) of the material used since p is given by the 
physical dimensions of the wire and the voltage drop (#) across 
and the current (J) in the wire. Then the surface temperature 
(7's) is given by 


as long as (7's + 4) is smaller than the eutectic temperature of 
the wire material. 
For comparatively small values of Z, it can be shown that 


[44] 


This method, approach, and analysis, although specifically 
applied to a cylindrical electrically heated wire can be extended 
to the other sections of the paper. 


AuTHOR’s CLOSURE 


Professor Dusinberre remarks that Equation [38] instead of 
Equation [3] should be used if & is not constant. The author 
has admitted this already in a previous discussion® of the same 
objection raised by T. J. Higgins. He has also mentioned in that 
discussion that he used the less exact form because k changes 
slightly only over the temperature range occurring in an electric 
coil and the change can be taken care of by a simple transforma- 


9 M. Jakob, Transactions AIEE, vol. 64, 1945, p. 493. 
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tion, suggested as early as 1894 by W. Kirchhoff and dug out of 
oblivion by E. F. M. van der Held in 1936. Using this trans- 
formation the complications can be evaded which Dusinberre 
met in the attempt to solve Equation [38]. The procedure con- 
sists in introducing in this equation, in which t may be replaced 
by the temperature excess @, an auxiliary variable 6 and a con- 
stant k,,, defined by 


k(d0/dz) = km(d@/dz)............... [45] 
together with the boundary condition 


which is to be satisfied for two values of z, for example, x = 0 
and x = s. Herewith Equation [38] converts to 


The constant k,, is obtained by integration of Equation [45] 
within the limits z = 0 and z = s, that is ‘ 


0=0s 
f = kem.dO = kem(, — 0) .. . .[48] 
0 =% 


This holds for any given relationship of k to 6, independent. of 
whether the first integral can be solved analytically or graphically 
only. 

Since @ is not known in the present case, the method would re- 
quire a simple trial-and-error procedure, namely, estimating an 
average value of k, calculating herewith a first approximation of 
6 from Equation [3], calculating herewith k, from Equation 
[48], and using this as average of k for a second approximation if 
necessary. Since the solution of Equation [3] is given and Equa- 
tion [48] is very simple, this calculation will not require much 
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time. It may be used in such cases for which Dusinberre recom- 
mends to employ the last formula of his discussion. Introduction 
of & = 2/s as a new variable may somewhat simplify the use of 
this rather complex equation. 

It should be remarked that Equations [15] and [24] are of 
course open to the same objection as Equation [3]. However, 
Dr. Farber, according to his discussion, has used Equation [15] 
for metal wires in the form of Equation [41]. Though structural 
changes and even melting occurred in the central parts of some 
wires, he obtained qualitatively satisfactory results. This is all 
that could be expected. A change of phase, in particular, is not 
included in the author’s analysis. The theoretical result may be 
improved by replacing Equation [15] by 


1do 
dr? r dr k 


using Kirchhoff’s method with dr instead of dx in Equation [45]. 
This considers exactly the variability of k with @ as the author 
has proved by setting up the heat balance for a cylinder ring with 
radii r and r + dr, then substituting k,,(d0/dr) for k(d@/dr) in the 
balance, and rearranging the resulting equation. The case of 
the sphere can be dealt with in the same way. 

The author cannot understand why this procedure should not 
yield 4 up to the eutectic temperature, provided that the electric 
resistance can be expressed by a linear function of temperature 
between the temperatures ¢, and é, and the variability of k with 
tis given in this range so that the first integral in Equation [48] 
can be determined up to the melting temperature, analytically 
or graphically. If these conditions are not satisfied, then, in the 
author’s opinion, Equation [42] cannot be used either, since 6 
will not be known as a function of r. 

Finally, the author wishes to express appreciation of the valua- 
ble and stimulating contributions of the discussers of his paper. 
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Fic. 1 HortzonTatty WeB ON 112-LB Rati 


Research Work on Rail Sections 


By WALTER LEAF,' DENVER, COLO. 


Asa result of a failure in 112-lb rail on main-line track of 
the Denver and Rio Grande Western Railroad Company, 
early in 1940, studies of fatigue failure of rails were under- 
taken by the railroad. Faulty design of the rail in ques- 
tion was determined as the cause of failure and corrective 
measures were immediately put into effect. Out of this 
work and that of the American Railway Engineering 
Association, new rail designs have been evolved which 
avoid the difficulties experienced by this and other rail- 
roads. 


INTRODUCTION 


ARLY in 1940 a failure occurred in 112-lb rail on the 
iD Denver and Rio Grande Western Railroad Company’s 

main-line track near Green River, Utah. It Was un- 
usual in nature, a fatigue crack having progressed horizontally 
about halfway through the upper portion of the web for a length 
of 2 ft, then sudden rupture took place through the remaining 
thickness of the web, a piece dropped out, and the rail broke in 
two, as shown in Fig. 1. Adjacent track was immediately in- 
vestigated, and 29 rails were found which contained similar fa- 
tigue cracks of various lengths, but all horizontal, or nearly so, 
and predominantly in the upper portion of the web. 

Immediate investigation of this failure was started in the re- 
search laboratory of the railroad, under the direction of Mr. Ray 
McBrian, engineer of Standards and Research. It was decided 
that the design of the web was such that operating stresses would 
at times be above the endurance limit of the steel, thus leading to 
fatigue failures. 

Temporary corrective measures were taken by making slight 
design changes in the web, and recently the Rail Committee of 
the American Railway Engineering Association has approved 
several new rail sections which, supposedly, will eliminate this 
type of failure,? as well as correct several other weak points in de- 
sign. 


Fauutry DesiGN PROBABLE CAUSE OF FAILURE 


There are four major causes of fatigue failure, i.e., design, fab- 
rication, metallurgy, and mishandling in service. The rail fail- 
ures were analyzed in each of these categories. Under mishan- 

1 Research Technician, The Denver & Rio Grande Western Rail- 
road. 

2 Bulletin 465, American Railway Engineering Association Feb- 
ruary, 1947, pp. 657-673. 

Contributed by the Metals Engineering Division and presented at 
the Fall Meeting, Salt Lake City, Utah, Sept. 14, 1947, of Tue 
AMERICAN oF MECHANICAL ENGINEERS. 

Nore: Statements and opinions advanced in papers are to be 
understood as individual expressions of their authors and not those 
of the Society. 


dling in service, no spike-maul marks were noted on the webs, 
and engine driving tires were checked for excessive wear, none 
being found. The roadbed was in excellent condition with re- 
spect to line, grade, ballast, and ties. The metallurgy and 
fabrication of the rails met existing standards, there being no 
seams, slag inclusions, or the like, found at the fatigue cracks. 
Static strength and impact tests of the rail metal showed the 
expected values. This left design as the probable cause of fail- 
ure. A program of photoelastic investigation of rail design was 
immediately started by the author. 

The photoelastic method of design investigation was used be- 
cause equipment was on hand, and the technique had been in use 
for several years on various projects. It is extremely simple and 
with proper precautions accurate predictions can be made. It 
has the disadvantage that all of the work must be done on models, 
loaded as best seen fit. If the model loading does not simulate 
loading in service, predictions are faulty. On the other hand, the 
entire stress distribution in the model is readily seen, and the ef- 
fects of different types of model loading are easily noted. The 
final photoelastic analysis was checked very closely by later 
strain-gage readings in the field, consequently it must be con- 
cluded that the method was well adapted to the problem at hand. 


Ratt 

The general shape of 112-lb rail is shown in Fig. 2. The mini- 
mum web thickness is '9/32 in., at a height of 3%/, in. above the 
base; top fillet radius is */, in. and bottom fillet radius 5/s in.; rail 
is 65/s in. high, 5'/2 in. base width; head width is 2273/3 in. An 
examination of general rail design of all weights from 60 Ib per yd 
on up; showed that the 112-lb RE rail departed materially from 
previous practice. The usual rail had practically the same height 
as width, and as weight was increased, web thickness also in- 
creased. Extrapolating from iighter sections showed that the 
minimum web thickness should have been 2/3. in. at 112-Ib 
weight. This rail was much higher than its base width. A 
search through the records also showed that there had been prac- 
tically no stress analysis applied to this 112-lb design when it was 
created. 

A rail is very peculiar in shape. It is supported on the ties at 
irregular intervals and is loaded by the wheels of the locomotive 
and cars in quite variable fashion. The point of applied wheel 
load is confined to a small ellipse, which may vary in location from 
one side of the head to the other. The direction of applied load 
varies from possibly 45 deg from the vertical outwardly, to pos- 
sibly 10 or 15 deg from the vertical inwardly. Wheel pressure is 
variable from a theoretical amount of 10,000 Ib from an unloaded 
freight car to 37,000 lb from a driving wheel of a heavy locomo- 
tive. Under the influence of dynamic augment from the driving 
rods at high speed, lateral and vertical impact caused by track 
irregularities in line and surface, impact from nosing of the loco- 
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strain-gage reading, low rail 1 deg 40 min curve.) 


motive, and travel around curves at either greater or less than 
superelevation speed, the stress distribution in a rail is truly varia- 
ble. In addition to the operating stresses, there are variable 
longitudinal stresses from temperature changes in a nonuniformly 
anchored rail, and possible residual circumferential stresses set up 
by differences in cooling rates between the head, web, and base. 
As a further point for consideration, the entire rail has a decar- 
burized surface which has a very low endurance limit, heat num- 
bers are stamped into the surface, and the branding letters are 
raised above the surrounding surface. Finally, the tie-plate de- 
sign is somewhat variable, from a slightly dished shape across the 
base of the rail to a crowned shape. Some plates are crowned 
longitudinally to the rail length and some are flat; some are 
beveled and some not. All of these factors influence the stress 
distribution. 
During the heating of the ingots and blooms at the mill, carbon 
is burned out of the outer layer of metal, and a decarburized sur- 
face results which is usually several hundredths of an inch in depth 
and is considerably weaker than the underlying core. As a re- 
sult of this decarburized surface of the rail, fatigue tests on pol- 
ished specimens are meaningless. Even fatigue tests of pieces 
with the original rolled surfaces are not too reliable in predicting 
rail performance, because the operating stress in most of the rajl 
surface is two-dimensional, while the stress in the usual fatigue- 
test specimen is simple unidirectional in nature. It has been 
pointed out by several investigators that two-dimensional stress 
has a marked influence on the endurance limit of structures. 


PHOTOELASTIC INVESTIGATION 


These complications were not all apparent at the outset of the 
investigation but cropped up from time to time. The photo- 
elastic investigation was started on a simple cross-sectional model 
of the 112-Ib rail resting on a flat surface and loaded at various 
points across the head. The web stress in this model was simple 
compression with a centrally applied load, and simple bending 
plus direct stress with an eccentric load. The stress values could 
have been easily calculated from bending moments and section 
moduli. Next, a small three-dimensional model was made, and 
the frozen stress-pattern technique used. A section of this model 
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cut from the location of the applied load showed an entirely dif- 
ferent type of stress distribution than noted in the simple cross- 
sectional model. 

The simple model under eccentric head loading showed merely 
compression on one side of the web and tension on the other side. 
The location of the neutral axis varied with the point of load 
application. The slice from the three-dimensional model showed 
compression near the top of the web on the loaded side, but ten- 
sion in the bottom portion. Stress on the unloaded side was 
tension at the top and compression at the bottom. 

Consideration of the deflections involved will readily explain 
this peculiar stress distribution. With the simple cross-sectional 
model loaded eccentrically on, say, the right side, the web bends 
slightly and the head moves a little to the right, assuming the rail 
base to be stationary. The head of a continuous rail has apprecia- 
ble lateral stiffness which tends to resist this movement of the 
head sideways, so if the eccentrically loaded section is to be 
placed artificially back into a continuous rail, the head must 
be pushed to the left a little to get it in line. This action causes 
tension along the right-hand side of the web and compression on 
the left side. Now the bending moment on the section is merely 
the product of the applied load and the eccentricity, and is uni- 
form from top to bottom of the web, assuming a strictly vertical 
load. The bending moment in the web caused by pushing the 
head to the left varies directly as the distance from the point of 
applied load and is of course greater near the bottom of the web. 
Thus a reversal of stress results from adding the two bending 
moments, and the amount and point of reversal depend upon the 
lateral stiffness of the head, the eccentricity of loading, and the 
general web shape. 

In order to make a simple sectional model display the type of 
stress distribution experienced by a continuous rail, it is only nec- 
essary then to build a frame around the section with bearing 
against the side of the head to prevent lateral movement under,an 
eccentric load. 

Determination of the numerical value of the web stress re- 
quired an added technique. A small three-dimensional model 
was made from bakelite and placed in a glass-sided tank full of 
liquid of the same index of refraction as the bakelite, so that no 
refraction of a light ray took place in passing through the odd- 
shaped section. The model was supported by tie models, and a 
wheel model was used to load the rail. Observation in polarized 
light of the lehgth of rail model most highly compressed by the 
wheel load showed that about 4 in. of web length carried most of 
the load in the upper portion. Stress in the lower web depended 
upon whether the wheel was over a tie or between ties. Thus 
over a tie, about 8 in. of web was highly compressed, but between 
ties the compressed area bridged the gap between ties. With 
this information, the final stress diagram for the web under a 
37,000-lb wheel load 1 in, off rail center could be calculated from 
the ratio of stress generated to load applied on the sectional 
model, and the ratio between the model thickness and length of 
web influenced as outlined. 


Srress ConpiTons Founp By StTupIEs 


The graph in Fig. 2 was thus constructed. It predicts a 60,000- 
psi compression in the web 4!/, in. above the base with 1-in. 
eccentric load and 38,000-psi tension on the opposite side, as 
shown by the heavy solid and dotted lines. These high values 
fall off quite rapidly on the way down the web, until a reversal of 
tension to compression takes place 2'/, in. above the base on the 
unloaded side, and reversal from compression to tension 1!/2 in. 
above the base on the loaded side. This is the stress condition 
predicted over a tie. Between ties, approximately the same type 
would be experienced except the values would fall off to zero near 
the bottom of the web and no reversal would be noted. 
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The usual plain-carbon rail steel varies from 0.67 to 0.81 per 
cent carbon content, and has an ultimate strength ranging from 
about 117,000 psi to about 130,000 psi and vield-point range 
of about 68,000 psi to about 80,000 psi. Thus the polished-beam 
endurance limit would be about 60,000 psi, but with rolled sur- 
face, somewhat lower. Impact from rough track, dynamic aug- 
ment, low temperature, and the like, would put the normal 
operating stress somewhat above the endurance limit of the actual 
rail, and failure in fatigue was to be expected. Of course not all 
of the wheels over any given point would cause the maximum 
stress at that point, since the eccentricity of bearing varies, yet 
high stresses were demonstrated as probable and fatigue failures 
had taken place. So the design must have been faulty. 


CHECKING By MEANS OF STRAIN GAGES 

Shortly after the photoelastic work was completed strain- 
gage equipment became available and was put to use. The 
equipment consisted of a six-element oscillograph, power supply, 
and amplifiers. Carbon-strip gages were used, this being shortly 
before the advent of the SR-4 wire gages. A thorough investiga- 
tion of actual stress distribution in rail was made. The photo- 
elastic investigation was quite closely confirmed. In Fig. 2 are 
shown some of the typical readings with gages at three different 
heights, on both sides of the web. 

Train speeds up to 75 mph were investigated, with the con- 
clusion that speed itself had little to do with web stress except as 
it might impose higher or lower pressure against the rail of a curve. 
Counterbalance position over the gage location was determined 
with motion pictures and also absolved. The entire problem was 
narrowed down to eccentricity of bearing. 

With web design as the cause of failure, the question arose as to 
what could best be done. Any radical change in rail design would 
lead to many other changes, in joint bars, insulated joints, frog 
and switch castings, ete., so finally it was decided merely to 
thicken the web by running straight lines between the top and 
bottom fillets. This was done by turning down a set of rolls. 
Since then several hundred miles of this rail have been in service 
without a single web failure. Fillet cracks have been experi- 
enced, especially on curves, indicating that further design changes 
were necessary. 

Corrective MeAsuRES TAKEN 

Web stress is usually highest in the upper portion, since this 
location is nearest the point of applied load, and the web acts 
something like a brick wall in that a lesser length of web carries 
the load as the point of application is approached. Thus the 
lower portion need not be as thick as the upper portion. It was 
desired to create a rail design in which the maximum normal 
operating stress would not exceed 40,000 psi. By a considera- 
tion of actual strains measured and section moduli of the 112-lb 
rail web, a design was created which was predicted to give the de- 
sired maximum stress. In effect, the old web was turned upside 
down and thickened '/3; in. throughout. Fillet radii were in- 
creased to 5/, in. 

The AREA research staff, over the next 3 or 4 years, made 
additional strain-gage readings under a great variety of service 
conditions, and finally arrived at what they considered an ade- 
quate design. It is shown in Fig. 3 and is close enough to the in- 
verted-web design mentioned, seemingly to satisfy the requir- 
ments. As mentioned at the outset, this and two larger sections 
have now been adopted as standard design. As was fitting and 
proper, the Rio Grande bought and installed the first rolling of 
the new 114-lb section in 1946, and no trouble has been experi- 
enced. Of course the rail has not been in service very long. 


PHOTOELASTIC STUDIES OF OTHER Ratt-DeEsiGN 


The original photoelastic study was confined to web design 
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Fic. 3. Recenrity Apoptep 114-Ls Section 
(Two other sections, 132.1 and 133.4 lb per yard have also been approved.) 


but other features of general rail shape were questioned. Noone 
seemed to know how wide the head of a rail should be. Worn rail 
with a narrow head was known to be bad from a standpoint of ad- 
hesion and wheel-tread wear on either curve of tangent track 
and too wide a head seemed objectionable from a standpoint of 
excessive metal where it did no good. The head width of 27*/s 
as used in the old 112-lb rail seemed good. However, the head 
contour was considered bad. The corner radius was ?/g in., 
while the standard wheel throat between flange and tread has a 
radius of §/gin. It has been noted that the wheels wear toward a 
sharper radius in the throat, and the railhead metal flows over 
toward a larger radius. Obviously, the thing to do was to make 
the two radii the same so that an initial fit is obtained. This has 
been approached in the new design, in addition to making the run- 
ning-surface radius a little sharper so that eccentric bearing is 
more difficult to obtain. 

It is to be remembered that the actual track gage is somewhat. 
variable, and that as wheels wear, their actual gage widens, so 
that a perfect fit is impossible even if all new rail and new wheels 
could be put in service. 

It is to be emphasized at this point that the new rail designs 
are entirely the product of the research staff of the American Rail- 
way Engineering Association under Mr. Magee. However, the 
salient features and nearly the exact contours were indicated 
as desirable by the early photoelastic work. Likewise, the early 
program by the AREA staff was instituted at the request of 
officials of the Denver and Rio Grande Western Railroad Com- 
pany. 


EARLIER WorK ON WEB FAILURES 


A search of the records showed that horizontal web failures had 
occurred on many other railroads, in not only the 112-lb section, 
but in practically all others used in main track, including the 
heavy 131-lb design. Some of these failures even dated back 


33 
<3 | 3 
BR. 
| . 
\ 
| it 
ry 
| 52 
| 
| 
| 


34 TRANSACTIONS OF THE ASME 


almost to the turn of the century. True, they were not too nu- 
merous, but an inspection of the failed-rail report’ for the period 
1935 to 1944, shows 16.6 per cent of all rail failures in control- 
cooled rail to have taken place in the web, away from the joint, 
and 25.2 per cent in the joint. Thus 41.8 per cent of all rail fail- 
ures were in the web, which is certainly enough to cause some 
concern. Fortunately, the condition has now been recognized 
and steps taken to correct it. 

As far back as 1931, Timoshenko and Langer concluded that 
web design was faulty and urged rail designers to thicken the up- 
per portion at the expense of the lower portion.‘ Their work did 
not come to light in the author’s laboratory until after the inves- 
tigation was completed, and apparently went unheeded in all 
quarters where rail was designed. They also showed a valua- 
ble diagram of safe operating stresses under various stress-rever- 
sal ranges, which also has gone unheeded. This diagram shows 
that the actual range of stress measured on the Denver and 
Rio Grande Western should have produced fatigue failure. 


EXPERIENCE WITH STRAIN GAGES IN THE FIELD 


Thousands of strain-gage readings have been made on our rail- 
road. A large portion of them were of no significance. A few 
readings were really unique and will be discussed briefly. 

In one type of distribution the six gages were placed in vertical 
directions on the web 33/, in. above the rail base, 15 in. apart. 
One run showed that the first two gages were in tension 
under the first drive wheel of the locomotive, and the third gage 
showed compression. Thus in a space of 15 in. at about 40 mph 
one wheel had caused both compression and tension at similar 
locations in the web beneath the wheel. 

In another setup three gages were placed at heights of 2 in., 
3'/gin., and 4!/,in., respectively, above the base, on either side of 
the web in a vertical direction. Under a certain wheel the up- 
per gage registered 40,000 psi compression, and the bottom one 
24,000 psi tension, which is a truly remarkable reversal in only 
21/4 in. 

In order to determine the amount of lateral loading, gages were 
placed longitudinally on either edge of the rail base. With a 
vertical load on the head, each of these gages would be in tension, 
to the same value. Any difference in values would indicate a 
lateral component of loading. Under one wheel, the gage nearer 
the track center was in compression, indicating a very high lateral 
component. This reading was made on tangent track, and was 
evidently caused by nosing of the locomotive. This was the 
greatest lateral component measured in the investigation, and 
showed that curved track does not necessarily experience the 
greatest lateral force. Some readings were made wherein the in- 
ner gage registered higher tension than the outer one, indicating 
that wheel drag without flange pressure was sufficient to cause 
lateral loading. 


OrHER DesiGn Fautts DiscovERED 


It was realized at the time these web investigations were being 
made that there were other faults in general rail design. Fillet 
cracks at the juncture of head and web are of quite common 
occurrence, especially in the low rail of a sharp curve. This low 
rail carries somewhat more than one half the total load, with a 
train traveling at less than superelevation speed. It also loses 
considerable metal from the running surface by abrasion, and af- 
ter the head is worn '/, in. or so fillet cracks are always to be ex- 
pected. With a worn head, the high vertical compression caused 


3 Reference 2, p. 684. 

4“Stresses in Railroad Track,’’ by 8S. Timoshenko and B. F. 
Langer, Trans. ASME, vol. 54, 1932, pp. 277-293; discussion, pp. 
294-302. 
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by the wheel load is transferred to the web by a shorter than nor- 
mal head length, since stiffness has been lost. Thus unit stress is 
higher than with an unworn head. An increase in fillet radius is 
indicated as desirable to delay the appearance of these fillet 
cracks. However, an increase in fillet radius and thickening of 
the upper web leaves less area underneath the head for joint-bar 
contacts, 

At the time of this investigation there was much argument 
about joint-bar design. It is to be remembered that rail is cut in 
39-ft lengths, and joined by pairs of rolled bars bolted to the rail. 
There are two types of bars in use, the head-contact and the head- 
free designs. The head-contact bar is, in effect, a wedge, bearing 
on the so-called fishing surfaces of the head and base. These 
surfaces are sloped 1 in 4, so that the bars are wedged in place by 
bolt tension. If the bearing surface is restricted in area, high con- 
tact pressure leads to fatigue cracks forming in the bars. Some 
take-up space must be provided in the bar design, so that the bars 
can be tightened as the contact surface wears. Otherwise, bar 
life is short. 

The head-free type of bar fits in the upper fillet of the rail, and 
wedges on the base. Thus very little fishing surface is required 
under the head. Although it was felt at the time that this 
bar gave poor support for the rail head at the joint, it has since 
been proved to be a good design, and is now widely used in new 
applications. 

Bakelite models of a rail and joint bar with fillet radius of 3/, 
in. showed difficulty in keeping the bars in proper fit. The ten- 
dency was for the bar to climb upward, and slip around the large- 
radius curve. The trouble was particularly noticeable if the bar 
were slightly undersized. It must be remembered that rail 
and bars are rolled shapes, and as the roll wears, dimensions 
change slightly. Certain tolerances are allowed in dimensions to 
prevent excessive roll replacements. 

Location of the bolt hole is somewhat restricted up and down 
by the necessary flanges of the barand by the necessary size and 
clearance for the nut. It was found that a large-radius head-free 
bar required the bolt hole to be located relatively high in order to 
produce stability. 

These points are mentioned to emphasize the fact that rail 
design must be co-ordinated with other designs, changes in one 
making necessary changes in others, and each requiring study to 
produce the optimum. 

An attempt was made by the Rio Grande railroad in 1941, to 
have this inverted-web rail rolled, but it was unsuccessful owing 
to restrictions placed by the war production. 


ImpROVED Raits Now Brine PrRopucED 


At the time of writing (September, 1947), most rail mills have 
made or are making rolls to produce the improved sections mem- 
tioned earlier. It is not known how many miles have been rolled, 
but the Rio Grande now has about 20 miles in track of the 114-1b 
section and about 50 miles have recently been rolled for the 1947 
relay program. There are of course some roads which have had no 
trouble with the old rails, due to light traffic and axle loading, and 
they will probably continue to use the old sections. However, 
most rail laid in the future will be of the new shape. It is pos- 
sible of course that trouble of some nature or other will appear 
from time to time, but these new rails were designed after a very 
thorough stress-analysis study, and are the best that could be de- 
signed with the information at hand. Of course a very heavy rail 
could be rolled, weighing, say, 200 Ib per yd, and which could not 
possibly develop fatigue cracks, but the extra cost would not be 
warranted and also, rails wear out and must be replaced for other 
reasons. Flange wear on curves, shelling of the gage corner, flow 
of head metal, are some of these reasons. So even if a solid billet, 
say, 6 in. square, could be used for a rail, its life would be limited. 
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SHELLING OF RAIL 


Shelling of rail is evidenced by plastic flow of the head metal 
especially at the gage corners where bearing pressures are highest. 
After considerable flow in one direction and another has taken 
place, the metal begins to separate from the parent body in thin 
leaves or slivers. Pieces break out, leaving sharp re-entrant 
angles which lead to transverse fatigae cracks, or possibly longi- 
tudinal split heads. It seems that a prolonged metallurgical 
study will be necessary to overcome this difficulty. Some work 
has already been done along this line, but much more is 
necessary. At least, the problem is recognized and a start 
made toward its solution. 

On the Rio Grande Railroad, intermediate manganese rail with 
sbout 1.3 per cent manganese has been used quite successfully to 
prevent head checks, especially on the low rail of sharp curves. 
However, other difficulties were prevalent, the rail being prone to 
compound fracture, so that this type of alloy-steel rail has not 
proved satisfactory. High-silicon-content rail, 0.3 to 0.5 per 
cent has been in use on the Rio Grande road for many years and 
seems to resist shelling. 

The American Railway Engineering Association has published 
an excellent report’ on recent investigations of the cause and pre- 
vention of shelly spots. Briefly reviewed; a low-alloy hear- 
treated rail with 0.24 carbon, 1.28 manganese, 0.64 chromium, 
0.57 nickel, 0.34 molybdenum, and 0.20 silicon, heat-treated to 


' Reference 2, p. 750 et seq. 


157,600 psi ultimate strength, 145,400 yield strength, gave 7 
times the life of plain-carbon-steel rail in a rolling-load test. So 
progress is being made. 

In order to give a better concept of the actual loading on a rail 
several calculations have been made. If all of the weight of an 
L 105 class Rio Grande engine were concentrated in round billets 
of steel of the same diameter as the various wheels concerned, a 
fully loaded tender would be represented by six billets 36 inches 
diam and 9 ft 7 in. long. The driving wheels would be repre- 
sented by six billets 70 in. diam and 34!/2 in. long. Pilot and truck 
wheels are represented by somewhat smaller billets. The dimen- 
sions given are for billets to represent the wheel loading on one 
rail. For the entire locomotive, another set would be placed on 
the other rail. 

The theoretical contact area between wheels and rail has also 
been calculated, assuming unworn wheels and rail. For a fully 
loaded tender wheel, this area is an elipse 0.63 0.50 in, and for 
a drive wheel, 0.93 X 0.50 in. The contact pressure varies from 
zero at the periphery of the elipse to a maximum at the center. 

If we visualize steel bars, elliptical in cross section, of the given 
dimensions and with a flat end, resting on a flat steel surface, the 
bar representing the tender wheel would have to be 58,500 ft 
high, or 11.05 miles, in order to exert as much contact pressure as 
does the loaded tender wheel. For the driving wheel, a similar 
bar would be 42,000 ft, or 7.95 miles high. Worn wheels and rails 
would cause some variation in these figures; at times to lessen the 
contact pressure, at others to increase it. 
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Recent Developments Concerning the 
Properties of Cast Steels 


By C. W. BRIGGS, CLEVELAND, OHIO 


The properties of a number of low-alloy cast steels have 
been determined from production heats, hence the values 
obtained represent the values normally expected in the 
manufacture of steel castings. The cast low-alloy steels, 
in general, have slightly higher hardenability and strength 
and slightly lower ductility than wrought steels of similar 
composition, on heat-treatment. In this paper property 
ranges for strength and ductility are given for cast steels 
receiving different heat-treatments. The depth of section 
to which cast steel will harden can be estimated by the em- 
ployment of the end-quench hardenability test. This 
test was used to study a number of carbon and alloy cast 
steels. It was found that the hardenability values of 
cast steels are similar to those of wrought steels of com- 
parable analyses and grain sizes. Hardenability curves for 
typical carbon cast steels are given and hardenability bands 
for a number of low-alloy cast steels are illustrated. All 
degrees of hardet.ability, shallow- to deep-hardening, may 
be attained by the proper selection of cast steels. Studies 
on notched-bar impact specimens of cast steel revealed 
that by varying the structure of a single cast steel by heat- 
treatment, it is possible to change the low-temperature 
notched-bar impact values of the steel. Based upon the 
results of the investigation, it is concluded that no one 
alloy cast steel produces the best impact resistance, for all 
types of heat-treatments, at all testing temperatures. 
Alloy cast steels demonstrate excellent notched-bar im- 
pact properties at low-temperatures, which make them 
ideal for low-temperature-service applications. 


INTRODUCTION 


URING the last two years considerable information has 
D been developed on the properties of cast steels. The 
studies were formulated by the Steel Founders’ Society, 
and the investigations were carried on at Carnegie Institute of 
Technology, Case School of Applied Science, and Michigan Col- 
lege of Mines and Technology, under the direction of the Metal- 
lurgical and Mechanical Engineering Department staffs of these 
schools. 

The cast steels selected for study were compositions produced 
by commercial steel foundries for production steel castings. The 
steels for test were in most cases taken from a production heat. 
In some cases an entire heat was used to prepare the necessary 
coupons. 

Research studies were made so as to obtain correlated informa- 
tion on the properties of cast steels so that engineers, designers, 
and the manufacturers of steel castings would be more familiar 
with the engineering properties of steel castings. 

Purchasers of stee] castings and their engineers are always 


1 Technical and Research Director, Steel Founders’ Society of 
America. Member ASME. 

Contributed by the Metals Engineering Division and presented at 
the Semi-Annual Meeting, Chicago, Ill., June 16-19, 1947, of Tue 
AMERICAN Society OF MECHANICAL ENGINEERS. 

Nore: Statements and opinions advanced in papers are to be 
understood as individual expressions of their authors and not those 
of the Society. 


interested in the mechanical properties of low-alloy cast steels, 
especially those properties which may be developed through the 
quench and temper heat-treatments. This is understandable, 
since the steel-casting industry during the war quenched and 
tempered castings of various sizes and degrees of complexity. 
Interest in notched-bar impact properties is continuing, especially 
at low temperatures, not only because of equipment operating 
under these conditions but low-temperature impact testing 
gives an indication of what may be expected when parts operate 
at high speeds under impact. 

Purchasers’ metallurgists are likewise interested in hardena- 
bility of cast steel, time-temperature-transformation curves for 
cast steel, and austenite grain size of cast steel, especially in 
knowing how these properties of cast steels compare with those 
of wrought steels. Also, since engineers are invariably placing 
requirements on heat-treating operations in purchase specifica- 
tions, certain information on the heat-treatment of cast steels is 
valuable, especially if it can alter certain misconceptions. In- 
formation on all these matters will be presented. 

Individual test data are omitted, but summarizing curves are 
illustrated. Substantiating data are available at the universities 
conducting the tests. Also, procedures conform to standard 
methods promulgated by the American Society for Testing Mate- 
rials, 


PROPERTIES OF Low-ALLoy Cast STEELS 


Cast steels can be produced in all the chemical ranges availa- 
ble to wrought steels, as well as several others which do not lend 
themselves to rolling or forging techniques; in fact, prior to the 
war, more than 60 alloy-cast-steel types were produced by the 
steel-casting industry in the production of alloy-steel castings to 
meet the requirements of purchasers. However, in recent years, 
the trend in the industry has been toward producing cast steels 
to meet certain minimum mechanical properties rather than to 
produce steels to chemical ranges such as the SAE or AISI 
tables of steels. This trend started before the war and has con- 
tinued today. 

The ASTM specifications for property requirements as 
shown in Table 1, are becoming much more universally used. 
Most of these property values can be obtained by alloy cast steel 
containing but small percentages of alloying elements. 

Most property values for cast steels reported in publications 


TABLE 1 AMERICAN SOCIETY FOR TESTING MATERIALS 
CASTINGS 


Mechanical 


onga- Reduc- 
Tensile Yield tion tion of 
strength, point, in 2 in., area, 
Class psi psi per cent per cent 
eee 60000 30000 24 35 
65000 30000 20 30 
65000 35000 24 35 
70000 36000 22 30 
A148-46T 

80000 40000 18 30 
80000 50000 22 35 
90000 60000 20 40 
105000 85000 17 35 
120-100........ 120000 100000 14 30 
150-125........ 150000 125000 9 22 
175000 145000 6 12 
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show the use of cast steels with one or two alloying elements in 
quantities of 1.50 to 3.50 per cent each. It is the thought of pur- 
chasers that relatively large amounts of alloy are needed to pro- 
duce alloy cast steels of greater than average mechanical proper- 
ties. 

In order to illustrate the advantage of the use of alloy steels 
with small percentages of alloying content, a co-operative study 
was undertaken by 30 steel foundries, under the auspices of Steel 
Founders’ Society, working in collaboration with Carnegie Insti- 
tute of Technology. These lean alloy steels were produced by 
adding from one to four alloying elements, representing com- 
bined additions of only 0.70 to 2.00 per cent. The NE number 
series was prefixed to these steels, although all the manganese 
and manganese-molybdenum series was produced regularly in 
substantial quantities by the steel-casting industry long before the 
NE series was devised. 

The properties listed represent the mode of distribution curve 
or values that would normally be expected in the production of 
low-alloy cast steels. These values act as reference points to 
help the designer and purchaser of steel castings to select the 
proper steel for the required application. 

In order to be able to report property values that would be 
absolutely representative of commercial steel for castings, some 
open-hearth foundries produced heats upward of 35 tons from 
which the necessary coupons were obtained for the test studies. 

This study was conducted on a regular manufacturing basis in 
order that the production and heat-treatment of the steels should 
reflect commercial conditions rather than those obtained by pre- 
cise laboratory control. Thus while the mechanical testing pro- 
cedures were precise, there was some spread in the data, as would 
be normally expected from commercial operations. The results 
obtained, regardless of the methods used to make the steels, were 
combined, and mean property values were computed. 

Chemical Ranges. The chemical rarges of the low-alloy cast 
steels are listed in Table 2. The steels were produced by stand- 
ard melting practices normally used by the foundries which pro- 
duced them. The austenite grain size of all the steels produced 
to the compositions shown in Table 2 was from 5 to 8. 


TABLE 2 CHEMICAL Coreen OF THE LOW-ALLOY CAST 


Grade of —Composition specified, per 
steel Cc Mn Cr Ni Mo 
NE 1330... 0.27-0.33 1.35-1.70 
NE 8030 0.27-0.33 1.00-1.30 0.10-0.20 
NE 8430. 0.27-0.33 1.30-1.60 0.30-0.40 
NE 8620. 0.17-0.23 0.70-0.90 0.40-0.60 0.40-0.70 0.10-0.20 
NE 8630 0.27-0.33 0.70-0.90 0.40-0.60 0.49-0.70 0.10-0.20 
NE 8640. 0.37-0.43 0.70-0.90 0.40-0.60 0.40-0.70 0.10-0.20 
NE 8730. 0.27-0.33 0.70-0.90 0.40-0.60 0.40-0.70 0.25-0.35 
NE 9430. 0.27-0.33 1.00-1.30 0.20-0.40 0.40-0.70 0.08-0.15 
NE 9530. 0.27-0.33 1.30-1.60 0.40-0.60 0.40-0.70 0.30-0.40 


Note: Silicon 0.40 to 0.60 per cent; phosphorus 0.05 per cent maximum; 
sulphur 0.06 per cent maximum. 


Heat-Treatment. The popular heat-treatments of (1) normal- 
izing, followed by tempering, and (2) water-quenching, followed 
by tempering, were employed to enhance the mechanical proper- 
ties of the low-alloy cast steels. 

Strength Values. The great amount of tensile property data 
collected on all heats of the various classes of steel is presented 
in block-diagram form for rapid visual examination and compari- 
son. All test studies were made at Carnegie Institute of Tech- 
nology. It was reported by the staff of the Institute: ‘“The con- 
sistency of results indicates that two tests are almost always 
sufficient’’ to establish the mechanical properties of each heat of 
steel for any particular section thickness. 

The tensile strengths of the steels studied are shown in Fig. 1. 
It will be noted that there is a gradual increase in properties with 
changing of composition from a medium manganese steel to the 
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WATER QUENCHED, 1000°%F TEMPERED 


NORMALIZED, 1000°F ° 


1200°% 


/030 4330 8030 8430 9430 8630 8730 
Mn Mn-Mo Mn-Mo Ma-Ni-(r-Me Ni-Cr-Mo Ma Nr Me 


Fic. 1 Tensite STRENGTHS oF TypicaL Low-ALLoy Cast STEELS 
OF SIMILAR CARBON CONTENTS WiTH Various Heat TREATMENTS 
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1030 1330 8030 8430 9430 8630 8730 9530 
Ma-Mo Ma-Mo MaNi-G-Mo NiCrMo Mo MaNiG-Mo 


Fic. Points or Typicat Low-ALLoy Cast STEEL8 OF 
APPROXIMATELY 0.30 Per CENT CARBON CONTENT 


manganese-nickel-chromium-molybdenum steel, with tensile 
properties varying from about 100,000 psi to 160,000 psi, depend- 
ing upon the heat-treatment. Low-alloy steels having a 0.30 
per cent carbon content were selected as the basis of comparison, 
since cast steels of about this carbon content are most. commonly 
produced in the industry. Normal tensile strengths for a plain 
(unalloyed) carbon steel are also included for comparative pur- 
poses since its properties are already well known to engineers and 
designers. 

It is noteworthy that there is a relatively small spread in the 
properties of the various low-alloy cast steels when normalized, 
followed by a temper heat-treatment at 1200 F. 

Fig. 2 shows graphically the yield-point values which may be 
obtained from the low-alloy cast steels in response to various 
heat-treatments. These values are found to correlate closely with 
the tensile properties, as would normally be expected. In Table 
3 are given the ratios between the yield and tensile strengths of the 
various low-alloy cast steels. The general average for the low- 
alloy steels is compared with the ratio normally obtained for car- 
bon cast steel of similar carbon content. The yield-tensile ratio 
of 0.84 to 0.88 for quenched and tempered steels is considered 
excellent. 

Ductility Values. Ductility, as measured in terms of per- 
centage elongation in a 2-in. gage length of the low-alloy cast 
steels is shown graphically in Fig. 3. The results are fairly uni- 
form for all these steels, and the elongation values of 10 to 15 
per cent for quenched and tempered steels having tensile strengths 
of 155,000 to 165,000 psi are considered excellent. 

Reduction-of-area values are shown graphically in Fig. 4. 
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TABLE3 YIELD-TENSILE STRENGTH RATIOS FOR LOW-ALLOY 
CAST STEELS 


ratio— 

-——- Water quench——— -——— Normalize ———. 

1000 F 1200 F 1000 F 1200 F 

Steel Temper Temper Temper Temper 
1330 0.82 0.78 0.60 0.60 
8030 0.87 0.82 0.66 0.67 
8430 0.88 0.85 72 0.73 
9430 0.90 0.84 0.71 0.70 
8630 0.89 0.84 0.71 0.72 
8730 0.91 0.89 0.80 0.77 
9530 0.91 0.86 0.82 0.77 
Avg 0.88 0.84 0.72 0.71 
10304 0.69 0.68 0.60 0.59 


* 0.30 per cent plain-carbon cast steel. 


Values of about 50 per cent or over can be expected for quenched 
low-alloy cast steels when followed by a tempering treatment at 
1200 F. 

Factors affecting toughness are shown graphically in Fig. 5, by 
plotting the elongation values in relation to the tensile strengths. 
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Quenching produces better ductility in a steel having a given 
tensile strength than does normalizing. 

Effect of Varying Carbon Content. It is well known that the 
carbon content of a steel affects its mechanical properties. This 
is also true of the low-alloy cast steels, as shown graphically in 
Figs. 6 and 7. Normally, steels for the production of castings 
have carbon contents ranging from 0.20 to 0.45 per cent. Figs. 
6 and 7 illustrate the range of properties that can be obtained 
for one low-alloy steel (Ni-Cr-Mo). Similar ranges can be ob- 
tained for the other low-alloy cast steels. 


CoMPARISON WitH WrovuGnat STEELS 


Figs. 1 to 7 can be used to compare with similar data which the 
engineer has acquired for wrought steels. In general, the tensile 
strengths of cast steels are slightly higher than for corresponding 
wrought steels. The differences are slight, however (see typical 
examples of data on wrought steels given in Table 4), and can be 
accounted for by the higher contents of manganese and silicon 
normally present in cast steels. 

Based on the data in Table 4, the cast steels have lower duc- 
tility values than the corresponding wrought steels. However, 
the wrought-steel values reported are for specimens taken parallel 
to the direction of rolling; specimens perpendicular to the direc- 
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TABLE 4 SOME DATA ON WROUGHT ALLOY NE STEELS FOR 
COMPARISON WITH FIGS, 1 TO 8 


Tensile strength, Reduction of 
psi area, per cent 
Wrought NE 8630: 
Normalized. 1000 F, temp... 96-102000 58 to 63 
Wrought NE 8630: 
Normalized, 1200 F, temp.... 88- 94000 62 to 66 
Wrought NE 8630: 
Quenched, 1200 F, ee 118-122000 64 to 68 
Wrought NE 9430 
Quenched, 1200 F, temp...... 109-120000 63 to 66 


tion of rolling give considerably lower ductility values. For ex- 
ample, a wrought steel having values of 60 to 65 per cent reduc- 
tion of area in the direction of rolling would have only 33 to 38 
per cent reduction of area transverse to the direction of rolling. 
Averages of these values are only slightly different from those 
of cast steels in which properties do not vary according to the 
manner in which specimens are taken. The fact that cast steel 
does not have directional properties—greater in one direction, 
less in another—is a matter of great significance and importance 
to designers of products in which uniform properties are desirable. 

The notched-bar impact values for low-alloy cast steels are 
shown graphically in Figs.8and9. In general, the variation from 
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grade to grade is not great, but does show a tendency for impact 
strength to be high when ductility is high. 

Fig. 10 shows graphically the Charpy keyhole notched-bar 
impact strengths of low-alloy cast steels which were normalized, 
followed by a temper of 1200 F, bars having been machined from 
the center of 1- and 4-in. cast-steel sections. It is of considerable 
interest to the designer that little variation exists between the 
two values, which means that steel castings of heavy section have 
notched-bar impact properties similar to castings of light wall 
section. 
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The low-alloy cast steels have excellent notched-bar impact 
properties at low temperatures, as shown graphically in Fig. 11. 
In this figure the impact data for all the low-alloy steels were 
averaged to indicate a high and low range of values. The values 
normally expected for the low-alloy steels are indicated by the 
band labeled “Average Range.”’ Fig. 12 shows that the impact 
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Cc Mn Ni Grain size 
0.28 0.69 3.30 7-8 
Wrought eer 0.29 0.61 3.41 7 


values, as measured at room temperature, do not fall off materially 
at temperatures as low as —75 F, practically no change taking 
place until a temperature of —25 F is reached. 

Figs. 8, 9, and 11 show another advantage of quenching. It 
produces better impact-strength values than normalizing. In- 
creasing the tempering temperature from 1000 F to 1200 F usually 
gives an appreciable improvement in notched-bar impact strength. 
Additional tests indicate higher impact strengths for the quenched 
steels over the normalized steels at both tempering temperatures. 

Fig. 11 also shows that the low-alloy cast steels retain most of 
their resistance to impact at temperatures as low as —75F. This 
is usual in the case of cast alloy steels, as contrasted with plain- 
carbon cast steels, 

Because of the many variables involved and the lack of agree- 
ment in application of results, it is hazardous to attempt quanti- 
tative comparisons of notched-bar impact properties. However, 
the general statement may be made that although low-alloy cast 
steels tend to have slightly lower indicated impact strength than 
their wrought-steel counterparts, this slight difference is not 
indicative of their probable relative performance in actual indus- 
trial application. This is particularly true since impact values 
which have been reported for specimens taken transverse to the 
direction of rolling or to the direction of forging flow lines, may be 
as little as one half the value of those reported for specimens 
taken parallel therewith. 
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HARDENABILITY OF Cast STEELS 

The ability of steel to harden upon quenching has long been 
recognized as one of its most valuable properties. It is known 
that when steel is heated to the proper temperature and quenched, 
the hardness of the steel depends upon the speed of the quenching 
process; the more rapid the quench, the higher the hardness. 
Thus a study of the manner in which a steel hardens when apply- 
ing different cooling rates indicates the degree of hardenability 
obtainable. 

The term “hardenability” as applied to any particular steel 
embraces two basic principles: (1) quenching develops a maxi- 
mum hardness; and (2) there is a limit to the section size which 
will be completely hardened upon quenching. The degree of 
hardness attainable increases with the carbon content of the steel. 
The maximum hardness obtainable is not significantly affected 
by the presence of alloy contents up to approximately 5 per cent. 

It has long been recognized that plain-carbon steels are shallow 
hardening, and that alloy additions to steel increase the depth 
of hardening; but such generalizations are not sufficient for modern- 
day engineering needs. Recordable hardenability values for 
various steels are required. Such values are obtained by apply- 
ing the “end-quench” or “Jominy” hardenability test. 

The end-quench hardenability test has made it possible to pre- 
dict the depth to which a particular steel can be hardened by 
applying a specific quenching rate. The test is simple, easy to 
perform, and remarkably consistent and accurate in its results. 
Approved procedures for conducting the tests have been pub- 
lished, 

Quenching Treatment of Castings. Steel castings that have re- 
ceived a quench-temper heat-treatment are daily gaining greater 
favor among engineers. During the second war, large quanti- 
ties of steel castings, ranging from simple to complex shapes, were 
given routine quench and temper heat-treatments. Although 
quenching and tempering should not be applied to some steel 
castings, because of large variations in sectional thickness or too 
complicated design, nearly all steel castings can be successfully 
heat-treated in this manner. 

A point worthy of special emphasis is the fact that complete 
hardening of a cast-steel section, after tempering, produces a 
higher ratio of ductility to tensile strength than full annealing, 
or normalizing and tempering, of the same steel section of the 
same tensile strength. The cast steel of course must have the 
capacity to be hardened completely by the quench which is used. 
A section may be considered hardened throughout for most com- 
mercial purposes when it has a microstructure of 50 per cent 
martensite at the center. The best combination of strength, duc- 
tility, and toughness, as measured by resistance to impact, is pro- 
duced in cast steels by quenching and tempering treatments. 

It should be remembered that the maximum mechanical prop- 
erties attainable from quenching and tempering cannot be secured 
in a partially hardened section. For example, if a cast steel is of 
such a composition that, upon quenching, it will just harden 
throughout a 1-in. section, any section larger than 1 in., when 
similarly quenched, will have an unhardened center. The thicker 
the section, the greater will be that portion of the section not 
completely hardened, with the result that the average mechanical 
properties will be lower than the maximum potential properties of 
the steel. 

The factors which limit the depth to which a steel will harden 
are: (1) the severity of the quench; (2) the sectional thickness of 
the casting; and (3) the influence of chemical composition and 
grain size. The third factor, which determines the inherent 
response to hardening, is the characteristic of steel known as 
hardenability. The severity of quench is expressed in terms of 
the diameter of a round section of steel which will just harden 
through under the most severe quenching conditions. 


Hardenability Values. The hardenability values of cast steels 
are similar to those of wrought steels if compositions and grain 
sizes are similar. Fig. 12 indicates good correlation between 
cast and wrought 2330 steel. Additional comparative data fur- 
ther substantiate the fact that the hardenability factors estab- 
lished for wrought steels can be applied also to corresponding cast 
steels. Furthermore, the methods and factors applicable to the 
calculation of hardenability for wrought steels can be used for 
cast steels. It should be pointed out, however, that cast steels 
may have slightly higher hardenability values than corresponding 
wrought steels because of their normally higher silicon content 
and possibly higher manganese content. This is illustrated in 
Table 5, where cast-steel data are compared with American Iron 
and Steel Institute data on wrought steels. 


TABLE 5 COMPARISON OF END-QUENCH HARDENABILITY OF 
CAST AND WROUGHT STEELS 


Distance from quenched end to 50 per cent 
martensite in sixteenths of an inch 


Grade Cast steel Wrought steel 
31/2-7 2-6 
7-13 4-9 


The hardenability values for carbon cast steels of austenitic 
grain size 5 to 9 are presented in Fig. 13. For typical composi- 
tions of these steels see Table 6. The curves are representative 
of values normally expected in the production of the various 
carbon-steel grades. The great majority of carbon-steel castings 
are produced to carbon contents below 0.50 per cent. Hardena- 
bility curves for cast steels having carbon contents of 0.50 per 
cent and over are similar to those of wrought steels. Few hardena- 
bility studies have been made on carbon steels of 0.40 per cent 
carbon and under, hence the curves in Fig. 13 are of exceptional 
interest. 

The hardenability bands illustrated in Figs. 14 to 22, inclusive, 
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TABLE6 CHEMICAL COMPOSITION OF CAST STEELS USED FOR 
HARDENABILITY STUDIES 


—Composition specified, per cent 


Grade of cast 
steel Cc Mn Cr Ni Mo 
1020 0.17-0.23 0.55-0.80 ees 
1030 0.27-0.33 0.55-0.80 wea Pa 
1040 0.37-0.43 0.55-0.80 Gee 
1330 0.27-0.33 1.35-1.70 ane 
8030 0.27-0.33 1.00-1.30 wee one 0.10-0.20 
8430 0.27-0.33 1.30-1.60 0.30-0.40 
8620 0.17-0.23 0.70-0.90 0.40-0.60 0.40-0.70 0.10-0.20 
8630 0.27-0.33 0.70-0.90 0.40-0.60 0.40-0.70 0.10-0.20 
8640 0.37-0.43 0.70-0.90 0.40-0.60 0.40-0.70 0.10-0.20 
8730 0.27-0.33 0.70-0.90 0.40-0.60 0.40-0.70 0.25-0.35 
9430 0.27-0.33 1.00-1.30 0.20-0.40 0.40-0.70 0.08-0.15 
9530 0.27-0.33 1.30-1.60 0.40-0.60 0.40-0.70 0.30-0.40 
2330 0.27-0.33 0.55-0.90 3.25-3.75 
4130 0.27-0.33 0.55-0.90 0.50-0.80 0.20-0.30 
4330 0.27-0.33 0.55-0.90 0.50-0.80 1.40-2.00 0.25-0.35 


Norte: Silicon 0.40 to 0.60 per cent, phosphorus 0.50 per cent maximum, 
sulphur 0.60 per cent maximum. 
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were obtained from tests made on cast steels produced by 33 steel 
foundries. These bands represent values that would normally 
be expected in the production of low-alloy cast steels of from 
5 to 9 austenitic grain size, and therefore should not be used to 
establish specification rejection limits. The bands prepared by 
the American Iron and Steel Institute would be more appropriate 
for use in establishing such limits. 

The principal reason for studying 0.30 per cent carbon steel, 
having a wide variety of alloy contents, was to demonstrate the 
extensive range of hardenability values obtainable. Higher alloy 
contents provide higher hardenability values, which means that 
thicker sections can be hardened throughout or that higher hard- 
ness and strength can be imparted to sections which cannot be 
hardened throughout. 

Additions of various percentages of alloying elements do en- 
hance the strength of steels in the quenched and tempered con- 
dition, but their greatest value lies in the fact that they increase 
the depths to which such steels can be hardened. These points 
can be checked by comparing the mechanical properties of low- 
alloy cast steels, as set forth in the preceding section, with the 
hardenability values of the same steels as shown in the charts. 


6 | ALLOY CAST STEEL 1330 MEDIUM MANGANESE 


8 


w 


2 4 6 8 10 12 14 16 18 20 22 24 26 26 30 32 34 36 38 40 
DISTANCE FROM QUENCHED END OF SPECIMEN SIXTEENTHS OF AN INCH 


HaARDENABILITY BAND FOR ALLOY CasT STEEL 1330 oF 
MepiuM MANGANESE; GRAIN S1zE 5 To 9 


8 


* 


C HARONESS 


24 6 8 10 42 14 46 18 20 22 24 26 28 30 32 34 36 38 40 
DISTANCE FROM QUENCHED END OF SPECIMEN-SIXTEENTHS OF AN (NCH 


Fic. 15 HarpDENABILITY Banp ror Mn-Mo A Cast STEEL 


8030; Size 5 To 9 


ALLOY CAST STEEL 8430 (Mn-Mo) 


ROCKWELL C HARONESS 


246 8 44 7@ 20 22 24 26 28 90 32 34 36 98 
DISTANCE FROM QUENCHED END OF SPECIMEN SIXTEENTHS OF AN INCH 


Fie. 16 HarbDENABILITY BAND FoR Mn-Mo Cast STEEL 
8430; Grain 5 To 9 


JANUARY, 1948 


The effect of carbon content on the hardenability of a single 
alloy-steel composition is shown in Fig. 17, which sets forth values 
for a nickel-chromium-molybdenum cast, steel (8600 class) pro- 
duced with various carbon contents. 

The degree of hardenability required for specific steel castings 
depends largely upon the type of stresses to which the cast- 
ings will be subjected in service. These requirements may vary 
from a deep-hardening steel to a shallow-hardening steel. It will 
be noted from the illustrations in this paper that any degree 
of hardenability can be attained by selecting the proper cast 
steel. 


Low-TEMPERATURE PROPERTIES 

Steel castings are being used as parts of industrial units which, 
in service, operate all the way from atmospheric temperatures to 
as low as —300 F. Applications of steel castings in the low- 
temperature processing fields will be extended manyfold when 
engineers acquire a better understanding of the properties of cast 
steels at low temperatures. The comprehensive test results on 
the low-temperature properties of cast. steels presented here 
should give engineers and purchasers a handy reference to aid 
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them in the selection of materials for low-temperature applica- 
tions. 

Static Tests. The results of the study of cast steels, as well as 
similar studies of wrought steels, show that there is little change 
in the strength and hardness properties of steels as the tempera- 
ture of testing is lowered. Steels become harder and stronger 
as the temperature drops. This increase in strength is accom- 
panied by a small decrease in ductility; however, the decrease is 
less than that resulting from variations of composition or heat- 
treatment measured at room temperatures. 

The block diagram in Fig. 23 illustrates increases in tensile 
strengths which may be expected when cast steels are tested at 
room and low temperatures. The values, illustrated in Fig. 
23, are typical of results recorded for other grades of cast steel. 
The elongation values will drop approximately 2 per cent and the 
Rockwell C hardness will increase about 4 points when testing 
temperature is lowered from 75 to —150 F. 

It is evident that the change in static properties is very slight 
at service temperatures down to —150 F, and that engineers 
need have little or no concern regarding changes in static proper- 
ties of cast steels when used in low-temperature services. 

Notched-Bar Impact Tests. The failure of static tests to serve 


notched-bar test, known as the “impact test,’”” may disclose a 
brittle fracture in a steel tested at low temperatures even though 
tension-impact tests on unnotched bars and static tests indicate 
a steel having satisfactory ductility. Accordingly, the notched- 
bar impact test has become quite widely accepted as a means of 
determining the brittle or ductile behavior of steels at tempera- 
tures below 70 F. The acceptability of steels for low-tem- 
perature applications is based almost entirely on their reaction 
to notched-bar impact tests at service temperatures. 

The two types of test specimens most frequently used for low- 
temperature impact testing are the keyhole Charpy bar, and the 
V-notch Charpy bar. The test specimens have the same-size 
cross section (10 X 10 mm). The keyhole notched bar has a 
round hole at the base of the notch. The V-notch is a much 
sharper notch, and subjects the specimen to a severe stress con- 
centration. The V-notch is cut to a depth of 2 mm, leaving a 
breaking section of 10 X 8 mm, instead of the 10 X 5-mm break- 
ing section of the keyhole notch type. 

At temperatures approaching normal atmospheric conditions, 
the V-notch bar is more sensitive to small changes than the key- 
hole notch bar. Values, recorded for the V-notch bar may be 
more than twice those recorded for the keyhole notch bar on the 
same steel at temperatures in the neighborhood of 70 F. How- 
ever, at low temperatures, the V-notch bar values may be equal 
to, or even less than, the keyhole notch-bar values for the same 
steel. This greater spread in V-notch bar values magnifies the 
transition range from ductile to brittle fracture conditions and 
provides more exact differentiation. 

Both the keyhole notch bar and the V-notch bar were used in 
reporting test values for the study of cast steels. 

Certain carbon and low-alloy steels show a rather pronounced 
transition range. The change from a tough ductile fracture to a 
brittle fracture occurs over a range of temperatures, and, if testing 
is carried on in this temperature range, the resulting fractures 
may be mixed, with brittle patches appearing along with tough 
ductile areas. Since the fracture characteristics do not change 
abruptly from a ductile to a brittle fracture at any specific low 
temperature, there are bound to be certain variations in the in- 
dividual test-bar results in the transition range. In some cases 
these variations may be quite wide. 

The position of the transition range cannot be predicted from 
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mechanical testing other than notched-bar impact tests, nor 
from the composition, microstructure, or heat-treatment of the 
steel. One might conclude that steel heats are individualistic 
from the standpoint of notched-bar impact values at low tem- 
peratures. This is not true, however, if the steels are pro- 
duced as dead-killed fine-grained steels without deleterious types 
of nonmetallic inclusions. Such steels, if they have comparable 
hardenabilities, may be presumed to have somewhat similar low- 
temperature impact properties. 


CaRBON CasT STEELS 


Information as to the normally expected impact properties of 
carbon cast steels is included in this paper, not because carbon- 
steel castings are commonly used in low-temperature applica- 
tions, but because they provide a set of reference points by which 
to gage the effect of the carbon content of steels on their low- 
temperature notched-bar impact properties. A knowledge of the 
effect of carbon content on notched-bar impact properties sim- 
plifies the study of a number af alloy steels, since impact values 
for such steels, all having a single selected carbon content, can be 
compared. 

The analyses of the carbon cast steels for which impact values 
are given are set forth in Table 7. 


TABLE 7 CARBON CAST-STEEL ANALYSES, PER CENT 


1015 1030 1040 
0.17 0.30 0.38 
0.74 0.60 0.72 
0.032 0.035 0.030 
0.033 0.034 0.037 
rr 0.09 0.07 0.09 
0.04 Trace 0.03 
Molybdenum............ 0.02 0.02 0.03 


Fig. 24 shows the impact values that were obtained after sub- 
jecting the three carbon steels to two different heat-treatments. 
The curves show that the carbon content of a steel affects the 
notched-bar values at both normal and subnormal temperatures. 
In general, the lower the carbon content of the steel, the higher 
are the impact properties. This principle also applies to alloy 
steels. A study of Fig. 24 reveals the fact that the carbon cast 
steels lost about one third of their impact strength between 70 
and 0 F; however, the fractures were not of the characteristic 
brittle type. The impact strength decreased fairly uniformly 
from 0 to —75 F, with still no pronounced transition range. 
Normally, if the Charpy impact value is greater than 10 ft-lb, 
there is little brittle constituent in the fracture. Carbon steels 
were not tested below —75 F, since carbon-steel castings are not 
normally used for such low-temperature service. 

The type of heat-treatment given to carbon steels has a marked 
effect on their impact values. At all testing temperatures down 
to —75 F, the annealing treatment produces the lowest values, 
whereas a water quench and high-temperature temper give the 
highest value. However, the effect of different heat-treatments 
diminishes at the lower testing temperature. It should be 
stressed that while fine-grained fully hardenable carbon steels in 
the quenched and tempered state exhibit fairly high impact 
values at low temperatures, casting sections must be rather thin 
in order that the characteristic quenched structure be produced 
throughout the cross section. Since the addition of alloys to 
steel permits greater opportunity for the casting section to be 
hardened completely throughout by liquid quenching, it is usual 
to add alloys to steel in order to secure improved notched-bar im- 
pact values. 


Cast STEELS 


A number of representative alloy cast steels were tested at low 
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temperatures to indicate their possible application and com- 
parative merits for low-tempera( ure service. 

The analyses of the alloy cast steels for which notched-bar im- 
pact properties at low temperatures were determined are given 
in Table 8. 


TABLE 8 ALLOY CAST-STEEL ANALYSES, PER CENT 


X4130 2330 3130 4630 4330 8230 
Pree 0.30 0.26 0.26 0.30 0.26 0.33 
Manganese.... . 0.71 0.62 0.73 0.68 0.59 1.38 
Oe 0.29 0.31 0.43 0.39 0.44 0.58 
Phosphorus..... 0.022 0.029 0.030 0.025 0.032 0.023 
Pee 0.019 0.026 0.042 0.042 0.023 0.031 
i eee 0.03 3.36 1.10 1.66 1.82 oe 
Chromium...... 0.82 0.10 0.69 0.20 0.62 ae 
Molybdenum... 0.22 0.2 0.20 0.28 


Three alloy cast steels were tested by using both keyhole 
notch and V-notch specimens after various heat-treatments had 
been given the steels. The results of the tests are presented in 
graphic form in Figs. 26, 27, and 28. 

In Fig. 25 it will be noted that by using X4130 steel it was pos- 
sible to triple the Charpy keyhole notch value at atmospheric 
temperature by the employment ofa tempering treat ment. follow- 
ing the normalizing treatment. When a quench-and-temper 
treatment was used, the impact value was over 4 times that ob- 
tained when the steel was given only a normalizing treatment. 
The keyhole notch impact values for the steel in the normalized 
and tempered condition decreased almost in direct proportion to 
the drop in testing temperature, with a value at —150 F almost 
equal to that recorded for the same steel at 70 F, with only a nor- 
malize heat-treatment. 

If a water-quench-and-temper heat-treatment is applied, the 
keyhole impact values remain high until the testing temperature 
has dropped below —50 F. An impact value of 17 ft-lb at_—185 
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Fig. 27. Errecr or NotcH on CuHarpy Impact RESISTANCE AT 


Various TEMPERATURES FOR Ni-Cr Cast STEEL 3130 


F, with the broken bars all showing ductile fractures is excellent. 

The various types of heat-treatment applied to X4130 cast steel 
had a pronounced effect upon the V-notch impact values, espe- 
cially at temperatures above —100 F. Values greater than 70 
ft-lb at 70 F, and more than 60 ft-lb at —50 F, are certainly im- 
pressive. The room-temperature impact values obtained from 
the quenched and tempered steel were nearly double those of the 
normalized and tempered steel. The X4130 normalized steel had 
low impaet values at all testing temperatures. 

Fig. 26 shows that changes in heat-treatment are not so in- 
fluential in the case of a nickel (2330) steel at various low tem- 
peratures. Impact values of the normalized steel are good, in 
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Fic. 28 Caarpy Keynote Impact VaLues For Ni-Mo Cast STEEL 
4630 


fact, much superior to those of X4130 for the same heat-treat- 
ment. The keyhole notch test indicates that there is little to be 
gained by using the quench-and-temper heat-treatment rather 
than the normalize-and-temper treatment; however, the V- 
notch bar shows that there is considerable advantage to be 
gained by using a quenched and tempered steel for low-tempera- 
ture applications. The V-notch tests indicate that while there 
is no great difference in values at 70 F, regardless of heat-treat- 
ment, at testing temperatures of 0 to —100 F, there is consider- 
able difference between the quench-and-temper curve and the 
two curves for the normalized steel. 

The Ni-Cr steel 3130 in Fig. 27 exhibits little difference be- 
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tween the keyhole notch impact values and two of the three 
V-notch values at 70 F. There is a wider spread between the 
quenched and tempered values and those from the two normalize 
treatments than was found in the case of 2330 steel. 

There is a noticeable break in the quenched and tempered 
curves at —50 F; nevertheless, at —185 F the fracture surfaces 
had a predominantly ductile appearance. 

An interesting observation regarding Figs. 25, 26, and 27, is the 
fact that higher values are obtained when using the V-notch 
specimen at 70 F for normalized and tempered, and quenched 
and tempered steels. The V-notch specimen values remain high 
as compared to the keyhole notch specimen values for the water- 
quenched and tempered steels to testing temperatures as low as 
—50 F. At temperatures of —100 F, and below, there is little 
difference between the values, regardless of the type of notch 
used. If anything, the keyhole notch specimen values were 
higher than those obtained from the V-notch specimens. There 
appeared to be little difference whether the V-notch or the key- 
hole specimen was used, in the case of steel subjected to a simple 
normalizing heat-treatment. 

The comparative V-notch and keyhole notch impact values 
for the three alloy steels (X4130, 2330, and 3130) are indicative 
of what would be found for other alloy cast steels. 


Errect or HEAT-TREATMENTS 

The type of heat-treatment is usually very important in de- 
termining the values obtained in notched-bar impact testing. 
Fig. 28 graphically illustrates the effect of heat-treatment on a Ni- 
Mo (4630) cast steel. An annealing treatment gives higher values 
than a normalizing heat-treatment for temperatures of from 
70 to —50 F. The curve for the annealed steel then falls off 
rapidly. At 70 F, a double normalizing treatment produced 
double the keyhole Charpy value of specimens given only a single 
normalize heat-treatment. However, as the testing temperature 
was dropped, the values converged until at —185 F they were 
only a few foot-pounds apart. The values obtained from testing 
the quenched and tempered steel were highest, regardless of tem- 
perature. 

Figs. 25 to 28, inclusive, definitely establish the fact that 
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neither an annealing nor a normalizing heat-treatment develops 
the best low-temperature impact. properties at temperatures of 
—100 F and below. If a normalizing heat-treatment is advisable, 
the best impact values at low temperatures can be obtained 
from the nicke]-steel (2330), as is clearly shown in Fig. 29. 

The effect of the same heat-treatment on various cast. steels is 
shown graphically in Figs. 29, 30, and 31. These curves speak 
largely for themselves. The steel-casting industry has long 
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known that a nickel cast steel with only a normalizing heat-treat- 
ment gave good results in low-temperature service. However, 
service requirements in the past did not often go to tem- 
peratures below —50 F. In the case of steels for service below 
—50 F, it is evident that a normalize-and-temper or a quench- 
and-temper heat-treatment should be used. 
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Fic. 32. Errect or TEMPERING TREATMENT ON THE KEYHOLE 
Norcu Impact ResIsTaNce OF A WATER-QUENCHED AND TEMPERED 
Myn-Mo Cast Street 8230 at Vartous TEMPERATURES 


It will be noted from Fig. 30 that the results for five alloy cast 
steels which received a normalize-and-temper heat-treatment 
are very close together in keyhole notch values over the entire 
testing range, the values for no one steel being outstanding. 

Fig. 31 shows that X4130 cast steel is superior to the others 
for low-temperature service when a quench-and-tempering treat- 
ment is used. This is especially true for service requirements at 
temperatures down to —100 F. Even though the alloy steels do 
show a change in direction of the curves at —50 F, they neverthe- 
less exhibit ductile fractures and high impact values at. —100 and 
—I185 F. 

The tempering temperature that should be employed, regardless 
of the heat-treatment specified, to obtain the best notched-bar 
impact values for cast steels is very high; close to the lower criti- 
cal temperature of the steel. This fact is illustrated in Fig. 32. 
A Mn-Mo (8320) cast steel was tested after two different temper- 
ing treatments following a water-quenching operation. It was 
found that the higher tempering temperature (1275 F) was re- 
sponsible for the highest impact values at all testing tempera- 
tures down to —150 F. 

The use of the impact test for determining the acceptability of 
material does not necessarily insure that such material will be 
acceptable for the service intended. In other words, the notched- 
bar impact test does not simulate service conditions. If any- 
thing, it is more exacting, as a casting is usually not so severely 
notched or of as small a section as the notched impact-test bar. 
If a casting could be tested in impact at low temperatures, it 


might give a tough fracture when the notched impact-test bar of 
the steel from the casting showed a brittle fracture. Also, cast- 
ings are usually subjected to repeated stresses in actual serv- 
ice, and the single-blow notched-bar test gives no indication of 
the notch sensitivity or lack of notch sensitivity. Passing or 
failing to pass an arbitrary foot-pound specification carries no 
certainty of endurance or failure of a casting in actual service. 
However, a uniform test, even though it be an artificial one, 
is necessary to give an indication of the character of the steel. 

The notched-bar impact test is valuable in that it aids the 
manufacturer in selecting a steel, composition and heat-treat- 
ment, and in controlling the steelmaking conditions that will 
give high impact values at the particular temperature of testing 
desired. In view of these statements, it is suggested to the pur- 
chaser of steel castings for low-temperature application that his 
specification carry only a requirement of a minimum notched-bar 
impact value at a definite temperature, and that the steel foundry 
be permitted to select the steel and prescribe the steelmaking 
and the heat-treatment which will meet this requirement. 


Impact or Cast Streets Versus Impacr VALUES OF 
WROUGHT STEELS 


Studies of wrought steels by various investigators tend to 
show that there are considerable differences between impact 
values obtained from test specimens taken in the direction of 
rolling, as compared with those obtained when the specimens 
are taken transverse to the direction of rolling. The latter values 
are usually much lower than the former. The differences are 
accentuated by steels of high inclusion content and banded 
structures. Also, it cannot be assumed from notched-bar data 
on longitudinal specimens of wrought steel that a given piece of 
wrought steel will behave in the same fashion when the notch 
and the applied stress come in another direction. 

Generally speaking, wrought steels, when tested in the direc- 
tion of rolling, show higher impact, values than cast steels of 
similar composition. However, cast steels do not show direc- 
tional properties; hence the notched-bar impact values are 
greater than those of wrought steels when tested transverse to 
the direction of rolling. If the two wrought-steel values are 
averaged, they are comparable to the values obtained for cast 
steels of similar composition. Hence what seem to be low im- 
pact values for a cast steel, as compared with the most favorable 
values for a wrought steel, may, in fact, reflect an ability to with- 
stand notches in any direction much better than a wrought steel 
having large directional differences. 

Practically all cast steels used for low-temperature service are 
deoxidized with aluminum and are fine-grained. These steels 
have ductile fractures at testing temperatures as low as —150 and 
—-185 F. The trend of the curves of many of the alloy cast 
steels indicates that ductile fractures would be found at testing 
temperatures below —185 F. 
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Temporary Installation of Shasta 
Turbines at Grand Coulee 


By H. H. SLOANE,' DENVER, COLO. 


Two hydraulic turbines of 103,000 hp at rated head of 
330 ft, designed for the Shasta power plant were transferred 
to Grand Coulee early in 1942, to supply power for war 
industries. The engineering problems encountered in 
installing the units in the completed Coulee turbine pits 
and methods of solving them were unique. The installa- 
tion, as measured by the efficient performance of the units 
and large amount of power made available at a critical 
time, proved a very valuable asset to the war effort. 


to put into the war effort every available source of power. 

The shortage of power in the Pacific Northwest for opera- 
tion of rapidly expanding shipyards and other war industries 
was critical. A proposal by Reclamation Bureau engineers to 
install temporarily in available spaces at Grand Coulee power 
plant on the Columbia River the first two of the 75,000-kw units 
just completed for the Shasta power plant was promptly ap- 
proved by the War Production Board. These units could not 
be placed in immediate service at Shasta since construction of 
the dam and power plant was not sufficiently advanced. Also 
the three remaining generating units on which work was in 
progress in the shops would provide for the initial power require- 
ments at Shasta. 

The hydraulic turbines and governors of the Shasta units were 
designed and built by the Allis-Chalmers Manufacturing Com- 
pany. Inapaper by J. F. Roberts,? the turbines, their character- 
istics, and special features are described. At the rated head of 
330 ft, the discharge of the Shasta turbine equals 3200 cfs at 
full gate, and, for the units of the Coulee power plant, the cor- 
responding design discharge is 4500 cfs. From this comparison 
it is seen that the Coulee draft tube is about 40 per cent larger 
than the Shasta tube. A cross section of a Shasta unit installed 
in the Grand Coulee power plant is shown in Fig. 1. 


\' the start of World War LI, it became vitally important 


INSTALLATION PROBLEMS AND PROCEDURE 


Since the Shasta units and the Coulee units in the left power- 
house have opposite hand rotation, it was necessary to make 
some alterations in the unit bays already constructed at Coulee 
and also in the connections to penstocks and draft tubes, in order 
to install the Shasta units in their temporary location. New 
turbine-inlet pipes were designed so that che Shasta counter- 
clockwise units could be placed in the Coulee pits and connected 
to the existing penstocks. Three bays of the Coulee left power- 
house were required to accommodate the two units. Unit A was 
located in bay L-7 and supplied from the penstock in bay L-8. 
Unit B was located in bay L-8 and connected to the penstock in 


1 Mechanical Engineer, Department of Design and Construc- 
tion, Bureau of Reclamation, Denver, Colo. 

2 ‘The 103,000-Hp Turbines at Shasta Dam,’’ by J. F. Roberts, 
presented at the Fall Meeting, Salt Lake City, Utah, Sept. 1-4, 
1947, of THE AMERICAN Society oF MECHANICAL ENGINEERS, 

Contributed by the Hydraulic Division and presented at the Fall 
Meeting, Salt Lake City, Utah, Sept. 1-4, 1947, of Tae American 
Society or MECHANICAL ENGINEERS. 

Nere: Statements and opinions advanced in papers are to be 
understood as individual expressions of their authors and not those 
of the Society. 


bay L-9. The penstock leading to bay L-7 was temporarily closed 
off. Fig. 2 shows this arrangement. 

The work of preparing the turbine pits for the temporary units 
required cutting openings approximately 20 ft high and 30 ft long 
in double walls each of 4 ft in thickness between bays L-7 and 
L-8, and also between L-8 and L-9. Excavation of concrete 
work was begun on May 1, 1942, and was completed in the fol- 
lowing month. The completed excavated opening between bays 
L-7 and L-8 is shown in Fig. 3. 

The first carload of parts of the Shasta turbines arrived at the 
Coulee project in the latter part of May, 1942. The foundation 
for support of the discharge-ring, speed-ring, and scroll-case 
sections was constructed so that the leveling jacks, hold-down 
bolts, and H-column supports which had been furnished for erect- 
ing the turbine at Shasta could be used with very few minor 
changes. Assembly of scroll-case supports and anchors is shown 
in Fig. 4. The draft-tube liner, forming the transition from the 
top section of the Shasta liner to the formed concrete elbow of 
the Coulee draft tube, had to be specially fabricated for this in- 
stallation. Since delivery of the plate-steel liners could not be 
obtained until much later in the year, block-outs were left in the 
concrete, and work proceeded in assembling the sections of speed- 
ring castings and plate-steel casings. 

When completely erected in proper alignment with the double- 
butt-strap-riveted joints closely fitted and bolted, the rivet holes 
were field-reamed to '/,. in. over the rivet diameter, and the 
joints riveted and calked, Fig. 5. The discharge ring and draft- 
tube top were raised and bolted to the speed ring after all shrink 
links connecting the speed-ring sections had been installed. A 
test-ring bulkhead to close off the wicket-gate openings was se- 
cured in place by bolting the top cover plate temporarily to the 
speed ring. A test bulkhead was then bolted to the inlet of the 
scroll and the casing tested under a hydrostatic pressure of 175 
psi. Reports of the test indicated that the amount of leakage 
was practically negligible. 

Just prior to embedding the turbine parts, the concrete saddles, 
which are indicated in Fig. 4, were constructed and dry-packed 
against the scroll case. These saddles are provided for the pur- 
pose of holding the casing against lateral movement while the 
concrete is being placed around it. The usual Bureau procedure 
of maintaining hydrostatic pressure within the casing equal to the 
normal operating head without water-hammer pressure was 
followed in embedding the temporary units. This method re- 
duces the stresses in the surrounding concrete to a minimum by 
assuring that the casing has its normal shape when embedded. 
The normal pressure for the Coulee installations, which was 
maintained until after the initial set of the concrete, equaled 145 
psi. The turbine casing erected in bay L-7 was tested and em- 
bedded during August, 1942. Thirty to forty days later installa- 
tion was completed of the similar parts of unit L-8. Two sets 
of test bulkheads were transferred to Coulee so that this phase of 
the work could proceed on both units at the same time. 

The seats for the upper and lower stationary seal rings were 
bored with a portable rig set in the wheel pit with the test bulk- 
heads in place and with the casing under pressure. Performing 
this final machine operation in the field after the casing was em- 
bedded and with the cover plates in place assured obtaining the 
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design cledrance between the stationary and rotating turbine 
parts. The remaining parts of the turbine, consisting of runner 
and shaft, wicket gates, top cover plate, shifting ring, stuffing 
box, ete., were then installed. All the piping in the wheel pit 
was used as transferred from Shasta with only a few minor 
changes. 

Unit L-7 turbine had been virtually assembled before the new 
plate-steel draft-tube liner was received at the project. It was 
then necessary to cut the liner plates so that they could be taken 
into the draft-tube blockout through the elevation 921 gallery. 
The strut portion of a concrete collar which had been built at eleva- 
tion 930.25 to permit placing concrete above this elevation, prior 
to receipt of draft-tube liner, was chipped out. The liner sec- 
tions were then assembled in place with fitting-up bolts and the 
seams welded. It was not necessary to follow this erection pro- 
cedure for the L-8 unit, since the draft-tube liner arrived in time 
to permit lowering the plates through the central opening of the 
scroll case before the runner and cover plate were installed. 

The installation of the turbine-inlet pipe of the L-7 unit also 
followed after complete erection of the turbine proper. The in- 
lets designed for this temporary installation were fabricated by 
the Western Pipe and Steel Company. They are 15 ft ID at 
the connection to the Coulee penstocks and reduce to 12 ft 8 in. 
ID at the turbine-casing inlet. Expansion joints are provided 
at the upstream wall of the powerhouse and also where they cross 
the building expansion joint between adjacent bays. 

Concreting and other work on the L-8 unit could not be com- 
pleted until the inlet pipe to unit L-7 was installed, since the 
clearance between inlet pipe and casing was not sufficient to per- 
mit separate placing of the surrounding concrete. 


ASSEMBLING THE GENERATORS 


While the turbines were being installed work was in progress 
in assembling the rotors and stators of the 75,000-kva generators 
furnished by the General Electric Company for the Shasta units. 
On completion of the generator foundations, these assemblies 
were moved from the temporary erection foundations to bays 
L-7 and L-8, Fig. 6. Piping was installed to the turbine gover- 
nors which had been set in position in the gallery at elevation 
951.00 and the operating mechanism of the actuators removed, 
cleaned, reassembled, and adjusted. Except for the substitution 
of a cable restoring mechanism in lieu of the pull rod furnished 
for the Shasta installation, the governors were used in the tem- 
porary Coulee location without change. On February 14, 1943, 
unit L-7 was started for the first time. Dry-out of the unit was 
completed in the following few days and on February 25 the unit 
was put on the line. It was May 4 when unit L-8 was first syn- 
chronized to the bus. 

The predicated performance of these units in the turbine 
setting and water passages constructed for the Coulee turbines 
was determined from model tests conducted in the laboratories 
of the Allis-Chalmers Manufacturing Company at the time the 
temporary transfer of the units to Coulee was proposed. Com- 
parative tests of power efficiencies with models of the Shasta 
and Coulee draft tubes were made, and the tests were con- 
ducted with booster fins installed in the draft tubes and also 
without the fins. Booster fins in the Shasta draft tube were found 
to improve operation. In the Coulee-draft-tube model, how- 
ever, the turbine showed efficiencies practically the same as 
the original Shasta-model tests, with smoother operation ob- 
tained without the fins. Therefore booster fins were not in- 
stalled in the L-7 and L-8 units at Coulee. 


EFFICIENCY TEST AND PERFORMANCE RECORD 


After unit L-7 had been in operation in the Coulee plant about 
6 months, an efiiciency test was made by the Gibson time-pres- 
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sure method of water measurement. The Gibson apparatus was 
connected to the straight section of the penstock at two piezome- 
ter sections 99.96 ft apart. The turbine-gate leakage, which 
was added to each Gibson-diagram quantity, was found to be 
7 cfs, as computed from observing the rate of fall of the water 
surface in the penstock. The headgate leakage of 0.11 cfs was 
determined by observing the flow over a circular weir at the en- 
trance to the scroll-case drain line. During the test, the servo- 
motor piston was held in position for each run by means of blocks 
specially prepared for this purpose. The generator was used as 
a brake to determine the horsepower output of the turbine. 
The generator output was measured by electrical meters, 
and the generator losses were added in determining the tur- 
bine output. 

Correct head readings could not be obtained by using the net 
head piezometers since they were located downstream from the 
inlet elbow and at a section containing a slight taper. Manome- 
ter readings taken from the piezometers located in this con- 
verging section actually showed a gain in energy due to impact 
on the piezometers. Therefore it was necessary to determine 
the loss of head from manometer readings taken with the instru- 
ment connected to the forebay static line and the lower Gibson 
taps and compute the remaining loss consisting of pipe friction 
and bend losses. The headwater elevation was measured by a 
float gage installed in a stilling well in the dam. The readings 
of the tail-water level were taken by means of a water manometer 
connected to a pipe line to the tailrace. To insure uniform tail- 
water levels, two units with a combined gate opening of 100 per 
cent were used throughout the tests. 

The maximum efficiency of the turbine under a net head of 330 
ft was found to be 92.1 per cent, with an output of 95,000 hp and 
2760 cfs discharge. From the results of this Gibson test and the 
model tests, the turbine manufacturer calculated the perform- 
ance curves shown in Fig. 7. The turbine efficiencies in per cent, 
and discharge in cubic feet per second are plotted against the 
horsepower output for operating heads of 263, 290, 310, 330, and 
355 ft. 

Records show that the two Shasta generating units performed 
well in their temporary location. Together they supplied over 
3,000,000,000 kwhr of energy to the war industries of the North- 
west. Although the units were rated at 75,000 kw, they were 
able to produce 84,000 kw continuously, and, when extra power 
was needed, it was possible for each unit to produce up to 92,500 
kw until the peak demand was over. 

This performance was obtained throughout the length of their 
temporary service without any major repairs being needed to 
either machine. 


Units RerurNgD TO SHASTA 


In the latter part of 1945, arrangements were made to return 
the units to Shasta and on December 3 unit L-8 was taken out 
of service and dismantling was started immediately. The unit 
in bay L-7 was not removed from service until January 16, 1946. 
The biggest job was the removal of the temporary concrete sup- 
porting the generator and embedding the turbine casings. The 
concrete to be removed amounted to about 6500 cu yd. Most 
of it was broken out in large blocks, some of which weighed as 
much as 87 tons. The concrete around the turbine casing and 
draft-tube liner, however, had to be removed by hand-operated 
chipping guns, which was a slow and difficult job. 

By September, 1947, the reassembly of these units in their 
final location in the Shasta power plant was nearing completion. 
The scroll-case sections fitted together so accurately that re- 
reaming of rivet holes, and the use of larger-size rivets in the 
field joints between sections was not necessary. 
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Fig. 1 Cross Section or SHasta Unit Granp CouLee Power PLANT 
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Fic. 5 ASSEMBLED VIEW OF ScROLL CasE 


Discussion 


J. F. Roperts.* The author has presented a very interesting 
paper on a rather unusual subject. To the writer’s knowledge, 
we have never had a previous case where turbines designed for 
one set of conditions were installed and operated in a plant 
under different conditions. 

The author mentions the design of draft tube which was 
necessary in order to accommodate the Shasta turbines in the 
Grand Coulee powerhouse, where the draft tubes had alreedy 
been built. Actually, the difference in the discharge diameter 
of the runners was 16 in., the Grand Coulee runner having a dis- 
charge diameter of 172 in., as compared with 156 in. for the 
Shasta turbine runners. This 16-in. difference in diameter had to 
be taken care of in a new upper draft-tube liner designed with 
considerably more flare than ordinarily would be used in a draft- 
tube liner or in a good Venturi section. 

The Gibson tests, however, showing a maximum efficiency of 
92.1 per cent for the Shasta turbines installed in the modified 
Grand Coulee draft tube is a relatively good performance and 
compares with the 93.3 per cent obtained on similar turbines when 
tested on their own draft tubes in the Shasta plant. This differ- 
ence of 1.2 per cent cannot all be attributed to the difference in 
the draft tubes, however, as the tests at Coulee were made under 
330-ft head, whereas the tests at Shasta were made under 380 ft- 


3 Manager, Hydraulic Department, Allis-Chalmers Manufactur- 
ing Company, Milwaukee, Wis. Mem. ASME. 
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head. The runners were actually designed to give their best 
efficiency at heads between 380 and 400 ft, and the models show 
that under the 380-ft head, the runner is considerably more 
efficient than at the 330-ft conditions; therefore only part of 
the 1.2 per cent difference should be attributed to the draft-tube 
conditions. 


AuTHoR’s CLOSURE 


Mr. Roberts’ discussion adds valuable data on the subject re- 
garding the difference in size and shape of the draft tubes designed 
for the Shasta turbines and the modified tube used in the tempo- 
rary Coulee installation. The slightly lower turbine efficiency as 
measured by the Gibson tests is attributed mainly to the differ- 
ence between the 380-ft design head, or best efficiency head of the 
runner, and the design head of the Coulee turbines of 330 ft at 
which unit L-7 of the temporary installation was tested and com- 
pared. The unusual elbow bend immediately upstream of the 
turbine casing, shown in Fig. 2, required to connect the counter- 
clockwise units to the existing penstocks, probably accounted for 
some of the difference in turbine performance in addition to the 
bend losses, which were computed and allowed for in determining 
the turbine efficiency. 

The author agrees with the points brought out in the discussion 
showing that the larger Coulee draft tube, and necessary changes 
in the flared top, affected performance very little. 
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_ Applications of Mechanical Cascade 
Control Systems 


By J. N. SWARR,? ARGO, ILL. 


The development of the concept of the cascade controller 
placed a very powerful tool in the hands of the process- 
control engineer. The continued refinement of the con- 
tinuous process has required an extension of the original 
concept so that cascade systems of increasing complexity 
are becoming more and more commonplace. Six distinct 
types of cascade systems are herein classified. A discus- 
sion of each type covers the method by which the cascade 
system is built up from component instruments, the op- 
erating characteristics of each system, the field of applica- 
tion for each system with actual illustrations, and bene- 
fits to be derived. It is suggested that the classification 
herein initiated be reviewed officially and perhaps extended 
to cover some of the more complex installations made 


within the past several years. 

ik »| engineer’s vocabulary when it was introduced by C. E. 
Mason to describe a combination of control devices wherein 

the output pressure from a pneumatic controller was used, not 

to position a control valve, but to select and adjust the set point 

of a rate-of-flow controller. The output pressure from the flow 

controller then adjusted the position of the valve. 

The progressive refinement of the continuous process has made 
it necessary to bring more and more variables under automatic 
control, a condition which has made it desirable, and in many 
cases essential, to provide control devices which could be com- 
bined in other and more complex ways. In this paper the term 
cascade controller is used to designate any control system in 
which the set point of one or more controllers is adjusted auto- 
matically by any one of several means. 

In order to simplify the presentation, the author has assigned 
type numbers to the several classes of cascade combinations dis- 
cussed, This is a purely arbitrary classification and obviously 
has no official sanction. 


HE term “cascade controller” became a part of the con- 


Type I Controu System 


The need for the cascade control system which is classified here 
as Type I can be illustrated by studying the unit process illus- 
trated diagrammatically in Fig. 1. This unit process is in wide- 
spread use in the pulp and paper industry. 

Wood chips are converted to pulp in digesters on a batch basis. 
When the conversion is complete, the contents of the digester 
are blown into the blow tank. One blow tank is common to a 
number of digesters, the operations of which are staggered so that 
the contents of successive digesters are received at regular inter- 
vals. The pulp is withdrawn from the blow tank at a uniform 
rate by means of a pump. Therefore the level in the tank rises 
rapidly when a digester is being blown and then falls very slowly 
as the pulp is withdrawn between blows. 


1 Corn Products Refining Company. Mem. ASME. 

Presented at the National Conferene of the Industrial Instru- 
ments and Regulators Division, Chicago, Ill., Sept. 8-9, 1947, of 
Tue AMERICAN SocteTY OF MECHANICAL ENGINEERS. 

Nore: Statements and opinions advanced in papers are to be 
understood as individual expressions of their authors and not those 
of the Society. 
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The portion of the blow tank which extends upward from the 
base of the cone is nothing more than a surge tank. The por- 
tion within the cone is operated as a continuous dilution station 
in which the pulp, which comes from the digesters at approxi- 
mately 12 per cent consistency, is diluted with black liquor 
to an accurately controlled consistency of approximately 2 per 
cent. The dilution liquor reaches the dilution zone through a 
number of radial pipes which are fed from a bustle surrounding 
the cone. The rate of flow is controlled by means of a valve 
on the basis of the consistency of the outgoing s‘ock, as measured 
by the consistency controller. Thorough mixing in the dilution 
zone is assured by a large motor-driven agitator. 

The following three load changes affect the controllability of 
this dilution process: 


1 There will be a demand-side load change in the form of 
variations in consistency of the incoming pulp between successive 
discharges from digesters. In this particular process both the 
magnitude and the rate of change of this load change are small 
so that the resultant deviations in controlled consistency, using 
the simple controller illustrated, are insignificant. 

2 The downstream pressure on the control valve is the head 
due to the level in the blow tank, and this varies at a high rate 
and by a large amount whenever a digester is discharged. With 
the valve in a given position, the flow, following a discharge, may 
be reduced to as little as 40 per cent of that existing before the 
discharge occurred. An appreciable dead-time lag and a rela- 
tively small capacity in the dilution zone result in a large devia- 
tion from the set point before the controller senses the need for 
a change in the valve position. 

3 In many cases, the upstream pressure on the control valve 
is also subject to large pressure changes which occur at a high 
rate, and these likewise will cause large deviations in the con- 
trolled consistency. 


These upstream and downstream pressure variations on the 
valve are supply-side load changes. 

Using the simple reset consistency controller and valve, as 
shown in Fig. 1, the deviation which will occur before the con- 
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troller senses the need for a change in the position of the valve is 
given by? 


—FT 

P,' — P,' 

1+iq——— 

P, — 
where AC is change in consistency; P,; and P: are upstream and 
downstream pressures, respectively, on valve before supply-side 
load changes occurred; P;’ and P,’ are the same pressures after 
the load change occurred; 0.02 is the consistency to which the 
stock was being diluted before the load change occurred; 0.12 
is the consistency of the stock entering the blow tank from the 
digesters; F is the rate of flow of dilute stock out of the blow 
tank; T is the dead-time lag in the measuring system; v is the 

effective volume of stock in the dilution zone. 

By substituting representative constants we find that in a 
typical case the consistency might increase to 0.026 before the 
controller initiates any corrective action. This is a 30 per cent 
variation in the controlled variable, a variation which obviously 
cannot be tolerated by any modern standards. It must be con- 
cluded, therefore, and this conclusion is well substantiated by 
experience, that the simple controller is unsatisfactory for this 
application. 

In order to hold the deviations, due to supply-side load changes, 
within required limits, it is necessary that a cascade control 
system be installed as shown in Fig. 2. Here a rate-of-flow con- 
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development of the simple cascade control system placed a very 
effective and powerful tool in the hands of the control engineer. 

In addition to the usual adjustments for sensitivity and reset 
rate, it is desirable that the Type I cascade controller be equipped 
with two extra adjustments which are associated only with its 
cascade mechanism. 

The first of these determines the position of the set point when 
the output pressure of the master controller is zero. This is a 
low-limit setting in that it determines the point below which the 
set point cannot be moved by the master controller. It assures 
a safe measured minimum flow into the process in case of failure 
of the master controller 

The second adjustme:.. determines the ratio hetween a given 
change in air pressure from the master controller and the re- 
sultant change in the set-point position. This can be used to 
advantage in several different ways. For example, it can be used 
to establish the set point which will exist when the output pres- 
sure from the master controller is at maximum, thereby estab- 
lishing a measured maximum flow rate which the control system 
will permit to the process. 

It can also be used as a sensitivity adjustment for the control 
system in that it has exactly the same effect on the system as 
changes in the throttling-range adjustment in the master con- 
troller. 


Tyre II Conrrou System 


The combination which is classified as Type II in this paper 
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_ is illustrated in Fig. 3, and is perhaps the most widely used 
sTock or \ ~) = | cascade control system. It will be recognized as the “flow 
ts ratio controller.” In the diagram the rate of flow of fluid 
1G. 


troller and its associated valve maintain a rate of flow of dilution 
liquor which is determined only by the set point on the controller. 
The consistency controller, instead of positioning the valve, 
automatically selects and adjusts the set point on the flow con- 
troller at whatever value is required to hold the consistency at 
the desired value. f 

With this system, a variation in either the upstream or down- 
stream pressure on the control valve will not produce a change 
in the rate of flow but merely a change in the valve position, the 
result being that supply-side load changes are eliminated so that 
the consistency controller is required to compensate only for 
demand-side load changes. Since all continuous processes are 
subjected to supply- as well as demand-side load changes, the 


? This expression assumes an instantaneous change from P; to 
Py’ or from P2 to P2’. Actually of course the change in pressure 
is at a constant rate so that the precise expression is somewhat more 


‘ complex. Since this is a descriptive rather than a theoretical paper, 


the author feels the simplification here made is justified on the basis 
of keeping the mathematics as simple as possible. 


A varies at will. The problem is to control the rate of flow 

of fluid B, which is usually referred to as the dependent or 
controlled variable, so that it bears a fixed predetermined ratio 
to the flow rate of fluid A, which is the independent variable. 
This is accomplished by interconnecting the two instruments so 
that the position of the set point of controller B, at all times, 
bears a definite predetefmined relation to the instantaneous flow 
rate as measured by instrument A. In other words, the set 
point of controller B is continuously adjusted by the measur- 
ing element of instrument A. This differs from the Type I sys- 
tem in, which the set point of the cascade controller was ad- 
justed by the output pressure from the master controller. In 
many cases a simple mechanical linkage connects the measuring 
element of A to the set point of B which often makes it possible 
to record both flows on a single chart by combining both instru- 
ments in a single case. The ratio between the pen movement of 
A and the set-point movement of B is determined by an adjust- 
ment provided for the purpose. Since the indicating pointer 
or recording pen of controller B should coincide with its set 
point, this adjustment will determine the ratio between the deflec- 
tions of the two pens; thus 
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where D, is the linear deflection of the pen which records the in- 
dependent variable; D, is the corresponding linear deflection of 
the pen which records the dependent variable when it is on its 
set point. 

In order to express the ratio K in terms of flow units, let 


D, = linear length of scale in inches 

S, = full scale range of dependent variable meter 

S,; = full scale range of independent variable meter 

F,, = indicated scale reading of dependent variable correspond- 
ing to pen deflection D, 

indicated scale reading of independent variable corre- 
sponding to pen deflection D, 


Then if the flow scales are linear 


[3] 
from which 
F;D, 
), = —.. ..[4 
(4) 
and 
D, 
Pia . (5 
d d [5] 
from which 
S, [6] 
Substituting Equations [4] and [6] into [2], we obtain 
F, S; 
Sy [7] 


Most modern flow-ratio controllers are equipped with ratio- 
adjusting scales which are graduated to read K values, as defined 
by Equation [2]. The range of adjustment normally supplied 
extends from about 3:1 to 1:3. 

Equation [7] shows that in order to determine the K scale 
setting which is required to provide the desired flow ratio F,/F;, 
it is necessary to multiply the desired flow ratio by the reciprocal 
of the scale ratio S,/S,. 

if the pens are recording on a square-root chart, then 


Dy 
D, 
from which 
Dg = 


Most manufacturers of square-root-scale instruments now 
graduate the ratio-adjusting scale to read / K directly. Asin 
the case of the linear-scale instrument, the setting on the ratio- 
adjusting scale, which is required to produce the desired flow 
ratio F,/F;, is obtained by multiplying the desired flow ratio 
by the reciprocal of the scale ratio S,/S;._ If the two flow rates 
are read on identical scales, the scale ratio is unity, and the flow 


ratio is obviously exactly equal to VJ K. 


With K adjustable from 3:1 to 1:3, the maximum ratio setting 
on an instrument with a square-root scale is 1.7:1, while the 
minimum is 0.57:1. There are, however, several commercially 
available instruments whose adjustability covers a much wider 
range. 

Occasionally a condition arises wherein a greater range of ratio 
adjustability is required. One way of meeting this requirement 
is shown in Fig. 4 in which the ratio of F3/F; is controlled in- 
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directly by maintaining a predetermined ratio between (F; + 
F,,) and F;. 

The ratio of the flow rate as measured by instrument B to 
that measured by instrument A is given by 


Si+a 


where S;+q is the full scale range of instrument B. From Equa- 
tion [11] 


Si 


from which 


Equation [14] gives the ratio which will be maintained between 
F, and F; for any setting of VK. 

In order to obtain a direct comparison of the range of adjusta- 
bility of the two methods of installation, assume that F, and 
F; are of the same order of magnitude so that the scale ranges 
S, and S; would be equal if installed as in Fig. 3. If installed as 
in Fig. 4, then S;+~ would be 2 S;. Substituting this value in 
Equation [14] and setting /K = 1.7, which is its maximum 
value, we find F,/F,; = 2.46. With ~/K = 0.57, which is its 
minimum value, F,/F; = 0.14. In this instance, therefore, this 
method of installation provides a range of adjustment in flow 
ratio of 17.5:1 whereas the installation illustrated in Fig. 3 pro- 
vides a range of only 3:1. 

As an alternative to the use of a direct mechanical linkage for 
connecting the measuring element of A with the set point of B, 
the pneumatic connection provides a somewhat more flexible 
system with only a slight sacrifice in simplicity. With this 


method the primary flowmeter is equipped with a pneumatic 
pilot device which produces an output pressure proportional to 
the instantaneous flow rate measured by its measuring element. 

This pressure is applied to the flow controller to position its 
set point proportional to pressure. The desired ratio between 
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the two flow rates is determined by the AK value set on the ratio 
scale of the flow controller if the instruments have linear scales, 
or to the VK value if they have square-root scales. 

The pneumatic connection is generally considered a necessity 
where a ratio must be maintained between more than two flow 
rates, as is illustrated in Fig. 5. Here there are two dependent 
variables indicated as Fg, and Fa. Each of the flow controllers 
is equipped with a ratio-adjusting device by which the ratio be- 
tween any dependent flow and the independent flow may be 
selected. Thus (assuming square-root scales) 


Fa Sai 
[15] 
and 
Fy Sa 


Obviously, this method can be extended to control any de- 
sired number of dependent flows by merely connecting additional 
cascade controllers to the output pressure line of the primary in- 
strument. The author knows of one installation where constant 
ratios are maintained between fourteen different flow rates with 
this system. 


Tyre III Conrrou System 


The rate-of-flow scale is somewhat unique in that scale zero is 
also absolute zero. This is generally not true of other physical 
quantities commonly measured in the process industries so that 
the lowest graduation on a commercial instrument scale is usually 
some arbitrarily selected value which is either higher or lower 
than absolute zero. For example, liquid levels are rarely, if 
ever, measured from exactly the bottom or top of a vessel; pres- 
sures are more often measured up or down from atmosphere than 
from absolute zero; temperatures are apt to be measured from 
any point which happens to be convenient; and zero on the pH 
or specific-gravity scales is practically meaningless. 

If an instrument scale does not go to absolute zero it follows 
that a control mechanism which maintains a predetermined 
ratio between pen deflections will not maintain a fixed ratio be- 
tween absolute values but between increments of absolute values. 
This action can be illustrated by the expression 


S:(Pa — Ra) 


where 


R; = value, on scale of instrument which ‘is measuring 
independent variable, from which the increments 
are measured 
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instantaneous value of independent variable 
or in other words, the pen reading 
S; = number of scale units on independent variable scale 
R,, Pa, Sq = corresponding values on dependent variable scale 
ratio between linear movement of adjusting pen 
and that of dependent variable pen, or in other 
words, it is the ratio between linear distances on 
scale represented by increments (P; — R,) and 
(P,— R,) 


The ratio between the increments, in scale units, is given by 


Pe 


Where it is desirable to control the ratios of increments of 
physica] quantities other than flow, it is obvious that the values 
of Ry and Rg, from which the increments are to be measured, will 
depend entirely upon the particular control problem on hand and 
will vary with each application. Also, for a given application 
it may be, and usually is, desirable to be able to change these 
values at will to meet varying operating requirements and con- 
ditions. For these reasons the cascade controller, classified here 
as Type III, has three manual adjustments. Two of these per- 
mit setting R; and R, to any desired points on the instrument 
scale. The third adjusts the ratio A. 

As a purely hypothetical illustration of an application for this 
type of controller, it can be assumed that a given process requires 
that for every 1 F variation of P; above the boiling point of 
ethyl alcohol at atmospheric pressure (173 F), P, must vary 0.5 
F above the boiling point of water at 40 psia (267 F). The 
ethyl-alcohol temperature is to be measured on a scale graduated 
0 to 200 F and the water temperature on a scale graduated 200 
to 400 F. In this case R, is set at 267 F, and R;at 173 F. The 
ratio between the increments in scale units is 0.5/1 so that 
(S,/S,)K = 0.5. 8S; in this case is 200, while Sg is 400—200 = 
200 also. Thus 


200 
400 — 200 


K = 0.5 


0.5 


With these settings the relationship between the two variables 
can be illustrated in Fig. 6. Here the dotted horizontal line 
through 267 represents the R, setting, while the dotted vertical 
line through 173 represents the R; setting. The solid sloping 
line represents the relationship maintained between the two 
variables, the slope being determined by the ratio setting. A 
change in the R; setting moves the curve horizontally along the 
P, scale, while a change in the Rg setting moves it vertically along 
the Pascale. A change in the K setting rotates the curve around 
the point of intersection of R;and Ry. © 
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An actual example of the application of this type of cascade 
controller is illustrated in Fig. 7. Briefly, the process involves 
the continuous acidification of a fluid, which then flows into a 
large tank through which it moves at a very low velocity. The 
fluid is neutralized immediately upon leaving the vessel, the only 
function of which is to hold the acid in contact with the fluid for 
a predetermined time. The contact time must be controlled 
automatically, and provision must be made for varying the con- 
tact time as required. The relation between the several varia- 
bles is given by 

rb? 


T= 


L 
4 


where 


T = contact time, min 

L = level maintained in vessel, ft 

F = rate of flow of fluid through system cu ft per min 
D = diameter of vessel, ft 


Thus for any given flow rate through the system, the contact 
time is a function only of the L/F ratio, the time being constant 
so long as the ratio is maintained. 

The control problem was solved as indicated. The flow rate 
is measured and converted to a pneumatic pressure which is 
directly proportional to flow. This pressure is applied to one 
element of the level-flow ratio controller and becomes P;. The 
level in the reaction vessel is measured by means of a diaphragm 
bulb and becomes Py. R; is zero, as is usually the case with 
rate of flow. In this particular installation it was im- 
practical to locate the primary element of the level instru- 
ment on a level with the bottom of the reaction vessel, so 
it was actually mounted 5 ft below this point. Therefore 
Ra was set at 5 ft on the levelscale. The holding time can 
be set to any desired value within the range of adjustment 
of the instrument by merely changing the setting on the 
ratio or K scale. 

There are some applications which require that an in- 
crease in P; produce a decrease in Pg. This relationship is 
called an inverse ratio and the characteristic expression is 
given by 

S, 


20 
P;— R; S; 


The modern Type III cascade controller provides for 
both direct and inverse ratios, the ratio scale extending gen- 
erally from 3:1 to 1:3 direct and from 1:3 to 3:1 inverse. 
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Actually, the scale goes through 0:1 in going from direct to in- 
verse, but because of the limitations inherent in mechanical 
linkages, the ratios between approximately 1:3 and 0:1 are not 
constant, and manufacturers generally do not recommend the 
use of these low-ratio settings. 


Type [IV Conrrou 


The system classified here as Type IV is a combination of 
Types | and II. A typical application is illustrated in Fig. 8. 
Here a finely divided but insoluble carbohydrate is carried into 
the process in the form of a water suspension. It is required 
that sulphuric acid be added to this slurry at a rate which will 
produce a constant pH at the outlet of the mixer. 

If there are appreciable pressure variations in either the slurry 
line or the acid-supply line, a Type I cascade controller is re- 
quired. Hence the control system must consist fundamentally 
of a pH controller, the output pressure from which continuously 
selects and adjusts the set point of the acid-flow controller which 
in turn operates the valve in the acid line. 

The acid will be received and stored at the plant in concentrated 
form. However, if it is added directly to the slurry in concen- 
trated form, localized destruction of the carbohydrate will occur 
due to dehydration. It is therefore necessary to dilute the acid 
before admitting it to the process. If dilution is done on a batch 
basis a large storage tank will be required for the dilute acid. 
In addition, a small bulge tank will be required to supply the 
process demands while a new batch is being diluted. 

On the other hand, if the acid can be diluted on a continuous 
basis under automatically controlled conditions while it is being 
used, the dilute-acid storage tank and the bulge tank can be 
eliminated, and the time required for an operator to make up the 
dilute acid can be saved. 

Controlled dilution can be obtained by the use of a Type II, 
or flow-ratio, controller which will maintain any predetermined 
ratio between concentrated acid fiow and water flow. The il- 
lustration shows the acid flow as the independent variable or 
P; while the water flow, which is controlled by the valve, 
is Py. 

The complete Type IV system therefore consists of a reset 
type of controller, the output pressure of which selects and 
adjusts the set point of a flow controller at whatever value is re- 
quired to hold the measured variable on its set point. The meas- 
uring element of this flow controller in turn adjusts the set point 
of a second flow controller to maintain a predetermined ratio 
between the two flow rates. 
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Type V ContTROL SysTEM 


It was pointed out previously that the range of adjustability 
of the +~/K factor on most commercially available flow-ratio 
controllers extends from about 1:0.57 to 1: 1.7, which gives a total 
adjustability of approximately 3:1. On applications such as 
the one just discussed, the Type V system can be utilized to ob- 
tain a much wider range of adjustability. 

With this system, which is illustrated in Fig. 9, the set point on 
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the water-rate-of-flow controller, instead of being adjusted by the 
measuring element of the acid-flow controller, as in the previous 
case, is also adjusted from the output pressure from the pH con- 
troller. Each flow controller has a ratio adjustment which de- 
termines the ratio between the set-point deflection and output 
pressure, that is 


D 
21 
K, D, [ ] 
and 
D 
[22] 
where 


K, = ratiosetting on acid-fiow controller 

K,, = ratio setting on water-flow controller 

D, = linear deflection of set point on acid-flow controller 
= linear deflection of set point on water-flow controller 

D, = linear length of chart scale 


If the instruments have square-root scales, then the ratio of 
the acid-flow rate to the water-fiow rate is given by 


From Equation [21] 
From Equation [22] 
[25] 
Substituting into Equation [23] 
Fy _ KD, 
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from which 


SVK, 
[27] 
Fe 
If K, is set at its maximum value which is 3:1, and if Ky is set 
at its minimum value, which is 1:3, then 


If, on the other hand, K, is set at its minimum value while Ky, 
is set at its maximum value, then 
24... 1° 
[29] 
ifs & 8 


Thus with this system there is available a range of adjustability 
extending from 3:1 to 1:3. 


Tyre VI Contro. System 


The field of application of the Type VI system can best be 
appreciated by studying the typical process-control problem 
illustrated in Fig. 10. Here two different fluids flow in a pipe 
or conduit to a common point. The point of combination is the 
process, and the processed material is carried away in a third 
or effluent line. In the general case, the two fluids may be 
either liquid or gaseous, or even solid. The problem is to mix 
these two fluids in proportions which will produce a constant 
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predetermined result or value at the outlet point. One of the 
lines will carry the fluid with which the independent variable is 
associated. That is, some physical factor associated with this 
fluid such as temperature, pH, density, rate of flow, or combina- 
tions of these and other factors, will vary at will. The controlled 
variable is the rate of flow of fluid in the second line and the 
function of the control mechanismis continuously to adjust this 
rate of flow so that the desired result is maintained in the proc- 
essed material despite variations in the independent variables. 

The simple control system illustrated depends upon, and there- 
fore requires, a deviation of the controlled variable, in order to 
produce the corrective impulse which is necessary to counteract 
any load change. The theoretical minimum value of the devi- 
ation resulting from a given load change, on the simple single- 
capacity process illustrated, is given by 


where 

AL = magnitude of load change 
F = rate of flow through process 
v = capacity of process 
T = dead-time lag in system 


In the usual case the maximum permissible value of 8 is speci- 
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fied when the control problem is submitted to the control engi- 
neer, The maximum possible load change AL can, in most 
cases, be predicted. Since F and T are always known, or can be 
determined, Equation [29] can be solved for the minimum per- 
missible volume or capacity of the process. Then, if the process 
is designed with a capacity equal to or greater than this calculated 
minimum value, it can be controlled satisfactorily with the 
simple control system illustrated. This is the solution which 
has been used for this problem since the advent of the continuous 
process, and it was not until very recently that plant designers 
and control engineers became aware of an alternate and, in most 
cases, a better solution. 

The alternate solution is shown diagrammatically in Fig. 11. 
For purposes of illustration a pH control problem is assumed in 
which the fluid in the independent variable line is to be acidified 
to a constant predetermined pH value by controlling the rate 
of acid flow through the control valve. The dominant load 
change is assumed to be a large and sudden change in the flow 
rate of the fluid to be acidified. If this were the only variable, 
the pH could be accurately controlled by means of a simple flow- 
ratio controller. The relation between the variables in this 
case would be simply 


... [31] 


Here the K factor would be set manually at whatever value 
would be required to produce the desired pH. However, there 
will be other variables such as the pH and buffering capacity 
of the incoming fluid, the pressure in the acid line, the acid con- 
centration, etc. Each of these individually is assumed, in this 
case, to be of much smaller magnitude. If K remained fixed, any 
of these minor variables would cause a change in the outgoing 
pH, and conversely, in order that the pH remain constant, it 
would be necessary for the value of K to change whenever any 
of these minor load changes occurred. In other words, the K 
value required to produce a constant pH is a function of all vari- 
ables other than F;. Equation [31] therefore can be written as 


F 
pH = /(2), (0), = fly), SK... (82) 


where z, y, and z represent all variables other than F;. 

Equation [32] indicates that the basic requirement is for a 
flow-ratio controller which will maintain a constant pH despite 
wide variations in F; A further requirement is that the K 
value must be automatically selected and adjusted depending 
upon the instantaneous values of z, y, and z. In the system as 
illustrated, any change in the measured pH is an indication of a 
change in one of the minor variables. The pH controller re- 
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sponds by sending an impulse to the cascade controller which in 
this Type VI system is applied to the mechanism which adjusts 
the ratio or K setting. 

The effectiveness of this type of control system in reducing 
both capital investment and operating costs, can be illustrated 
by citing an actual example. Using a simple density controller 
on a dilution station, the unit process would have consisted of 
a 5000-gal tank equipped with a turboagitator capable of pro- 
viding a turnover of 20,000 gpm. The agitator required a large 
drive motor and expensive speed reducer on which the daily 
operating costs would have been high. Using the Type VI cas- 
cade control system instead of the simple controller, the proc- 
ess was reduced to a 300-gal line-type mixer, the initial cost and 
the power consumption of which were but a small fraction of the 
alternate system. There was also a considerable saving in floor 
space, foundations, and similar items. 


CONCLUSION 


While six types of cascade controllers have been described as 
complete systems in themselves, there have been installations 
made within the past few years wherein several of these types 
have been combined to form more complex integrated control 
systems. Possibly some of these combinations would yield to 
classification, and some useful purpose might be served if this 
point were to be investigated. 

As the continuous process becomes more complex, and as more 
variables are brought under control, we can expect to see further 
development in the art of designing and applying cascade con- 
trol systems in the process industries. It is the author’s opinion 
that the important advances in control engineering for the next 
few years will follow along these lines. 
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Meter for Flowing Mixtures of Air 
and Pulverized Coal 


BY H. M. CARLSON,! P. M. FRAZIER,!' ano R. B. ENGDAHL? 


In the course of research by Battelle on the funda- 
mentals of flow of mixtures of air and pulverized coal, for 
Bituminous Coal Research, Inc., a meter has been de- 
veloped which measures the rate of flow of both constitu- 
ents. The meter depends on a unique property of the 
mixture when passing through a sharp-edged rubber- 
faced orifice to which coal does not adhere. It was found 
that the presence of finely divided coal in the air stream has 
very little effect on the accuracy with which the orifice 
indicates the flow of the air component, whereas a flow 
nozzle placed in series with the orifice measures the total 
‘of the air plus coal. Thus the simultaneous use of the two 
elements provides a means for determining the amount of 
coal flowing. This paper describes the development of the 
meter, presents data on its performance, and gives the de- 
tails of practical application. The rate of coal flow is 
measured with an accuracy of plus or minus 5 per cent for 
coal-air ratios ranging from 0.5 to 1.4, and for coal sizes 
ranging from 75 to 92 per cent through 200 mesh, after 
allowance has been made for the small effects of these 
variables. The meter has been used successfully in the 
laboratory in vertical and horizontal pipe lines from 
3/4 to 4 in. diam and it is believed to be applicable to larger 
lines. 


DEVELOPMENT OF THE METER 


N the initial stages of the search for a meter for flowing mix- 
if tures of air and pulverized coal, several approaches were 
made. A swinging vane suspended in a horizontal pipe was 
tried. Such an instrument is reported (1)* to have been in use 
since 1923 to measure ventilating air flow in a number of Wit- 
watersrand gold mines in South Africa. It has been proposed 
(2) that where flow in a single line is to be measured, the air flow 
can be measured by such a device ahead of the point of introduc- 
tion of the coal, and the deflection of an identical device follow- 
ing the addition of coal would, by comparison with the clean-air 
indication, give an. indication of the amount of coal flow. 
However, in the brief investigation of a single vane in the coal- 
air line, the effect of the coal was not distinct, and a thorough 
investigation of the principle was not made in view of the ob- 
vious problem of maintaining a tight yet frictionless seal for a 
shaft transmitting the vane motion to an indicating mechanism, 
or, on the other hand, of developing a remote electrical indication 
of the motion. 
The application of a Pitot tube was also tried, but, because of 
the difficulties with plugging.of the impact opening within a very 
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short time, it was abandoned as not practical. The conventional 
orifice was then tried, but it was found that even though coal 
was flowing in the air stream, ‘the orifice differential was only 
slightly affected by the presence of the particles of solid. The 
discovery of this interesting property opened the way for further 
investigation and study. About this time, a photoelectric meter 
was being investigated which employed a nozzle to converge the 
stream of air and coal, across which a beam of light was directed, 
so that the coal in this stream could be measured by the light- 
extinction principle, while the air would be measured by the 
nozzle. However, it was discovered that the nozzle was affected 
by the presence of the coal in the line, and, further, it was found 
that if the density of the coal-air mixture was known, it was 
possible to calculate the total flow of coal and air in the line using 
conventional flowmeter formulas. This action of a nozzle or 
Venturi has been tacitly assumed in the technical and patent 
literature but, to the authors’ knowledge, has never been demon- 
strated from published data (3, 4). 

The authors have been unable to develop a completely satis- 
factory theory for the action of the meter, but possible explana- 
tions of the phenomena of flow of fine solids in suspension will 
now be described. 


THEORIES OF METER PRINCIPLE 


The simplest theory to explain the difference in action of the 
air-suspended solids when passing through an orifice or a nozzle 
is that the particles do not have time to accelerate in the abrupt 
contraction of the orifice; hence their passage is not indicated by 
the orifice pressure differential which measures acceleration alone. 
On the other hand, the fact that a flow nozzle has been shown to 
measure the flow of the coal-air mixture indicates that the parti- 
cles do have time to accelerate in such a gradual constriction. 
As an indication of this effect, an attempt was made to calculate 
the distance traveled by a 200-mesh particle when decelerating 
in still air from an initial velocity of 30 fps. The empirical equa- 
tions of Drinker and Hatch (5) for spherical particles in turbulent 
and laminar flow were used. That coal particles are not spherical 
means that their resistance to relative motion with air would be 
greater, hence the deceleration distance would be less. Fig. 1 
shows the shape of coal particles pulverized in a jet mill and photo- 
graphed through an electron microscope for the investigations 
being made for the Locomotive Development Committee of 
Bituminous Coal Research, Ine. 

For laminar flow the equation is 


where 


v = final particle velocity = 0 fps 

v = initial particle velocity = 21.5 fps (based on 125 lb per 
hr air flow in a 2-in. pipe) 

k = constant (18.85 for laminar flow) 

d = density of fluid (0.075 lb per cu ft for air) 

y = kinematic viscosity, sq ft per sec 

s = distance of travel, ft 

m = density of the rarticle, (85 lb per cu ft) 
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a = particle radius (3.1 X 10~° ft avg size of particle through 
200-mesh screen), determined by Lea- Nurse permea- 
bility method (6) 
For turbulent flow, the equation is 
—kds 
4.19 =; ) 
v = % @ 
where in this case 


v = final particle velocity = assumed 0.0001 fps for purpose of 
calculations 


vo = initial velocity = 21.5 fps (as obtained for laminar flow) 
k = constant (1.35 for turbulent flow) 
d = density of fluid (0.075 Ib per cu ft for air) 


s = distance of travel, ft 

m = density of particle (85 lb per cu ft) 

a = radius of particle (3.1 «10 ft avg size of particle through 
200-mesh screen), determined by Lea-Nurse er 
bility method (6) 


The results of these calculations for deceleration were 0.364 
in. and 1.34 ft for laminar and turbulent.flow, respectively. The 
values are so different that they are of value only to indicate that 
a measurable distance is probably required for a suspended par- 
ticle to accelerate in an accelerating gas stream. 

Another indication of the lag of suspended particles is given by 
the deduction of Stodola (7) and others that, in a nozzle passing 
wet steam, the particles of water which are formed at the throat 
lag behind the main stream because of their inertia. However, 
this well-known effect did not indicate the unique difference be- 
tween the acceleration in a sharp-edged orifice and in a flow 
nozzle. 


ELECTRONMICROGRAPH OF CoAL PULVERIZED IN A JET MILt TO 90 Per Cent THRovGH 325 Mesu; 


x 6000, APPROXIMATELY 


Further evidence of the lag of particles in an accelerating 
stream is given by Wood and Bailey (8) who conclude: 

“Because of the appreciable time required for solid particles 
to accelerate from rest when dropped into a fluid current, the 
pressure gradient in a conveyer pipe is steepest at the inlet and 
diminishes until it reaches a steady value for both sand and grain. 
The distance to reach this value is approximately constant under 
all conditions.” 

A corollary of this last is that the distance required for a 
particle of a given material to accelerate to a given velocity is 
independent of the fluid velocity. 

However, none of these cases indicates that the acceleration of 
the particles through a sharp-edged orifice is negligible, or at 
least that it is too small to be accurately measurable. 

An additional effect of the lag of the particles in the accelerat- 
ing stream may be the distortion of the flow pattern through the 
orifice. Instead of solid surfaces to guide the flow, this pattern is 
normally established by the orifice face and sharp edge and is 
maintained by the dynamic effect of the convergent flow. In the 
flow of a dust suspension there is probably a concentration of 
particles near the face of the orifice and around the edge, and 
perhaps also a slight expansion and shift in position of the normal 
vena-contracta as a result of the differential velocities of coal and 
air. These effects have not been demonstrated and can only be 
surmised. Their combined result could be either to increase or 
decrease the indicated flow rate when computed by means of the 
conventional orifice coefficient. Later, under the discussion of 
the effect of coal-particle size on meter performance, the existence 
of both positive and negative orifice errors, depending upon size, 
will be shown to lend credence to the possibility of some such 
interaction as just described. 
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After it was observed that the orifice differential was not 
greatly affected by the presence of coal particles passing in the 
line, whereas the nozzle differential was affected, the two elements 
were placed in series to measure both the flow of air and coal at 
any point in a coal-air line, as shown in Fig. 2. This method of 
measuring solids in an air or gas stream was believed to be new, 
and a patent application has been filed. Further algebraical 
manipulations showed that by using the calculations of both of 
these elements, together with a minor simplifying assumption, 
it was possible to obtain a simple mathematical formula which 
enabled the direct calculation of the amount of coal flowing 
without knowing the density of the mixture flowing, as would 
be required if the nozzle alone were used. The derivation of this 
formula follows. 

The equation for gravimetric flow through a constriction is 


W = pCAf V2gah...... 


W = weight rate of flow of the fluid, lb per hr 
p = fluid density, lb per cu ft 
C = coefficient of discharge 
A = area of constriction, sq ft 
f = velocity of approach factor 
g = acceleration of gravity, fps 
Ah = differential head in feet of fluid 


If we now assume the mixture of coal and air flowing through 
the constriction to be a homogeneous fluid, and assume that C, 
the coefficient of discharge, remains constant for fluids of different 
densities, only the factor p in the equation will change as coal is 
added, however 


iw 
Ah = —— 
12p 
where 
7 = pressure drop across constriction in inches of manometer 


fluid 
w = density of manometer fluid used in measuring pressure 
differential, lb per cu ft 


The formula then becomes 
’ Qgiw 
which equals 


Now for a coal-air mixture passing through the constriction 


W.+ W. 


where 
p = density of mixture, lb per cu ft 


p, = density of air, lb per cu ft 
W, = weight rate of air flow, lb per hr 
W, = weight rate of coal flow, Ib per hr 


If it is assumed for the density of the mixture herein considered 
that the coal occupies no space, an assumption that makes less 
than 0.25 per cent error in the calculations, Equations [3] and [4] 
can be combined to give 


2giw Wi+ W. 
W. + W. = CAf “ws [5] 
which in turn equals 
W, + W. 
We + W. CAS [6] 
a a 
Squaring both sides, we have 
\* (W, + W.) 
(W, + W.)? = 
@ a 
or 
2giw 
WW, + = i2 ) 
Pa 
Thus the coal rate is 
(. Vi2./ [7] 
W, 


The expression in parentheses in Equation [7] is a fictitious 
‘mixture flow,”’ where i is the pressure drop for the nozzle passing 
air plus coal, but the density used in the expression is not that of 
the mixture, but of the air alone. It is computed from the meas- 
urements as though air alone were flowing. If this expression is 
replaced by W,,,, Equation [7] becomes 

2 
w, = 


W, is obtained very nearly by using an orifice with the usual 
flow formula in the mixed flow line. Thus the weight rate of coal 
flow may be calculated by using the flow equation for both orifice 
and nozzle as though air alone were flowing, and substituting 
these two calculated rates in Equation [8]. 


PERFORMANCE OF LaBoRATORY METERS 


Laboratory work with this instrument has given satisfactory 
results in several installations. The discovery and development 
were in connection with the measurement of coal-feed rate in the 
pulverized-coal and air-circulating system for a radiant-tube 
furnace. This system was composed of a 2'/2-in. horizontal line 
reducing to a 2-in. line after the first two burner take-off positions. 
The conveying air was measured by means of an orifice in the in- 
let pipe to the blower for the circulating system. The coal was 
fed to the blower inlet from a bin on a scale by means of a screw 
feeder so that, by means of weight and time readings, the feed 
rate could be determined. After the coal passed the furnace and 
meter, it was returned to the feed bin by means of a cyclone col- 
lector, and the nearly clean air was exhausted to the atmosphere. 
The results of this first work with the meter were encouraging. 
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In order to investigate the performance of a larger meter, a 
vertical line of standard 4-in. pipe was installed in connection 
with the same feeding and collecting equipment, but with a 
larger blower. The higher air capacity was desired not simply 
because of the larger system, but also because it had been found 
desirable to maintain the Reynolds number for the two meter 
elements high enough so that the coefficients remained practically 
constant over the desired range of flow rates. At Reynolds 
numbers under 100,000, the coefficients may vary enough to re- 
quire determination of their value at each flow rate. 

The size of the orifice and nozzle used in the 4-in. line was 
determined from standard flowmeter practice. The largest ratio 
of orifice-to-pipe diameter for which coefficients are available (10) 
is 0.7, and this was selected for the initial tests. Later an orifice 
with a diameter ratio of 0.75 was made in order to decrease the 
pressure drop through the element. The coefficient for this 
larger-diameter orifice was determined by extrapolation from the 
curve given in “Flow Measurement” and checked with another 
orifice whose coefficient was known. The ratio of nozzle to pipe 
diameter was chosen as 0.5 in order to keep the Reynolds number 
_ as high as possible without too great a pressure drop across this 


element. Addition of a diffuser following the nozzle aided greatly 


in regaining most of the pressure loss across the nozzle. 

In all of the tests, except the last six of the 4-in. line series, the 
following procedure was used: A clean-air test was first run to 
check the operation of the orifice, nozzle, manometers, and gages. 
Then the coal feeder was started and gradually the coal-air ratio 
was increased in steps to the maximum permitted by the existing 
equipment and then decreased in steps to check the data taken 
when increasing the coal feed. Because the blower was handling 
the maximum amount of air possible before the coal feeder was 
started, the amount of air entering the system gradually de- 
creased while the coal-feed rate was increased as the energy to 
convey the coal was taken from the air, which in turn received its 
energy from the fan. In the las¢ six tests run on the 4-in. line, the 
air entering the system was kept constant and only the feed rate 
was changed. The performance of the meter under these condi- 
tions was as in the previous tests. 

Effect of Pipe Size on Performance of Meter. Coal flowmeters 
have now been used in four different sizes of pipe, #/,, 1'/2, 2, and 
4-in. nominal pipe diameter. Within the range investigated, pipe 
size has no effect upon the performance of the meter. 

It is possible that the ratio of the diameters of the metering 
elements to the pipe diameters could have some effect upon meter 
performance. This has not been fully investigated. The range 
of ratios for the orifices used in tests was 0.6 to 0.75. It appears 
that the error of the orifice when passing coal, changes slightly as 
the ratio becomes smaller. This change was observed to be about 
one per cent over the ranges studied. 

No accurate study has been made on the effect of ratio of 
nozzle-to-pipe diameter on the flow indication of the nozzle. 

Location of Pressure Taps in Nozzle. In the development of 
the meter, various positions of throat taps were used with differ- 
ent lengths of parallel throat sections on the nozzle. This was 
done to determine the tap location which gave the best indication 
of the total mixture flowing. It was found that the tap position 
as specified in standard flowmeter practice gave satisfactory flow 
indications. It is not known definitely whether pipe-wall taps 
can be used instead of throat taps. Preliminary tests indicate 
that this is possible. 

Errect or Fineness AND Coat-Arr Ratio 


Owing to the assumption made that the meter operates on the 
principle of differential acceleration of the coal particles through 
the meter, it appeared likely that particle size would affect the 
coal-flow indication. Three groups of tests, with varying coal- 
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air ratios, were made with three different average coal finenesses 
of 75, 85, and 92 per cent through 200-mesh screen. The results 
of these tests are shown in Fig. 3, indicating that for finenesses 
above 85 per cent, the meter registers less than actual coal flow, 
and greater than actual for finenesses below 85 per cent. 

Further, study showed that the flow indications of both the 
orifice and the nozzle Were affected by changes in coal fineness 
and in coal-air ratio. 

Figs. 4 and 5 show, respectively, the effect of fineness and of 
coal-air ratio on the flow indication of the orifice and the nozzle. 
The curves were obtained by calculating the errors of the orifice 
alone for the data shown in Fig. 3, and plotting the’results against 
fineness for three different mixture densities. These curves can 
be used to correct conventional clean-air orifice and nozzle coeffi- 
cients to give a corrected calculated coal and air flow. Because 
of the presence of coal, the existence of both positive and negative 
errors in the air-flow indication of the orifice seems to show that 
there is a small but definite influence of the coal on the orifice- 
flow pattern. 

In operating the 4-in. circulating system over a period of time, 
it was noted that coal-size degradation was taking place probably 
by impact and attrition. As a result, the laboratory meter per- 
formance was probably affected to a small extent by the change in 
fineness. This would not be the case, however, in an installation 
where the coal passes through the system only once and little 
or no coal is recirculated. 

Accuracy. In all of the testing of the meter, it was found to be 
very important that every precaution be taken to obtain correct 
readings on the gages used, particularly because the meter equa- 
tion magnifies in the result any errors in the differential readings. 
This meant that every manometer line had to be checked for 
leaks and for plugging owing to coal accumulation. The tests of 
the instrument have given accurately the coal flow in an air-and- 
coal mixture within plus or minus 5 per cent over a range of coal- 


_air ratios from 0.5 to 1.4 when correction factors, shown in Figs. 


4 and 5, are used. This is considered accurate enough for pur- 
poses of measurement and control. It is reasonable to expect 
that the accuracy will improve as development and application are 
continued. 

For coal-air ratios less than 0.5, increasing care is required to 
maintain accuracy. Very dense mixtures have not been tried, 
but above a solid-air ratio of unity there is probably some point 
where the thick mixture disrupts flow in the orifice. 

Accumulation of Coal in Meter. Soon after the test work began 
on the meter in the 2-in. line, a change in material for the orifice 
plate was found to be necessary as the brass orifice plate which 
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was employed initially accumulated a hard crust of coal on the 
orifice edge, rounding the entrance to the orifice and thereby 
increasing its coefficient. Fig. 6 shows the accumulation. It was 
believed that this build-up on the face of the orifice was the result 
of the coal particles impinging on the hard brass surface, sticking 
and accumulating as the flow of the mixture continued. The 
problem was solved by the use of an orifice made up of a sheet of 
rubber bonded to metal. The turning of the rubber-faced orifice 
was not possible with standard lathe tools, but was accomplished 
very satisfactorily by the use of a coarse grinding wheel turning 
at high speed. This orifice gave good results in measuring the 
air and, of most importance, coal did not accumulate on the face 
of the orifice. It is believed that the particles of coal which im- 
pinge on the rubber surface rebound and are carried through the 
orifice by the oncoming stream. This usage was believed to be 
new and a patent application has been filed. No other difficulty 
was experienced with coal settling or accumulating at the orifice 
or nozzle. 


Applications TO HiGH-PRESSURE FUEL-SuppLy LINES 
Besides the application of the meter to the 4-in. line, two op- 
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portunities were found in the laboratory for trying the meter in a 
practical way. The first was in connection with a high-pressure 
combustion unit where pressures up to 100 psi are encountered. 
Considerable difficulty was experienced in keeping the manometer 
lines free of coal, even though filters were placed in the lines. 
It was a major problem to make these lines absolutely airtight 
at the high pressures. If the tube connections are perfectly tight, 
no air can escape from them to allow coal to flow into the line. 
However, if there is the slightest leak in the line, the air under the 
high pressures escapes, leaving the coal behind to fill up the filters 
and plug the line completely. 

A solution in actual practice is to bleed a very small quantity 
of air directly into the manometer lines, so as to maintain flow 
toward the main coal-flow line in the manometer lines. The rate 
at which this air is allowed to flow in is made so small that the 
differential pressure is not affected, but high enough to eliminate 
the possibility of any coal getting into the manometer lines. The 
rate of flow of air bled into the two manometer lines on each ele- 
ment must be made nearly equal to avoid influencing the pressure- 
differential indication of the manometer. This is done by meter- 
ing the air visually through transparent water-filled “‘bubblers” 
commercially available. By means of valves in the bleed lines, 
the rate of bubbling of air through the water can be regulated. 
Where large pressure fluctuations occur, the meter should be 
equipped with blowout connections for periodic cleaning. The 
application of the meter to this high-pressure system is still in the 
development stage and has not been entirely satisfactory, owing 
to plugged manometer taps caused by fluctuations in the coal-air 
ratio which take place very rapidly because of feeding difficulties. 

The second installation was in a low-pressure, pulverized-coal 
and air line where the pressure did not exceed 15 psi. Manome- 
ter line leakage was experienced with this meter, but when 
this was eliminated it gave very satisfactory operation. This 
meter, shown in Fig. 7, indicates immediately any change in coal- 
air ratio produced by uneven coal feeding or air-pressure fluctua- 
tions. 

A quick indication of the coal flow is provided by a chart shown 
in Fig. 8 which can be placed adjacent to the two manometers. 
This was prepared by H. R. Hazard for use with the meter shown 
in Fig. 7 for a particular application where the coal-air ratio is 
always maintained at 1.00. The meter was so constructed that 
when clean air was flowing the differential pressure across the 
orifice was twice that across the nozzle. When an equal amount 
of coal and air was flowing, the differential pressures across both 
elements were the same. In operation of the low-pressure furnace 
where it was desirable to maintain a coal-air ratio of 1 to 1, it was 
necessary only to maintain the two differentials at the same level. 
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Fic. 7 FLowmeter In Low-PREssURE, COAL-AIR 
Suppiy Line 


Any other desired coal-air ratio could be obtained by adjusting 
the amount of coal being fed to give an intermediate reading on 
the right scale between the 1 to 1 differential reading and the 
differential obtained when air alone was flowing. 

For example, in Fig. 8, when air alone is flowing at a rate of 
250 Ib per hr, the orifice and nozzle differentials are 5.6 and 2.8 in. 


- water, respectively. When coal is flowing in addition at the same 


rate, the nozzle differential rises from 2.8 to 5.6 in. Then, refer- 
ring to the final meter Equation [8], if air flow is held constant, 
coal flow is preportional to nozzle differential. Thus the interval 
on the right scale between zero coal flow and a coal-air ratio of 1 
can be subdivided uniformly into equal intervals representing 
equally spaced coal-air ratios between G and 1. For purposes of 
reading, these points are connected in Fig. 8 by dashed lines radi- 
ating from the point of constant air flow on the left scale, and 
each line is labeled with the coal flow corresponding to its inter- 
section with the uniformly subdivided coal scale. Therefore for 
a coal-air ratio of 0.6, the nozzle manometer would read 4.6 in. 
water and the coal rate would be 150 lb per hr. 

The nomogram shown in Fig. 9 provides a means for deter- 
mining quickly the amount of coal and air flowing when using the 
coal-air flowmeter in a high-pressure line. The three parallel 
scales shown on the right side of the nomogram furnish the flow 
rates of the air and the mixture, and when transferred to the scales 
on the left side, give the amount of coal flowing directly. For 
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example, if the orifice differential is 8 in. of water and the abso- 
lute pressure 70 psia, the indicated air flow is 86 lb per hr. Like- 
wise, if the nozzle differential is 15 in. of water and the absolute 
pressure is 70 psia, the mixture flow indicated is 119 lb per hr. 
Referring to the left side of the nomogram, the indicated corre- 
sponding coal-flow rate is 80 lb per hr. From the example it is 
seen that a straightedge is all that is necessary to perform these 
calculations. 


INDUSTRIAL APPLICATIONS 


This instrument has a number of possible industrial applica- 
tions, one important use being the control of flow to pulvérized- 
coal-burning equipment. Another field of application is the 
measurement of finely divided solids flowing in gas streams such 
as those found in some of the catalytic cracking processes. An 
investigation into the use of this meter for automatic registration 
and control revealed that instrumentation for instantaneous 
indication would be possible but quite complex and therefore 
costly, whereas employing the meter for control purposes would 
be very simple and positive. The research field provides other 
applications for this instrument where it is necessary to know the 
amount of finely divided solids flowing in gas streams. 

Application to Solid-Liquid Suspensions. Although no actual 
test work has been done, it is possible that this instrument may be 
applicable to the measurement of solids in liquids as it is in the 
measurement of solids in gas streams. If this is true, an entirely 
new approach to this problem would be available for research and 
practical application. Perhaps the great difference in density 
between the solid and gas used in the present meter is one of the 
factors which has made it work. This substantial difference in 
density would not exist if liquids and solids were used. 

Measurement of Gas-Liquid Mixtures. The measurement of 
air or gases entrained in liquids offers similar problems to those 
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with other mixtures. An ingenious instrument for doing this has 
been devised by the Gulf Research and Development Company. 
It consists of a small motor-driven pump which samples a mixture 
of oil and air and forces the mixture through a small orifice where 
the air entrained is compressed to a small fraction of its former 
volume so that the differential pressure across the orifice ac- 
counts for only the oil and not the air. This fact makes it possible 
to obtain curve relations of orifice differential pressures, at known 
percentages of air entrainment against pump-inlet pressure. 
The instrument was installed in military aircraft to give an in- 
dication of the actual air entrained in the oil (9). The use of one 
element insensitive to the presence of air is quite similar to the 
principle used in the coal flowmeter but the means to achieve 
this insensitivity are necessarily quite different. 

Orifice Alone asa Meter. Study of the meter principle indicated 
that with suitable remote location of the downstream tap for the 
orifice, the coal would have time to accelerate so that the orifice 
might be used to indicate both coal and air flow. This was tried 
in the 4-in. line with considerable success, although the error with 
the orifice alone was consistently very large, and the spread of the 
data was greater than for the nozzle-orifice combination. It 
appears that the rate of pressure regain following the orifice has 
an important influence on the indication of the pressure tap 
situated some distance downstream. 

Photoelectric Meter. When the possibility of using the orifice 
and the nozzle in series was discovered, the work on the photo- 
“electric meter was dropped to concentrate effort on this new 
principle. The work on the photoelectric meter had progressed 
to the point where satisfactory indication of the presence of the 
coal in the air stream was obtained. Some difficulty was experi- 
enced in keeping the lenses free of coal dust. It is the authors’ 
opinion that a meter of this type does show promise, and that 
more work should be done on developing it further, although cali- 
bration, in some instances, may be difficult. 


Design CALCULATIONS 


A typical calculation for the installation of the meter in a 
situation would take the following form: 
Assume the following: 


Boiler capacity, 500,000 Ib steam per hr 


Fuel, approximately 25 tons per hr 

4 burners, 12,500 lb of coal per hr 

Coal-air ratio in primary line, 0.5 lb of coal per lb of air 
Primary air required, 25,000 lb per hr, or 6.94 lb per sec 
Required pipe velocity, 100 fps 


Volume = 6.94/.075 = 92.6 cfs 
From this 
4/4 D? X 100 = 92.6 
D? = 1.17 
D = 1.08 ft = 13 in. 
where 
D = diameter of coal- and primary-air line 


For a minimum pressure drop, use orifice-to-pipe ratio of 0.70 
giving an orifice 9.1 in. diam. Selecting the largest nozzle-to- 
pipe ratio results in a nozzle diameter 10.5 in. The orifice-to-pipe 
diameter ratio of 0.70 and the nozzle-to-pipe diameter ratio of 
0.80 are the largest values for which coefficients are given in 
“Flow Measurement” (10). 

Calculation of the Reynolds number for these conditions gives 
the following: 


48 w 
where 
w = flow, 6.94 lb per sec 
D,) = diameter of orifice, 9.1 in. ‘ 
u = absolute viscosity, 12.75 X 10-* Ib per ft per sec for 
100 F* 


48 X 6.94 
x X 9.1 X 12.75 X 10-* 
= 912.0 x 10° 


= 


and 


where 
w = flow, 6.94 lb per sec 
D, = diameter of nozzle, 10.5 in. 


* Reference (10), Fig. 14, p. 25. 
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u = absolute viscosity, 12.75 x 10~* lb per ft per sec for 
100 F* 


i 48 X 6.94 
X 10.5 X 12.75 10-* 
= 792.0 X 10° 


Both of these Reynolds numbers are sufficiently high as to 
give constant coefficients found in Fig. 31, page 44 (10), where 
on page 54, the flow coefficient for the orifice is found to be 0.70, 
and on page 44 the coefficient for the nozzle is obtained as 1.272. 
These coefficients include the velocity of approach factor and are 
referred to as K. 

The practical formula which is derived from the fundamental 
flow formula gives fluid flow on weight basis as follows 


W = 413.3 KD* {9} 
where 


K = flow coefficient 
W = flow, lb per hr 
4 = differential across element, inches of water 
B = barometric pressure at point of test, plus the upstream 
pressure in the line before the element, in. Hg 
T = temperature of fluid flowing through element, F abs 


Substituting values 
Worifce = 413.3 X 0.70 X (9.1)? 


R, 


iB 
= 24,000 
iB 
Wnhossle = 413.3 X 1.272 X (10.5)? 
iB 
= 58,000 


The differential pressures on the gages, when operating under 
design conditions are obtained as follows 
For the orifice 


h X 29.90 


25,000 = 24,000 560 


from which 
¢ = 20.3 in. of water 
For the nozzle, it is necessary to use the formula for coal flow 
to obtain first W,, 
Ww: 


en 
a 
12,500 25,000 25, 


W*,, = 938 X 10° 


and 
W.. = 30,600 
Therefore 
i X 29.90 
30,600 = 58,000 560 
and 


i = 5.23 in. of water 


An approximation of the total pressure drop across the orifice 
is obtained by the use of the formula* 


5 Reference (10), p. 17, par. 56. 
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(Dy) 
(D.)? 


Ap’ = Ap 
1+K 


where 
Ap’ = over-all pressure loss through orifice or nozzle, psi 
Ap = indicated pressure drop across orifice or nozzle, psi 
K = flow coefficient with approach factor included 
D, = throat diameter of orifice or nozzle, in. 
D, = internal pipe diameter, in. 


For this particular system, the formula takes the following 
form 


[1 — 0.70(0.7)?] 

[1 + 0.70(0.7)?] 

= 9.93 in. of water drop across orifice 

[1 — 1.272(0.8)?] 
{1 + 1.272(0.8)?] 
= 0.533 in. of water drop across nozzle 


A(p’,) = 20.3 X 


A(p’,) = 5.23 X 


The total drop across the meter, then, is the sum of these pres- 
sure drops, or 10.46 in. of water. Thus the system would have to 
be designed for the desired pressure at the burner to include the 
drop through the meter, plus the customary pressure drops in the 
line, mill, or other equipment. 

The largest drop is across the orifice, and this could be decreased 
appreciably by the use of a slightly larger orifice diameter. For 
example, if the orifice just chosen were increased 1 in. in diam, 
the difference in pressure drop would be as follows: 

Evaluating the Reynolds number 

48 X 6.94 X 108 


which is satisfactory." The differential pressure as obtained 
using this orifice would be obtained from the flow formula pre- 
viously used, Equation [9]; K in this case must be extrapolated 
from the graph of reference (10),? and would be 0.735. The 
flow formula then becomes, changing D from 9.1 to 10.1 in, 


> 
Wo = 31,000 


The differential pressure in this case would be 
i 560 X 0.65 
29.90 
= 10.4 in. of water 


The pressure drop across the orifice would then be from the 
formula used previously 


[1 0.735(0.78)?] 
[1 + 0.735(0.78)*] 
= 3.96 in. 


This would then make the pressure drop across the meter 4.5 
in., a value far more acceptable than the- 10.46 in. obtained with 
the 9.1-in. orifice. 

The power requirements for carrying the coal and primary air 
for such a system would be approximately 60 hp on the basis of 
an over-all pressure drop of 24 in. In all probability, the system 


6 In view of Fig. 366, p. 54, reference (10). 
7 Test Code on ‘Flow measurement,” reference (10), p. 54. 
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would be installed with a 75-hp motor. This would take care 
adequately of an additional meter drop of 4.5 in., providing the 
proper exhauster were chosen, since the power requirement in- 
creases approximately as the total head increases. For other 
situations where the system is already in operation, it may be 
necessary to install an exhauster of sufficient capacity to permit 
the use of the meter. 


CONCLUSIONS 


It has been discovered that a sharp-edged orifice will indicate 
essentially the flow of only the air component of a flowing mixture 
of pulverized coal and air. It has also been shown that if the coal- 
air ratio is known, a flow nozzle or Venturi may be used to meas- 
ure the rate of flow of the mixture. However, if the small volume 
occupied by the finely divided coal is neglected, the knowledge of 
the air rate: provided by the orifice can be used to eliminate the 
necess:ty for knowing the coal-air ratio at the nozzle. Thus the 
combination of the two elements composes a meter which can be 
used to measure the coal- and air-flow rates. The performance 
of the meter has been demonstrated in the laboratory for prac- 
tical ranges of pipe size, coal-particle size, and coal-air ratio. 
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Appendix 


INFLUENCE OF ERRORS IN INSTRUMENT READING ON FINAL 
Resvutts Usine Coan 


The equation for the coal-flow rate as developed in the paper is 


where 
W, = weight rate of coal flow, Ib per hr 
W.,, = flow through nozzle by air formula, lb per hr 
W, = weight rate of air flow, lb per hr 
To show the effect of errors in W,, and W, cn W,, Equation 
[8] may be differentiated. To simplify the differentiation, 
Equation [8] may be written 
— W*, 
Then 
log W, log (W?,, W?,) log 


Differentiating 


At this point it is necessary to determine what factors of W,, and 
W, are subject to appreciable error. 


From the equations 
= 
W,, = 413.3 K,,D*,, {11] 
and 
T. 


it can be seen that there are five possible variables. 

(a) The factors D and K may be determined with a high degree 
of accuracy for any given flow condition. 

(b) Possible errors in temperature and pressure measurements 
would have negligible effect in the range of temperatures and 
pressures used, considering that 7 and B are expressed in ab- 
solute units, 

(c) The factor 7 is the only variable which changes appreciably 
during any test. Any error in its determination will affect the 
calculated flow rate. 

In view of considerations (a), (b), and (ce), Equation [11] will 
be expanded to show the effect on W, of errors in measuring igs 
and ig. 

Equations [11] and [12] may be written . 


and 
where 
Zan = 413.3 K,,D*,, y= 
and 
B, 
Z, = 413.3 x 


Taking the logarithms and differentiating the squares of Equa- 
tions [13] and [14] gives 


log W?,,, - log t., + 2 log Z,, 
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OW?,, Aton 
and 
log W*, = log i, + 2 log Z, 


log W, = '/: log i, + log Z, 
AW, Ai, 
= (1/3) = 


From Equation [8] 
Substituting in Equation [10] 


AW, W 
W, + :) Y + 1) 
From Equation [15] it is evident that for any values of Y and 
X, the error in W, is directly proportional to the air/coal ratio. 
For example, assume the numerical values of Y and X to be 


equal. From Equation [15] the error will be maximum for this 
special case when the signs of Y and X are opposite. 
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compare the relative behavior of the gas as it passes through 
each of these constrictions. Study of these curves indicates that 
the velocity change for an orifice is somewhat different from 
that for a nozzle. It may be observed that, for the nozzle, accel- 
eration is complete, or very nearly so, when the fluid leaves the 
nozzle; whereas, in the orifice, acceleration continues for some 
distance beyond or to the region known as the vena contracta. 

Blizard analyzes the acceleration of a particle in a gas stream 
by letting 

v = velocity of the gas 


u = velocity of particle 
and assumes that, initially 
v = % = Uo 
and that, at any later time 


where 


tv) = velocity of gas before constriction 

ue = velocity of particle before constriction 

x = distance along center line of constriction 
c = const 


The sole force of any significant magnitude acting on the par- 
ticle is 


Y = 40.01 
and dt 
X = —0.01 where 
then w m = mass of particle 
4 ce a a 
:) ( + 0.01) — (Ws (— 0.01) From Stokes’s law 
du z 
= 0.02 + 0.015 
Assume where 
W, = 1000 lb per hr z = absolute viscosity 
po p’ = density of sphere 
vaptoneseiaal a = radius of sphere 
‘Then for the foregoing conditions Therefore 
aw, 1000 
where 
Discussion 
= 9/2 
The mathematical analysis given in this discussion is based ‘a 
upon condensed material supplied by John Blizard.® ie 
The authors believe that this contribution gives 
further evidence of the difference in fluid-flow per- o 
formance of nozzles and orifices and throws further 40 NOZZLE - 2mm. 
light on possible causes for the velocity difference % FROM WALL 
‘which exists between the particles and the convey- & 
iing air stream passing through a nozzle. a 7 ORIFICE -CENTER 
Nusselt® has analyzed, by means of Pitot tubes, 
the behavior of a gas as it passes through asharp- = ,, 
edged orifice and through a nozzle. Fig. 1Qofthis > A 
discussion is a plot of the results obtained by Nus- 8 ey 
selt. The curves obtained are shown in relation NOZZLE - CENTER: 
to the positions of the orifice and of the nozzle to Fe * gh 
4 


“Die Strémung in Reaktionsstrahl,”” by Wilhelm 
Nusselt, Zeitschrift fiir Flugtechnik und Motorluft- 
schiffahrt, vol. 6, 1915, pp. 179-184. 
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Consequently 


P= m= = m0’ 


Differentiating Equation [17] 
dv=0+cdz 
dv 


By a conventional transformation 


Now since 
dt 
and 
du _ du 
dx dvdz 
we can write 
du _ dz du dv 
“de dt dv da 
and, by Equation [19] 
de du _ du de 
dt dz dv dz 
from which, using Equation [18] 
du du 
at =u 
from Equation [17] 
‘ uC — (v— u) 
and 
du C’ fvu—u v 
) 
when 
b= 
Now, let 
v 
or 
Z=u 
Differentiating 
vdZ + Zdv = du 
or . 
du dZ 


Equating this with the previous result 


dZ 1 
0% 


or 
u -1—Z)—Z? 
do BZ 
or 
—du ZdZ 


Integrating by means of tables of integration 
—log u + K = log (Z? +6 Z — db) 


2 
2 4/ 
4b 
Let 
bb 
P= 
and let 
bt 
Thus 
b Z—p 1 
logu + K = I — = log (Z? + bZ —b 
gu (2? + ) 


However, since Z > 0 and b> 0 


Zt +bZ—b = |Z—p||Z—q| 


2\p—4 ak 


Therefore 


+ K = - 


5 |Z p| |Z—4| 


For initial conditions, v9 = ue, thus 
Zo = Uo/% = 1 
Solving for constant of integration 


b 1 1—p 1 
log v + og (=?) 5 p| |1—a| 


|1 — p||1 —q| = 1, when values for p and g in terms of h are in- 
serted in Equation [20]. Therefore the constant of integration 


1 
K = —- log1 = 
0 


The difference between the velocity at any — and the initial 
velocity is then 


b 1 Z—p\. 
log v — | 


log |Z — p||Z — q| -) og (3 
or 


1 
|Z — p| |Z —gql........ [21] 


Values were given to Z = u/v between 0.632 and 1.00 in Equa- 
tion [21], for various values of p and g, corresponding to values 


‘ 
| 
\ 
| 
; 
j 
| 
| 
du du dv du gear 
dz dv dz dv Se 
i] 
[19] 
. 
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of b from 1 to 6, and the resulting values of log v/v were plotted 
against u/v, with b as a parameter, as shown in Fig. 11 of this dis- 
cussion. 

The curves shown in Fig. 11 indicate that the difference in 
velocity between a particle and its conveying medium depends 
upon the viscosity of the conveying medium, the density of the 
particle, and the size of the particle, which are contained in the 
parameter b. 

Using these relations, an attempt has been made to assign 
values to C and C’ to represent a practical case. Assuming a 
nozzle diameter 0.7 of the pipe diameter, the velocity at the 
throat will be v/(0.7)%. Assuming also that the nozzle is con- 
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Fic. 11 Comparison or Arr-STREAM AND PARTICLE VELOCITIES 
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structed in such a way that the formula » = » + ¢ z holds for 
any point z in the nozzle, and letting 
vo = 3600 fpm = 60 fps 
and 
L = 2ft 
then 


1. = @7? = 7340 fpm = 122.5 fps 


Solving for C atz = L = 2,inv, = » + CagivesC = 31.25. 


Solving for 
a 


under the conditions where 


z = 12.7 X 10-6 lb sec per ft? for air at 70 F 
p’ = 85lbpercu ft 
a = 20microns = 6.55 X 10-‘ ft. 


then 
C’ = 156.8 and b = 5.05 


Taking this value for b and calculating the velocity of the air 
at 3-in. intervals through the nozzle, and then referring to the 


FEBRUARY, 1948 


b = 5.05 curve in Fig. 11, the corresponding particle velocities 


‘were obtained as in Table 1. 


TABLE 1 CALCULATION OF PARTICLE VELOCITIES 


u/v, 

from 

curve, u, 
z, ft ven+Cr v/ve Fig. 11 fps 
0.25 60 + 7.75 = 67.75 1.31 0.93 63 
0.50 60+ 15.5 = 75.5 1.26 0.89 67 
0.75 60 + 23.25 = 83.25 1.39 0.88 73 
1.00 60 + 31 = 91.0 1.52 0.87 79 
1.25 60 + 38.75 = 98.75 1.65 0.87 86 
1.50 60 + 46.5 = 106 1.77 0.86 91 
1.75 60 + 54.25 = 114.25 1.91 0.86 98 
2.00 60 + 62 = 122.0 2.03 0.86 105 


Fig. 12 is a plot of the tabulated results, giving the relations 
of the velocity of the particle and of the velocity of the conveying 
air with distance. The two velocity curves show that the ve- 
locity of the particle is somewhat less than that of the air at all 
points within the nozzle. The assumptions made do not permit 
extrapolation beyond the throat of the nozzle. 
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Fig. 12 Comparison oF Arr-STREAM AND ParTICLE VELOCITIES 
TurovuGH a Nozz_e 


This discussion supports previous findings of the difference in 
velocity between the heavier coal particles and the conveying air 
as the mixture passes through a constriction. It does not at- 
tempt to prove the principle of the meter, namely, that the ori- 
fice measures only the air, whereas the nozzle measures both 
the air and solid. However, the fact that there is a difference on 
the basis of Nusselt’s work in the velocity pattern through an 
orifice as compared to a nozzle may be a contributing factor to 
the successful operation of the meter. 


J. M. Cunntncuam."® The meter combination presented in 
this paper is of considerable interest, and the application of the 
rubber-faced orifice is unique. While the method of employing 
two meter elements connected in a flow circuit for the purpose of 
amplifying the indication at one of the elements has been used, 
both in flow measurement and position indication, on those de- 


. vices the variation of the indication at one meter element re- 


sulted in an amplification of the indication at the other meter 
element. In the subject meter combination, the indication of 
an air-coal flowing mixture is obtained by comparison of the 
pressure drop, across a long-radius nozzle with the pressure drop 
across a sharp-edged plate orifice, using radius taps at both meter 
elements. 

The theory of operation advanced by the authors stresses a 


1 Gulf Research & Development Company, Pittsburgh, Pa. 
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difference of acceleration of the coal particles through the two 
meter elements, and a corollary is given that the distance re- 
quired for a particle of a given material to accelerate to a given 
velocity is independent of the fluid velocity. This is equivalent 
to stating that the particle motion is independent of the fluid 
velocity. 

Considering the theory of effects of difference in acceleration 
of the coal particles, the mass velocity of air and coal across any 
section along the flow path must be constant from the condition 
of continuity. In design, the velocity through the nozzle is less 
than the velocity through the orifice, and both velocities are 
greater than the pipe velocity; thus the acceleration of a coal 
particle from pipe to nozzle velocity will be less than the accelera- 
tion of a coal particle which must exist from pipe to orifice ve- 
locity. In other words, the greatest acceleration of the coal 
particle must occur at the orifice entrance unless the coal par- 
ticles can redistribute themselves in the flow pattern and travel 
at some uniform velocity independent of the air velocity, which is 
highly improbable. Following the nozzle outlet there will be a 
zone of deceleration of coal particles back from nozzle to pipe 
velocity. Then, if it is assumed that the coal particles do not 
have sufficient time to accelerate in the orifice entrance in pro- 
portion to the mass velocity of the coal which must flow through 
the orifice from the condition of continuity, it appears that any 
difference in acceleration of the coal particle would produce at 
least a concentration and possibly an accumulation of coal par- 
ticles at the orifice entrance. It is doubtful that this latter effect 
occurs. 

From consideration of acceleration effects it would appear 
that the orifice readings would give the indication of the coal 
content which effect is contrary to test results. Another theory 
for the difference in coal indication between the nozzle and orifice 
elements of the meter combination may be the friction and vis- 
cosity effects of the mixture flow. While friction and viscosity 
effects are considered indirectly in the flow coefficients of the 
meter elements, the friction effects will be more pronounced in a 
nozzle where the fluid completely fills the boundaries, whereas 
the fluid in flow through an orifice makes contact only at the 
entrance. 

The coal fineness should have some influence on the friction 
effects and be more pronounced in the flow in the nozzle for a 
constant coal/air ratio. With increasing fineness, the effect in 
supposition will be similar to increasing the fluid viscosity, and 
further, this effect would be greater as the coal/air ratio is in- 
creased. The curves in Figs. 4 and 5 of the paper are in agree- 
ment with these conclusions. 

Considering a suspended coal particle as a free body, the laws 
of its motion are given by D’Alembert’s principle. One of the 
forces acting upon the particle is the frontal drag which is re- 
lated to the particle shape, the fluid density, and fluid velocity, 
which, in turn, would indicate that the motion of the particle is not 
independent of the fluid velocity. While the corollary of con- 
stant accelerating distance has been given previously in the 
literature, the effects may have been the result of distortion in 
the flow pattern. 

The fundamental equation given in the paper for gravimetric 
flow through a nozzle or orifice applies to uncompressible fluids. 
For gases this hydraulic equation is modified to correct for com- 
pressibility effects through multiplication of the flow coefficient 
by an expansion factor Y in the case of an orifice, or by the phi 
coefficient ¢ in the case of a nozzle; also there is a correction for 
deviation from the gas law through multiplication of the gas 
density by the supercompressibility factor y. However, in par- 
ticular instances where the differential pressure across the meter 
elements is a small per cent of the inlet pressure, the expansion 
factor Y, and phi coefficient ¢, are very nearly unity. Also, 


where the operating pressure is less than 50 psi, the supercom- 
pressibility factor y, for air is approximately unity. The defi- 
nitions and values of these factors are given in reference (10) of 
the paper, and elsewhere."! 

In the development of the coal-flow equation, the assumed 
density of the coal-air mixture is greater than the actual density 


in the ratio of (: + ee), where the symbols follow the nomen- 
Pca 


clature of the paper. 

From this density ratio and with coal/air weight ratios of 1 
or less, the resulting error through use of the assumed density 
is very small and the conclusions of the authors in this respect are 
justified. 

All together the simplifying assumptions in the paper do not 
lead to any appreciable error for the range of flow rates indicated. 
For example, recalculating the first portion of the example in the 
paper, having meter elements of 9.1-in-diam orifice and 10.5-in- 
diam nozzle, the over-all pressure differential, computed with 
corrections for compressibility effects and density of the coal-air 
mixture, was determined to be 11.04 in. water as compared with 
& pressure differential of 10.47 in. water in the paper. In these 
calculations a value for the coal density was taken as 87'/; lb 
per cu ft. 

It is noted that there is no distinction in the calibration of the 
apparatus given for use in horizontal and vertical installations. 
One would expect these calibrations to differ somewhat due to 
the distortion of the flow pattern in horizontal runs. 

Another minor point in question is the dimension used for a 
coal particle through 200-mesh screen. In the paper, a coal- 
particle size is given as 3.1 X 10~* ft radius, which is approxi- 
mately 19 microns diam. Other investigators have indicated 
in the literature a particle size of the order of 74 microns diam for 
particles through 200-mesh screen. Again, a rough check of the 
particle size as scaled from Fig. 1 of the paper, indicates a mini- 
mum diameter onthe larger particles of the order of 0.6 in., which, 
when reduced by the magnification factor of 6000, gives a diameter 
of 0.0001 in., or approximately 2'/; microns. This value does not 
correlate when compared with a size of coal particle given in the 
literature which is of the order of 43 microns diameter for 300 
mesh. 

It would be of interest to know whether the authors in the 
course of their experimentation have obtained any data with 
the positions of the nozzle and orifice interchanged in the flow 
circuit. It is believed that the orifice will produce greater mixing 
of the coal-air flow components than obtained by the nozzle, with 
the result of a more uniform flow pattern. ~ 

In conclusion, the authors are to be commended on the pre- 
sentation of their findings and for the use of conventional flow 
formulas. This meter combination should find application in 
the pneumatic conveyance of coal, cement, and grain. 


W. E. Youna, * J. T. Perry,!* anp A. E. Hersney.'* The 
information presented in this paper regarding a method for meas- 
uring the instantaneous rate of flow of a suspension of finely pul- 
verized solid material in a gas is particularly timely, in view of 
the widespread interest in processes requiring the “fluidization” 
of solid reactants. Anyone who has struggled with the prob- 
lem of sampling such suspensions, in order to determine flow 
rates, must be deeply in debt to the authors for the extent and - 
detail of the information which they have made available. 

In an investigation of feeding and burning pulverized coal, we 

11 “Fluid Meters,” fourth edition, ASME, 1937. 

12 Research Laboratories, Westinghouse Electric Corporation, 
East Pittsburgh, Pa. 

13 Research Engineer, Research Laboratories, Westinghouse 
Electric Corporation. Mem. ASME. 
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(a) 
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(c) 


Fic. 13 Views SHowine AccUMULATION oF CoAL ON RUBBER FACING OF ORIFICE AND ON ROUNDED APPROACH OF NOZZLE 


have been using a flowmeter of this type for several months, and 
as a result of this experience, as well as reading the paper, some 
questions have arisen which may be of general interest. 

The first explanation of the operating principle of the flow- 
meter which the authors have advanced, appears to be some- 
what questionable. Photographs of the path lines approaching 
an orifice and a nozzle such as those given by Rouse!‘ and 
others, indicate relatively little difference in these lines for the 
two types of constriction. Hence the second explanation, that 
the rounded approach of the nozzle provides “solid surfaces to 
guide the flow,” would seem to be preferable. This comment 
would be rather trivial were it not for the conclusion that a 
nozzle with reversed curvature, such as those proposed by 
Moss,'® may offer some advantages over the long-radius 
design indicated in Fig. 2 of the paper. 

In metering suspensions of pulverized coal with a fineness of 
95 to 99 per cent through 325 mesh, some difficulty with coal ac- 
cumulations has been experienced. Both the orifice and nozzle 
have a diameter of 0.55 in. and they were instailed in a */,in. 
line. Fig. 13 of this discussion shows the accumulation of coal 
on both the rubber facing of the orifice and the rounded approach 
of the nozzle after operating a total of about 3 hr. The coal on 
the orifice was soft and the face was easily cleaned. The coal 
on the nozzle approach was very hard and deeply striated. The 
coal fed to this line tested about 1 per cent moisture and 33 per 
cent volatile matter. The air was carefully dried and oil from 


14“Fluid Mechanics for Hydraulic Engineers,”’ by H. Rouse, 
McGraw-Hill Book Company, New York, N. Y., 1938, p. 262. 

15 ‘Measurement of Flow of Air and Gas With Nozzles,” by S. A. 
Moss, Trans. ASME, vol. 50, 1928, paper no. APM-50-3. 


the compressor was trapped out. The sharp edge on the rubber- 
faced orifice was eroded by the coal-air mixture and tended to 
round off. 

Pressure pulsations in the combustor have made it extremely 
difficult to obtain manometer readings which are reliable, so that 
no test data can be presented. This of course implies no criti- 
cism of the flowmeter. 

The test results represented by the curves in Fig. 3 of the paper 
raise another question. According to the differential accelera- 
tion principle, if the meter is calibrated for material with a given 
size distribution and then used to measure flow rates of a mate- 
rial which is more finely pulverized, the indicated flow should be 
less than the actual, because, as the particle size decreases the 
pressure drop at the orifice should approach that at the nozzle. 
The curves in Fig. 3 indicate the contrary, since the indicated 
flow with 92 per cent through 200 mesh is greater than that for 
85 per cent through this screen. Do the authors have any in- 
formation indicating that this trend is maintained with material 
in the subsieve size range? 


AvuTHors’ CLOSURE 


In reply to the discussion by J. M. Cunningham, Mr. Cun- 
ningham correctly deduces that the theory advanced in the paper 
of differential acceleration of coal and air requires that there be 
an increased concentration of coal at the orifice. Although this 
may be improbable it is not impossible as, for example, in a cen- 
trifugal separator or pipe bend the dust concentration increases 
near the outer wall. As to Mr. Cunningham’s alternate theory 
involving friction and viscosity effects, originally the meter was 
thought to require a very long-throated nozzle as stated in the 
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paper, and a meter was constructed with straight throat lengths 
of 5 and 10 diameters. Except for differences in the clean-air 
coefficient, no difference in meter performance was noted. The 
authors believe that if friction were an important factor these 
two lengths would have shown a difference in meter performance. 

Although in the paper emphasis is given the differential acceler- 
ation theory because of the known lag of particles suspended in 
an accelerating stream, mention is also made of an alternate 
theory less founded on calculation or experimental results, but 
perhaps nearer the fact that a shift occurs in the position of the 
vena contracta of an orifice because of the presence of particles. 
As to the further discussion by Mr. Cunningham of the de- 
pendence of frontal drag on fluid velocity, it should be pointed 
out that the major effect here is relative velocity of the particle 
and not simply fluid velocity. 

The authors appreciate Mr. Cunningham’s verification of the 
validity of the assumptions made in the application of conven- 
tional flowmeter formulas to the coal-air meter. 

In regard to the expected difference in calibration for horizontal 
and vertical meters owing to settling of coal in a horizontal line, 
this has not been found to be an appreciable effect. Perhaps at 
lower velocities this would become important. 

The size of particle given in calculations in the paper which 
Mr. Cunningham has derived to be 19 microns was a result of an 
average size determination made by the Lea-Nurse permeability 
method on an actual sample of coal pulverized to 90 per cent 
through 200-mesh screen. Although the maximum size of the 
opening in the 200-mesh screen is approximately 74 microns, 
the size used in the calculations was taken as an average particle 
diameter of about 19 microns. An explanation for this seeming 
excessively small average size may be that additional pulveriza- 
tion took place in the continued recirculation of coal in test work. 

In checking the distances required for acceleration of a 74- 
micron particle, it was found that 0.484 foot for laminar flow 
and 5.27 ft for turbulent flow were required as compared to 0.364 
in. and 1.34 ft, respectively, for the 19-micron particle. The 
distance for turbulent flow changes considerably with size, but 
even for the small particles the acceleration distance is still ap- 
preciable. 

The average size of particle quoted from the literature of 43 
microns applies to a large proportion of the coal in practical use. 
The size of particle shown in Fig. 1 of the paper is of a sample 
pulverized much finer than in ordinary practice, and hence the 
maximum size shown is about 4 microns. This figure illustrates 
shape rather than size. 


With regard to nozzle and orifice sequence the authors have 
tried both arrangements but, because of the smaller disturbance 
of flow after the nozzle, it is usually placed before the orifice to 
make the meter as short as possible. It is probably true that an 
orifice gives better mixing. 

In reply to the discussion by Messrs. Young, Perry, and 
Hershey, the reference in the paper to the guiding surfaces was 
intended to apply only to the straight section of the nozzle. It 
may well be that employing a reverse-curvature nozzle as sug- 
gested would be effective and eliminate accumulation at the 
entrance to the nozzle. 

The meter installed in the 1'/;-in. line at Battelle has operated 
approximately 100 hours using coal of 95 per cent through 200 
mesh for 50 hours and coal of 97 per cent through 325 mesh in 
recent tests. This meter was disassembled and examined; some 
hard striated accumulation of coal was found at the mouth of 
the nozzle and very little accumulation on the upstream face of 
the orifice. If the coal continues to build up at the entrance to 
the nozzle, it may be necessary to coat this portion of the nozzle 
with rubber to prevent this accumulation. Abrasion of the 
orifice edge was not perceptible, but in this case the rubber 
bond between the metal and rubber face had separated. The 
reason for this is not apparent. 

Recent work on a coal-air branch flow circulating system, in 
which small meters were installed in 11/;-in. branch lines, indi- 
cates that small meters are subject to greater errors than those 
installed in the 2 and 4-in. lines. Although the reasons for this 
difference in accuracy have not been fully established, there are 
indications that the greater friction effect in smaller pipe sizes 
and the lower Reynolds numbers for a given flow velocity in 
smaller pipes are factors which contribute to this difference in 
accuracy. 

Attention was called to an apparent contradiction in Fig. 3 of 
the preprint which showed that flow indication using coal with a 
fineness of 92 per cent through 200-mesh screen was greater than 
for 85 per cent through this screen. This was the result of an error 
in the placing of symbols on the legend of Fig. 3 and has since 
been corrected. It is true that flow indication with the finer con- 
sists is less than with coarser consists of coal. The authors 
are not able to say whether this trend continues to any marked . 
degree in the subseive sizes because no actual test work has been 
done on coal of this fineness, but the meter has apparently op- 
erated satisfactorily in an installation where coal 95 per cent 


’ through 325 mesh was used. 
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Test Data on Gas-Side Sulphate-Type 
Deposits on Tubes Beyond Boiler Furnace 


By J. F. BARKLEY,? L. R. BURDICK,? ano A. A. BERK* 


Owing to accumulations of troublesome deposits on the 
gas side of tubes in one of the boilers at the Naval Gun 
Factory in Washington, a thorough study of the formation 
of the deposits was undertaken. From this work an im- 
proved method of analyzing products of combustion for 
SO, and SO, content was developed, details and procedure 
for which are given in the paper. 


No. 1), installed at the Naval Gun Factory, Washing- 

ton, D. C., is shown in Fig. 1. The location where un- 
usual, dense, troublesome deposits accumulated on the gas side 
of the tubes is indicated. The deposits resembled somewhat 
those often found in economizers, but these occurred in the boiler 
even at the end of the first pass of the gases through the tubes. 
Fig. 2 shows a typical specimen of the deposits, a dark-gray, very 
hard and tenacious, consolidated, somewhat stratified accumula- 
tion that was little affected by the soot blowers. It was quite 
different from the ordinary accumulation of slag or ash. It was 
very difficult to remove, caused much draft loss, and was cor- 
roding the tubes. A typical analysis of the deposit, which con- 
sisted largely of sulphates, is given in Table 1. 


| TYPE of boiler and fuel-burning equipment (boiler 


TABLE 1 TYPICAL ANALYSIS OF BOILER-TUBE DEPOSIT 


Percent 
Water-soluble material, 40.0 


Filtered solution obtained by extracting '/: . of deposit with 50 ml water at 
room temperature for '/: hr showed a pH of 2.6. 


A very low-sulphur coal was burned which analyzed as given 
in Table 2, while Table 3 shows the ash analysis. 


TABLE 2 ANALYSIS OF LOW-SULPHUR COAL 


Percent 
Sulphur 
Sulphate....... 0.004 
0.133 
Organic........ 0.463 


1 Published by permission of the Director, Bureau of Mines, U. S. 
Department of the Interior, Washington, D. C. 

? Chief, Fuels Utilization Division, Bureau of Mines, Washington, 
D.C. Mem. ASME. 

* Supervising Engineer, Bureau of Mines, Washington, D. C. 
Mem. ASME. 

‘ Supervising Chemist, Bureau of Mines, Washington, D. C. 

Contributed by the Fuels and Power Division and presented at 
the Semi-Annual Meeting, Chicago, Ill., June 16-19, 1947, of Taz 
AMERICAN Society or MECHANICAL ENGINEERS. 

Nore: Statements and opinions advanced in papers are to be 
understood as individual expressions of their authors and not those 
of the Society. 
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Fie. 1 Borter No. 1 SHowine Location WHERE Unusvat, Harp, 
ConsoLipDATED SuLPHATE-TyPE Deposits ACCUMULATED ON Gas 
Sipe or TuBEes 


(Boiler heating surface 10,000 sq ft; waterwall surface 2013 sq ft; super- 
heater surface 1520 sq ft; operated with superheater by-pass opened wide.) 


TABLE3 ASH ANALYSIS 


Per cent 
Alkalies, by difference, NazO + 4.0 


The boiler was operated at 195 psi pressure, or a saturated- 
steam temperature of 386 F, with a superheated-steam tempera- 
ture of 570 F. Although designed for a load of about 140,000 
Ib of steam per hr, the average 24-hr load was about 68,000 lb 
of steam per hr. The average amount of coal burned per square 
foot of projected grate surface was about 22 lb; a CO; of not less 
than 14 per cent was carried. 

Fig. 3 shows another type of boiler (boiler No. 3) at the same 
plant, using the same coal and operating at the same steam pres- 
sure, with a guperheated-steam temperature of 480 F, which gave 
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Fic. 2. Harp, SULPHATE-TyPE Deposir THat ACCUMULATED ON GAs SipE or BorLerR TUBES 


24 FT 


REFRACTORY 


Fie. Borer No. 3 Wuicu Gave No Trovus_e From 
Type Deposits 
(Boiler heating surface 7790 sq ft; superheater surface 695 sq ft.) 


no trouble from such deposits. The average steam load was 
about 31,000 lb per hr and about 20 lb of coal was burned per 
square foot of grate area; a CO, of about 12 per cent was carried. 


Stupy or Deposits UNDERTAKEN 


Suggestions from many sources for improving conditions 
proved ineffective, and it was decided to study the forming of the 


deposits by means of 6-ft 4-in. tubular probes made of 1'/2-in. 
gas pipe, devised as shown in Fig. 4. Piping was arranged so 
that either saturated steam or water at various temperatures 
could be used to hold the probes at any chosen temperature. 
Figs. 1 and 3 show where the probes were inserted in the boiler 
settings. 

Table 4 gives results obtained with the probes. In summary, 
it shows that, for boiler No. 1, the formation of deposits at the 
end of the first pass essentially ceased and appreciably decreased 
at the entrance to the economizer when a CO, of 9 per cent was 
carried. As the CO, increased, the deposits at both points in- 
creased. For the same conditions, the cooler the probe the more 
the deposit. The probes also showed that for boiler No. 3 the 
same type deposit that did not accumulate on the boiler tubes 
would accumulate at the boiler outlet on a probe cooled well be- 
low boiler-tube temperature. 

The deposit on the cooled steel probe characteristically had 
against the probe a white layer which was largely ferrous 
sulphate. The remainder of the deposit consisted chiefly of sul- 
phates and silica, such as would be formed from entrained fly 
ash acted upon by sulphuric acid. The iron of the inner 
layer appeared to come largely from the probe as it continually 
lost metal as from corrosion. Whe action is shown typically by a 
comparison of deposit analyses A and C for test 1. Samples A 
and C were obtained by scraping off as carefully as possible a 
top layer of the deposit for C, and then, after continued scraping, 
taking a sample of the Jayer that first formed against the pipe. 
Sample C shows an increase of silica and alumina and a decrease 
of iron and sulphur trioxide. The C analysis, in this respect, 
heads in the general direction of a typical analysis of the fly ash 
or dust which had high ratios of silica and alumina to iron and 
very low sulphur trioxide as shown in Table 5. 

Both samples E taken from the side of the probe toward the 
gases for tests 3 and 5 at the end of the first pass showed a slight 
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TABLE 5 TYPICAL ANALYSIS OF FLY ASH OR DUST 
Per cent 


tom 
MOM 


tendency to have more sulphur trioxide than samples F taken 
from the side of the probe away from the gases. 

Much smaller deposits collected on uncooled probes. For ex- 
ample, for test 1 at 12 per cent CO, at the end of the first pass only 
a trace of deposit was present; not enough for analysis. It was 
powdery and probably differed little from fly ash. For test 2 at 
15 per cent CO:, enough deposit was formed to provide a sample; 
it was powdery and contained 13.5 per cent SOs. 

To determine if a steel tube was necessary to cause the deposit, 
the probe was wrapped tightly with a thickness of !/,. in. asbestos 
gasket material to form a nonmetallic probe. The analysis of the 
deposit for test 5 at the entrance of the economizer showed a 
typical acid high sulphur-trioxide deposit; it had, however, a 
relatively lower iron content and was less consolidated than de- 
posits formed on a steel probe under similar conditions. The 
trace of deposit found on the uncooled nonmetallic probe of test 
1 appeared to be the same type of deposit. 

Very little importance can be attached to the moisture content 
of the deposits. When the probe was removed from the boiler, 
the deposit appeared quite dry. In a few minutes after being in 
the air, however, it became quite moist, showing the relatively 
new deposit to be quite hygroscopic which is typical of some sul- 
phates, particularly of iron sulphate in the presence of small 
amounts of sulphuric acid. This characteristic prevented satis- 
factory weighing of the deposits. As shown in Table 4, quan- 
tities were judged visually and expressed on a relative basis. The 
deposit of the probe was removed easily and cleanly with water, 
leaving a shiny metal showing corrosion. The old deposit on 
the boiler tubes did not take up water so readily, nor was it readily 
dissolved. The rate of dissolution appeared to be affected greatly 
by the age of the deposit and its physical condition. 

The physical nature of the deposit was affected greatly by its 
SO; content and also somewhat by the pounding action of the 
gases and fly ash. Hard consolidated deposits showed relatively 
high SO; content; powdery deposits showed relatively low 
SO; content. The test deposits on the probes toward the 
gases were harder than those on the back side, which were almost 
fluffy during the earlier stages of formation. The color was greatly 
affected by the quantity of soot entrained, ranging from white, 
against the iron, to gray, and on to virtually a black. 

The 106-hr deposit of test 7 of boiler No. 3 showed appreciably 
higher SO; content than that of fly ash. It was not much con- 
solidate“, but its general appearance evidenced the beginning of 
the sulphate type of deposit. 

In general, the probes indicated that under the proper condi- 
tions of saturation of the sulphurous gases and the moisture of 
the products of combustion, in which temperature is involved, 
the iron of the boiler tube and entrained fly ash are attacked, 
corroding the tube and altering the chemical and physical nature 
of the fly ash, causing the formation of a dense hard deposit. 
Since boiler No. 1 formed some deposit at 12 per cent CO, at the 
end of the first pass which boiler No. 3 did not, another factor was 
involved which apparently was a function of the equipment or 
its operation. 


Wipe Rance or Oppratine Conpitions INVESTIGATED 


Experiments were made on changing the moisture contents of 
the products of combustion by operating with and without a 


TRANSACTIONS OF THE ASME 


FEBRUARY, 1948 


continuous flow of cooling water in the ash pit of boiler No. 1, 
The boiler was also operated without the use of soot blowers for 
a period of 2 weeks. No measurable effects on the formation of 
the deposits were evidenced, the relative quantities of moisture 
involved being too small. 

A study was next made of the SO, and SO; contents of the 
gaseous products of combustion. To analyze for SO, and SO,, 
the method described in the ASME Power ‘Test Code,* was 
carefully followed and found to be quite unsatisfactory and un- 
reliable. An aspirator and orifice meter were used, drawing gas 
at the rate of 0.1 cu ft of 32 deg F, 29.92 in. Hg dry gas per min- 
ute for 30 min to give the 3 cu ft recommended for low-sulphur 
gases; the latter were absorbed in sodium hydroxide containing 
benzyl alcohol as directed. Trial tests were made with mixtures 
of SO, and air to check the apparatus and laboratory work. The 
volume of SO, calculated from these trials agreed satisfactorily 
with the volume fed, and no sulphate was found in the absorption 
solution, indicating satisfactory inhibiting action of the benzyl 
alcohol. However, when products of combustion were analyzed 
by the same methods, higher SO; values were obtained than 
anticipated and the total amount of sulphur in the gases was 
more than could have been present had all the sulphur in the coal 
gone into the gases. 

When tests were made under operating conditions producing 
appreciable smoke, which occurred at times at 15 per cent 
CO:, the small tuft of glass wool used for the filter permitted 
much of the fine carbon to get through and the absorbing solu- 
tion became so dark that the titration end point was very difficult. 
The filter material was increased to 6 times the original amount, 
which provided a colorless solution for titration, but resulted in 
much lower values of SO;, particularly after soot had collected 
on the filter. 

The values obtained for the SO; in the flue gases varied with 
the length of time the gas was drawn through the absorbing solu- 
tion. By special tests of analyses of the rinse of the sampling 
tube and also of the bubbling tube, it was found that the SO, 
variation did not take place in either but did occur in the solution 
in the absorption bottle. When a sample of flue gas was drawn 
through the absorption bottle for a time period of 15 min, the 
SO; content shown for the gases by the solution was quite dif- 
ferent from that shown for a time period of 45 min. The 15-min 
value was always much less—often less than one third, depending 
upon the nature of the flue gas. 

The benzy] alcohol was not preventing the oxidation of sulphite 
to sulphate. Several changes in procedure were tried, such as 
dropping benzyl alcohol into the solution continuously during the 
test, the use of a straight instead of a right-angled bubbling tube, 
maintaining the absorbing solution temperature at 50 F, and cool- 
ing the gases before entering the bubbling tube; but none of these 
expedients was helpful. ; 

Work in the laboratory with mixtures of SO, and CO, in air 
indicated that CO, did not interfere with the inhibiting action of 
the benzyl alcohol. All evidence pointed to the fact that some 
unknown element in the products of combustion was poisoning 
the inhibitor. Laboratory work with SO.-CO,-air mixtures 
showed that benzyl alcohol would not prevent the oxidation of 
an appreciable amount of the sulphite to sulphate in the absorp- 
tion bottle when a very small quantity of copper ion was present. 
To a lesser extent, in the order named, other substances such as 
platinum, oxides of nitrogen, manganese, titanium, cobalt, 
nickel, and vanadium also produced this effect. 

When the flue gases from the boiler were drawn through dis- 
tilled water and the resulting solution evaporated, copper was 
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found to be present in the residue. The copper was coming 


from the coal; special laboratory analyses of the coal ash showed 
it to contain 0.04 per cent copper. Therefore a search was made 
for an inhibitor that would be effective in the presence of copper 
and also any other substances which might be coming from the 
coal that would cause such trouble. 

It is quite probable that some coals are free from metals or 
substances which might affect the inhibitor. However, since 
there are so many minerals of all types in relatively small quan- 
tities in coal, a scheme of analysis had to be used that would 
insure satisfactory results. 


MeEtuHop or ANALYSIS DEVELOPED 


The apparatus, reagents, and procedure finally adopted dif- 
fered from the ASME Code in the following particulars: 


The Sampling Tube. This consisted of a 19-mm-OD Pyrex 
glass tube, closed at the end, having four '/j.-in. inlet holes on 
4-in. centers along one wall of the tube. No filtering material 
used in tube; two 5-mm-OD Pyrex tubes for connection between 
the sampling tube and bubbling tubes. . 

The Bubbling Tubes. Two bubbling tubes were used, each 
having extra-coarse sintered-glass immersion filter to prevent high 
pressure drop across the two absorption bottles. 

The Orifice Meters. An orifice meter was used to measure the 
gas from each absorption bottle. 

Procedure. One hundred milliliters of 0.1 normal NaOH, 5 
ml ¢c.p. benzyl alcohol, a known amount of Na,SO, equivalent 
to about 10 ml N/50 NaOH, and 1 drop of benzaldehyde (if re- 
quired) were put in the absorption bottle. Thirty milligrams of 
P-amino-phenol-HCl were added to the solution exactly 2 min 
before the start of the test; the P-amino-phenol-HCl was mixed 
with mannitol in the proportion of 1 to 35 to facilitate measure- 
ment of small quantities with a spoon or scoop; 100 ml of 0.1 nor- 
mal NaOH was used instead of 50 ml of 0.2 normal NaOH pri- 
marily to dilute any undesirable impurities absorbed from the 
gases. 

A pH meter was used instead of brom-cresol-green to deter- 
mine the end point of the titration at 4.6 with 0.2 N HCl. 

One absorption bottle was used during half of the test period, 
and one for the full test period, thus giving evidence as to the ac- 
tion of the inhibitor. It was found that all c.p. benzyl alcohol 
as purchased in bottles did not have exactly the same inhibiting 
action. It was necessary to add a drop of benzaldehyde, an im- 
purity frequently found in benzyl alcohol, to obtain the desired 
action in all cases except one. Its addition to one bottle of the 
alcohol was found to be detrimental. Using the two absorption 
bottles protected the test by indicating when the data of the test 
were satisfactory. 

During the laboratory work with SO,-CO.-air mixtures, the 
volume of SO; indicated by the tests failed to check the volume of 
SO, fed to the apparatus. Tests with a CO,-air mixture gave an 
acid titration of 49.0 ml instead of the 50 ml blank, showing 
that at the end point chosen a correction for CO; effect should be 
made in the calculation for SO, when the method is used for boiler 
flue gases. By using 49 instead of 50 in the ASME formula 
for the calculation of SO. volume, test values for the volume of 
SO, in SO,-CO,-air mixtures checked the actual volume of SO, 
closely. This correction accounted in part for the excessive total 
sulphur found in the flue gases during the early tests. 


Test ReEsuLTs AND COMPARISONS 


Table 6 shows a comparison of the results obtained at the Naval 
Gun Factory with the ASME and the improved procedure. 
It is believed that with the new procedure, the volume of SO; 
determined by the analysis is within an accuracy of about 2 per 


cent of itself and that the maximum error in the determination of 
the SO; is +0.0002 per cent SO. 

Table 7 shows results typical of many analyses of the products 
of combustion for SO, and SO; at the boiler outlet. The SO, 
value for different CO, contents for boiler No. 1, as would be 
expected, increased with the CO:, the excess air being considered 
merely a diluent. The reverse was true of the SO;; it increased 
as the CO, decreased, that is, increased with the oxygen as if 
more oxygen burned more SO; to SO;. This oxidation is con- 
sidered to increase continuously the SO; formed as the gases pass 
through the boiler. 


TABLE 6 COMPARISON OF ANALYSES FOR SO: AND SO; WHEN 
USING ASME AND NEW PROCEDURE; 30-MIN SAMPLES 


—Per cent SO: by — 7—Per cent SO; by volume— 
ew 


Per cent 


New 
CO: ASME procedure ASME procedure 
9.4 0.033 0.031 0.0054 0.0020 
11.8 0.040 0.036 0.0052 0.0012 
11.8 0.039 0.034 0.0044 0.0012 


TABLE7 SO:AND SO; CONTENTS OF GASES AT BOILER OUTLET 
OF BOILERS NOS. 1 AND 3 


Per cent Per cent 
Per cent , SO; SO; % 830s 
Boiler no. CO: by volume by volume % SOs 
1 0.033 0.0031 ll 
1 12 0.039 0.0025 16 
1 15 0.045 0.0015 
3 12 0.034 0.0012 28 


A study of the dew points of the 9 per cent CO, gases and the 
15 per cent CO, gases showed that although the SO; content of 
the 9 per cent gas was about twice as high, its dew point was only 
about 20 F higher, because of its lower moisture content, the 
diluting air having much lower moisture than products of com- 
bustion with no excess air. 

Table 4 shows that there was only about one third as much 
deposit with the 9 per cent CO, gas at the boiler outlet as with 
the 15 per cent CO, gas, although their dewpoints were about the 
same. Comparing the 12 per cent CO, sample of boiler No. 1 
with that of boiler No.3, both of which had about the same oxygen 
and moisture content, for the gas of boiler No. 1 somewhat higher 
SO, is shown, much higher SO;, and a correspondingly lower 
SO./SO; ratio. This again points to a factor which was due to 
some difference in equipment or operation. 


Fiy-AsH SAMPLING 


There is considerable general belief among operators that 
relative difficulties from the sulphate deposits are greater for 
underfeed stokers and less for spreader stokers and pulverized- 
fuelequipment. One factor related to such equipment which defi- 
nitely varies inversely is the quantity of fly ash entrained in the 
gases. A number of fly-ash samples were taken at the boiler 
outlet of representative installations of underfeed stokers, of one 
traveling-grate stoker, and of several spreader stokers, all burning 
about 0.7 per cent sulphur coal. As an extreme case, a sample 
was taken at the outlet of the air preheater of a wet-bottom 
pulverized-fuel boiler using a 2 to 3 per cent sulphur coal. The 
following shows average analyses of the samples: 


Equipment SO; pH 
Traveling grate................ 1.50 3.70 
Wet-bottom pulverized........ 1.00 11.50 


The more the fly ash, the less was the SO; content and the acidity. 

Because of the unusually long rear arch of boiler No. 1, much 
less fly ash was entrained in the gases than for boiler No. 3. A 
study was made of the fly ash from boiler No. 1, as shown in Table 
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8. The fly ash for 9 per cent CO, had less sulphur than that for 
15 per cent CO: and waslessacid. The fine sizes passing the 325- 
mesh screen for all cases had more sulphur and were more acid 
than the corresponding coarse sizes. It appears reasonable to 
assume that the sulphurous gases act on the fly ash in the gas 
stream, and that relatively more action would occur on the greater 
surface of the fine sizes. The coarser fly ash, however, retained 
on the 50-mesh screen had more SO; than the original nonsieved 
sample. This would indicate that the middle sizes were lower 
in SO;, which did not at first appear to be reasonable. 
Microscopic study, however, of the coarse sizes showed that 
coarse platelets of sulphate-type deposits were mixed with the fly 
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torily determined. Any one of these factors might be the gov- 
erning one under a particular set of conditions. 

Table 4 shows for boiler No. 1 more deposit at the economizer 
inlet with 15 per cent CO: than with 9 per cent CO», although 
the dew points of the gases are nearly the same; evidently the 
sweeping action of the greater amount of fly ash, together with 
its higher traveling speed, for the 9 per cent CO» was a big factor 
in retarding the accumulation. The acidity of any fine fly ash 
entrained in the deposit for the 9 per cent CO, was appreciably 
less than for the 15 per cent COs. 

The deposit on ferrous tubes characteristically had an inner 
layer of white deposit of ferrous sulphate, formed largely from the 


TABLE 8 SULPHUR CONTENT AND Se OF FLY ASH FROM BOILER 


Boiler 
hopper 
Sieve analysis of fly ash, per cent: 
Retained on No. l6sieve.......... 9.2 
Retained on No. 30 sieve, passing 
Retained on No. 50 sieve, passing 
re 30.4 
Retained on No. 100 sieve, passing 
18.0 
Retained on No. 200 sieve, passing 
Retained on No. 325 sieve, passing 
Chemical analysis of fly ash: 
Sulphur as SOs 
Nonsieved sample, per cent...... 
Sample retained on No. 50 sieve, 


on = 


Nonsieved sample.............. 
Sample retained on No. 50 sieve. . 
Sample passing No. 325 sieve. . 


Sulphur in fly ash per hour, lb........ 
Coal fired per hour, as fired, Ib........ 
Per cent sulphur in coal, as fired, per 

Sulphur in coal fired, per hour, lb..... 
Sulphur in fly ash, per cent of sulphur 


to 


ash, and also that the coarse particles of fly ash had embedded 
in them particles of the same deposit. This indicated that the 
fly ash was cutting into any deposit formed, thus retarding its 
accumulation. For both tests the sulphur in the fly ash and 
the fly-ash acidity increased as the ash moved through the boiler 
passes. There was also much more fly ash at 9 per cent CO,, 
about 4 times as much being caught per hour in the ash hoppers. 
Although the fly ash caught at 9 per cent CO, had less sulphur 
in per cent, it took out a greater poundage of sulphur than the 
fly ash caught at 15 per cent CO,. Table 8 also shows that the 
amount of sulphur in this fly ash was exceedingly small, as com- 
pared to the total amount in the coal burned. This would also 
be true of the amount in the fly ash leaving the boiler. 


SumMMARY AND CONCLUSIONS 


An improved and satisfactory method of analyzing products 
of combustion for SO, and:SO; content is given. 

The data of this continuing investigation to date indicate the 
complexity of the action resulting in the accumulation of the 
sulphate-type deposits on the tubes. Many factors are involved, 
such as the temperature of the collecting surface, the temperature 
of the gases, the quantity, size, and chemical analysis of the fly 
ash, the relative amount of burning of SO, to SO;, and the rela- 
tive saturation of the moisture and of the sulphurous gases which 
depends upon the CO, carried and the amount of sulphur coming 
from the coal. The term “‘sulphurous gases’’ is used because the 
relative action of the SO, and the SO; has not yet been satisfac- 


9 per cent CO: test —-—~ -———15 per cent CO: test—-— 


Economizer Boiler Economizer 
hopper hopper hopper 
5.9 2.4 0.9 
29.7 20.2 12.4 
32:2 32.7 30.5 
21.4 27.7 33.1 
7.4 10.3 15.5 
1.6 2.4 2.8 
1.8 4.3 4.8 
| 1.0 1.2 
1.3 1.2 1.4 
1.9 2.8 3.4 
4.2 4.0 3.8 
4.5 4.4 4.1 
4.3 3.2 3.1 
20.1 6.4 4.6 
0.088 0.026 0.022 
6130 5470 
0.7 0.7 
42.9 38.3 
0.2 0.07 0.06 


iron of the tube and sulphuric acid; the remainder of the deposit 
consisted chiefly of sulphates and silica, such as would be formed 
from fly ash entrained and acted upon by sulphuric acid. 

The deposit can form on nonferrous equipment, showing that 
the initial action of sulphurous gases on iron is not necessary. 
The fact that the deposit can form at temperatures so much 
higher than are ordinarily anticipated from dew-point considera- 
tions calls for more study. 

When boiler No. 1 is operated at 12 per cent CO:, some deposit 
builds up even at the end of the first pass; when boiler No. 3 is 
operated at 12 per cent COs, no deposit builds up anywhere in the 
boiler. Factors functioning to cause the difference are the much 
higher quantity of fly ash in boiler No. 3 which physically sweeps 
on the tubes, and the apparent action of this greater amount of 
fly ash in taking out a greater amount of sulphurous gases from 
the products of combustion. It appears reasonable to assume 
that the fly ash takes out SO; in preference to SO,.. Although 
the amount of sulphur taken out is not much of the total sulphur 
involved, it could be enough of the SO; to result in an appreciably 
lower dew point of the gases. Just what effect, if any, the boiler 
No. 1 type of furnace, with its greater water cooling, has on the 
production of SO; as compared to the boiler No. 3 type of furnace 
is not now known. Just what bearing, if any, the slightly higher 
superheater temperature of boiler No. 1 has on the problem is not 
now known. 

As an operating matter, it was found that by dropping the CO, 
from above 14 per cent for boiler No. 1 to about 12 per cent 
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CO:, a year’s operation could be had without draft loss and with 
only a small accumulation of deposit which was effectively re- 
moved by an off-the-line water-washing procedure devised by the 
plant personnel. 

Possibly the answer, at least in part, to the question asked 
repeatedly in the last few years as to why sulphate-type deposits 
have recently become so much more troublesome, may be that 
higher CO, content is, in general, being carried, resulting in many 
cases in appreciably less fly ash; lower-grade coals such as were 
received during the war, having higher moisture or sulphur con- 
tents, would also be a contributing factor. 
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Discussion 


Earu Gricas.* A brief outline of the boiler deposits from an 
operator’s viewpoint follows: 

Boilers Nos. 1 and 2, both identical, were purchased new and 
put on line January 24, 1942, and January 25, 1943, respectively. 
Designed for 405 psig, 700 F, they are operated at about 195 psig, 
600 F. Due to local reducing-valve conditions, loading is 
limited by total temperature of 600 F. This results in a maxi- 
mum loading of 90,000 lb per hr. 

The deposit appears to have the same expanding and con- 
tracting qualities as the tubes. It is very hard and brittle on 
the gas-stream side, and somewhat softer with powdery tendency 
on the opposite side. In general, after removal the tubes have 
a bright appearance, thus showing corrosion, but. no pitting is 
visible. Eighteen pilot tubes are measured with micrometer 
from time to time; to date tube wastage is not appreciable. 

Due to draft loss caused by build-up of deposit, it is necessary 
to wash the tube surface with water at 40 to 50 psig and normal 
flow temperature, say, 60 to 90 F. The superheater and econo- 
mizer are also washed at this time. Three men per 8-hr shift 
for 3 continuous shifts are required. Various lengths of pipe 
equipped with standard pipe fittings are arranged to enter tube 
lanes so water will reach each tube in the bank. While the 
entire deposit is not soluble in water, apparently sufficient water 
is absorbed to loosen the bond. After washing, all visible sur- 
faces are free of deposit. 

Immediately after washing, the boiler is filled with 220 F water 
and a wood fire is maintained for a minimum of 72 hr, then the 
coal fire is “‘lit’’ off and the boiler cut in the line. In this way the 
boiler is dried at once to avoid the possibility of any water of ap- 
preciable acid content causing accelerated corrosion. This is 
most apt to occur in rather inaccessable places where insufficient 
water reaches the area. 

A reinjector system has recently been installed on boiler No, 1 
to inject contents of sifting, boiler outlet, and economizer hoppers 
into the combustion area. The effect of this installation in re- 
tarding deposit build-up has not yet been noticeable. 

Opinions have been expressed that the length of the back arch 
is conducive to deposit and should be reduced appreciably to as- 
sist in decreasing the amount of deposit. As this is a major 
change and costly, it is not contemplated at this time. 

The study to date has revealed that operation at 12 per cent 


6 Master Mechanic, Power Plant, Naval Gun Factory, Washing- 
ton, D.C. 


CO? retards the build-up rate. However, it is hoped that fur- 
ther steps which will be not too costly can be taken so that 
14.5 per cent CO, can be carried without appreciable deposit. 


W. F. Hartow.? The crux of the problem presented in this 
paper is the origin of the sulphur trioxide which is clearly the 
cause of the deposits. This particular deposit trouble is only 
one of several injurious effects which arise from the presence of 
sulphur trioxide in flue gases, the reasons for ‘which have been 
under close investigation by the writer’s company for a number 
of years. This question was dealt with in a paper’ by the writer 
in 1943, in which it was shown that sulphur trioxide can be formed 
by the passage of flue gases over heated oxidized iron, the amount 
depending upon the temperature of the metal and the condition 
of its surface. 

These findings were based on actual measurement of the con- 
densed acid on temperature-controlled surfaces, thus avoiding 
contentious chemical methods of flue-gas analysis which, as this 
paper shows, may give misleading results. 

The writer submits that the passage of flue gases over unpro- 
tected iron surfaces at elevated temperatures is the major cause 
of the sulphuriec-acid production in boiler plants and suggests 
that the case under discussion is no exception and that the sulphur 
trioxide is chiefly formed on the superheater tubes. Although 
the temperature of these tubes, as judged by the steam tempera- 
ture, is considerably below that at which any considerable for- 
mation of sulphur trioxide has been shown to occur, it should be 
realized that the metal temperatures may often be much higher 
than the steam temperatures would indicate, owing to unfavorable 
conditions existing on the inside and/or the outside of the tubes. 
Internal scale will of course elevate the metal temperature, 
and external deposits can cause unequal! distribution of the gases, 
resulting in local overheating of some tubes above the average 
temperature. An even more important factor affecting the metal 
temperature is the possibility of unburned gases reaching the 
superheater, resulting in surface combustion on the tube surface. 
This will elevate the skin temperature considerably above that 
which would exist if the gases were inert. Restriction of flame 
impingement on superheater tubes has been found to reduce con- 
siderably the amount of acid in flue gases. 

The difference in acid content of the gases from boilers Nos. 1 
and 3 could be explained adequately by the higher superheat 
temperature of boiler No. 1, together with the possible variations 
in the other factors referred to. 

The writer has seen deposits of the type described in a boiler 
constructed with a two-stage superheater arranged across the 
unit. The deposit was much heavier on the boiler tubes in line 
with the secondary or high-temperature superheater than with 
those in line with the primary superheater, showing that the 
superheater-tube temperature was the controlling factor, since all 
other conditions were identical. 

Any reduction in the operating temperatures of the superheater 
tubes can be expected to reduce the acid production and conse- 
quent deposit formation. The introduction of secondary air 
has been found to have a beneficial effect in this respect by ac- 
celerating the process of combustion in the gases so that this is 
completed before the tubes are reached. 

It will be seen that since the acid content of flue gases is a func- 
tion of the temperatures of the surfaces over which they pass, any 
comparison of the acidity produced by different types of combus- 
tion equipment may be misleading unless the boiler temperatures 


7 International Combustion Limited, Derby, England. 

* “Causes of High Dew-Point Temperatures in Boiler Flue Gases,” 
by W. F. Harlow, Proceedings of The Institution of Mechanical Engi- 
neers, vol. 151, 1944, pp. 293-298. 
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are identical. For this reason it is necessary to know the par- 
ticulars of the boilers from which the figures for acidity were ob- 
tained for the relative merits of the different types of combustion 
equipment to be assessed correctly. 


Hitmer Karusson.’ The authors should be congratulated on 
developing an improved method for determination of SO; and 
SO; content in flue gases, the accutate determination of which 
will permit a better understanding as to the relative importance 
of these constituents in flue gases as it affects the low-temperature 
surface of a steam generator and its auxiliary heat-recovery 
equipment. 

The authors’ findings that deposits of ferrous sulphate will 
take place even on nonferrous types of surface is interesting and 
confirms findings in connection with a study now in progress of 
the different types of deposit formed at the cold end of air-pre- 
heater surface. 

The findings by the authors that fly ash passing a No. 324 sieve 
or particles less than 44 microns in diameter are higher in acidic 
content than the larger particles indicates that particle size is one 
important item to consider in investigations of factors causing 
corrosion of the low-temperature surface in a steam-generating 
plant. 

The authors’ investigations further prove that the method of 
firing, in the case of coal fuels, is an important factor in the rate of 
corrosive attack to be anticipated by the gases of combustion 
from any given coal and confirm the knowledge now available. 

It is hoped that the work started by the authors may be con- 
tinued so as to permit a more accurate evaluation of the different 
factors affecting corrosion of air preheater, economizer, and boiler 
heating surface. 

It may not be amiss to mention in this connection that the 
company with which the writer is associated, presently has a 
co-operatiye program under progress with the Bureau of Mines, 
the results of which, when published, it is hoped will throw fur- 
ther light on the problem under discussion, especially as it af- 
fects the low-temperature zones of the flue-gas system, which in- 
cludes air-preheating surface. 


W. T. Rerp.” The importance of deposits on heat-receiving 
surfaces of steam-generating equipment is rightly stressed by the 
authors. However, unlike the usual case where interference with 
the transmission of heat is the principal problem experienced 
with boiler-tube deposits of coal ash or slag, they point out that 
draft loss and corrosion are the most objectionable features of the 
thick, consolidated, and tenacious coatings described. The 
occurrence of sulphate deposits of this type has been noted only 
in recent Years, but most of the trouble observed has resulted 
from external corrosion of furnace-wall tubes in pulverized-coal- 
fired furnaces.'! In some instances, corrosion in such furnaces 
has been so severe as to necessitate tube replacement, but the 
authors do not state the extent or degree of corrosion in the stoker- 
fired furnace shown in their Fig. 1. Such information would 
be valuable not only in comparing the activity of sulphate-type 
deposits in the two types of furnaces and under different condi- 
tions but also in pointing out the hazards to be expected in allow- 
ing such deposits to form on boiler tubes. 

Of particular interest is the similarity between the composi- 
tion of the deposits described by the authors and those found on 
furnace-wall tubes, as shown in Table 9 of this discussion. 


* Chief Engineer, The Air Preheater Corporation, Wellsville, 


N.Y. Fellow ASME. 
1 Supervisor, Battelle Memorial Institute, Columbus, Ohio. 
Mem. ASME. 


11,*External Corrosion of Furnace-Wall Tubes—I. History and 
Occurrence,” by W. T. Reid, R. C. Corey, and B. J. Cross, Trans. 
ASME, vol. 67, 1945, pp. 279-288. 
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TABLE 9 COMPARISON OF BOILER-TUBE AND FURNACE 
WALL-TUBE DEPOSITS 


boiler-tube— — furnace-wall-—~ 
u 


eposit, per cent ti deposit, per cent® 
As receiv Ash-free As received Ash-free 
Moisture at 105C...... 2.0 cae 0.2 eee 
Combined water........ 2.4 
Aluminum oxide, AlsOs. 8.8 6.2 
Total iron, as Fe:O3..... 9.3 15.3 16.6 20.3 
Calcium oxide, CaO.... 1.0 ya 2.7 eve 
Magnesium oxide, MgO. 0.3 ats 0.2 ka 
Sulphur trioxide, SO:... 38.3 63.0 36.5 44.6 
Alkalies, as NazO....... 13.2, 52.7 28.7 35.1 
Water-soluble.......... 40.0 90.8 
PH of 1 per cent solution 2.6 a 3.6 3 


* Sample C-9, reference noted. 


The calculation of the ash-free composition is based on the 
fact that the compound K;Fe(SOQ,); is known to be present in 
large amounts in the water-soluble portion of these deposits. 
Although solid solution of other components such as Na,SO, and 
SO; may occur, there is little likelihood that silica, alumina, 
or other normal constituents of coal ash play any real part in the 
production of the deposit, and thus they can be neglected in 
evaluating its formation. Presumably the process is one of de- 
veloping a liquid surface by reaction of alkali metals, SO;, and 
iron oxides supplied either by the tube metal or occurring in coal 
ash, with fly ash adhering to this sticky surface to increase the 
bulk of the deposit. Although some of the Fe,O; shown by 
the analysis undoubtedly occurs in the fly ash physically held in the 
deposit, the iron oxides cannot be distinguished from those in 
chemical combination as K;Fe(SO,);; thus all the Fe,O; is in- 
cluded in the ash-free composition. 

The essential differences in the two deposits is in the relative 
proportions of SO; and alkalies. For the boiler-tube deposit, 
the SO;/Na,0 ratio is 2.90; for the deposit from the furnace-wall 
tube, it is 1.27. As has been shown," the alkali metal ferric tri- 
sulphates are particularly sensitive to the presence of SOs, react- 
ing readily with the gas at low temperatures, and evolving SO; at 
high temperatures. At temperatures below about 600 F, reac- 
tion with SO; occurs readily to form pyrosulphates; from 700—- 
1000 F, the compounds are relatively stable; while at tempera- 
tures above 1100 F, they are almost quantitatively decomposed 
into Na,SO, and K,SQ,, Fe,O; and SO;. It would appear, there- 
fore, that the boiler-tube deposit contains a larger amount of SO; 
because the temperature at which it is deposited is in the range 
400-450 F. This would also explain why the deposit was hy- 
groscopic and rapidly became damp when exposed to the at- 
mosphere, and would indicate as well that it would be highly 
corrosive. The lower pH of a solution of the boiler-tube deposit 
is additional evidence of the formation of pyrosulphates. The 
higher temperatures of 600-800 F, normal for furnace-wall tubes, 
decrease the formation of pyrosulphates, and thus less SO; is 
present in the deposit. 

It seems probable that the deposits described by the authors 
should not be classed with those found in economizers or air 
heaters, where the dew point of the gas undoubtedly plays an im- 
portant part. Rather, they should be considered as similar in 
nature to those found on furnace-wall tubes, despite the differ- 
ences in composition resulting from moderate changes in tem- 
perature. 

The authors’ recommendations regarding modification of the 
ASME Power Test Code method for analyzing flue gas for 
SO, and SO; clear up some of the vexing points regarding this 
difficult analysis. The recognition of copper as a major inter- 
fering element will simplify any further developments of the test. 


12 “External Corrosion of Furnace-Wall Tubes—II. Significance 
of Sulphate Deposits and Sulphur Trioxide in Corrosion Mechanism,” 


‘by R. C. Corey, B. J. Cross, and W. T. Reid, Trans. ASME, vol. 67, 


1945, pp. 289-302, 
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Although the proposed method is shown to yield more consistent 
results than the Test Code procedure, the necessity of using two 
absorption bottles for different total times of sampling as a check 
on the action of the inhibitor, indicates that further work on the 
analytical method will be necessary. Because the presence of 
SO; in flue gases plays such an important role in the formation 
of deposits and in causing corrosion, it is hoped that the authors 
will be able to carry on their researches in still further improv- 
ing this analytical procedure. 


AutTuors’ CLOsURB 


The authors wish to express their appreciation for the added 
value to the subject matter given by the discussions. 

The description of washing the tubes given by Mr. Griggs 
should be of interest to operators; his statement as to the 
amount of tube corrosion adds important information. 

Mr. Harlow mentions a number of conclusions reached from 
his long study of the general subject matter which is much appre- 
ciated. His statement that “the sulphur trioxide .... is clearly 
the cause of the deposits” and that “the acid content of flue gases 
is a function of the temperature of the surfaces over which they 
pass,” no doubt gives factors in the production of deposits and 
formation of SO;._ However, as the data show, a number of other 
factors were also at work. The superheat temperature of boiler 
No. 1 was only about 90 F higher than that of boiler No. 3; it 
would appear that a greater difference of temperature would be 


needed to produce substantial differences. Both of these super- 
heaters were not clean during the tests and neither had exposed 
“heated oxidized iron.” 

The authors greatly appreciate the emphasis on the importance 
of phases of the work given by Mr. Karlsson. 

Mr. Reid’s question as to the severity of the corrosion of the 
deposits on the boiler tubes is covered in Mr. Griggs’ discussion. 
The comparison of these deposits to those found on furnace wall 
tubes is interesting and his explanation of chemical similarities 
and of possible mechanisms of formation is a valued contribu- 
tion. In regard to the required use of two absorption bottles in 
testing for SO, and SO, in flue gases, attention might be called to 
the fact that the use of the two bottles not only checks the in- 
hibitor but also gives a check reading which is usually desirable 
in test work. Until information is built up on many coals, the 
authors consider that two bottles should be used at the start in 
testing gases from any new coal. Having checked the inhibitor 
for that coal, only one bottle need be used for further tests. A 
new bottle of benzyl alcohol should also be checked by the use of 
two absorption bottles. Improvements in the test method will 
of course be made as found possible. 

Additional work has been done since this paper was written. 
In the study of deposits produced by another coal from a differ- 
ent coal-mining area, it was found that a hard-bonded layer de- 
posit was produced that apparently was cemented by boron 
phosphate which constituted more than 50 per cent of the layer. 
This find has broadened the scope of the study. 
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Progress Report No. 1 on Tool-Chip 
Interface Temperatures 


By K. J. TRIGGER,' URBANA, ILL. 


The author presents some of the results of a series of tests 
in which the principal phase of study concerned the tem- 
perature developed at the contacting surface of the tool 
and the chip. This tool-chip interface temperature is re- 
ferred to as the “‘cutting’’ temperature. The determina- 
tion of the tool-chip interface temperature was by means 
of the Herbert-Gottwein tool-work thermocouple wherein 
the steel workpiece constituted one member of a thermo- 
couple and the cemented-carbide insert the other mem- 
ber. This principle has been used in the study of cutting 
ternperatures, the investigation of friction between unlike 
metals, the study of surface temperatures of brass wire 
drawn through steel dies and for investigation of surface 
temperatures of mating gears of unlike metals. 


INTRODUCTION 
P: EVIOUS reports (1, 2, 3, 4)? on the application of the tool- 


work thermocouple to determine cutting temperatures have 

been based largely upon the cutting of steel with high-speed- 
steel tools. The cutting speeds were restricted to that range 
within the capacity of high-speed steel and to cutting tempera- 
tures not in excess of 1000 F. 

This paper is based upon the cutting of steel with a suitable 
grade of cemented carbide, and on cutting temperatures in the 
approximate range of 1100 to 1800 F. Another point of differ- 
ence lies in the fact that in previous tests both the workpiece and 
the tool were iron-base alloys of similar basic lattice struecture—a 
factor which may have significant effect upon the tendency of the 
chip to adhere to the tool. It is to be expected, therefore, that 
the results herein discussed may differ materially from those pre- 
viously reported. 


Test ARRANGEMENT 


The test arrangement is illustrated in Fig. 1. The standard 
carbide tool has a hole drilled in the shank through which a rod of 
carbide, 3, insulated from the shank, is placed in contact with the 
carbide insert, 2, the assembly being electrically insulated from 
the tool post. Details of the tool tip are shown in Fig. 2. 

The brush, 4, insulated from the machine frame, was made 
from a settion of the workpiece. Iron-wire leads, 5 and 6, with 
suitable connectors were attached to the potentiometer binding 
posts 7. The completed arrangement thus consisted of several 
thermocouples, namely, 1-2, 3-6, and 4-5. Couples 6-7 and 
5-7 were of no consequence since any parasitic emf’s developed 
would cancel one another. Since the lead wires were at constant 
temperature during any test, the reference junction was at 
couples 3-6 and 4-5, and the temperature at these points was 


1 Professor, Department of Mechanical Engineering, University 
of Illinois. Mem. ASME. 

2? Numbers in parentheses refer to the Bibliography at the end of 
the paper. 

Contributed by the Special Research Committee on Metal Cutting 
Data and Bibliography and presented at the Semi-Annual Meeting, 
Chicago, IIl., June 16-19, 1947, of Tue American Society or MeE- 
CHANICAL ENGINEERS. 

Nore: Statements and opinions advanced in papers are to be 
understood as individual expressions of their authors and not those of 
the Society. 
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maintained essentially constant during any calibration or cutting 
test. 

No thermocouple existed at 2-3 since the carbide insert, con- 
tact rod, and calibration strip were made from the same batch of 
carbide mixture. Similarly, junction 14 was of no consequence 
since both metals in contact were from the same bar. 

Thus the hot junction of the thermocouple circuit was at 1-2, 
and the reference junction at 3-6 and 4-5. 

The validity of the operating principle of the tool-work thermo- 
couple may be affected by several factors: (a) The effect of chip 
force upon the tool face; (b) the electrical effect of chip deforma- 
tion; (c) the triboelectric effect due to friction of the steel rubbing 
on the carbide; (d) the temperature gradient at the contacting 
surface of the chip and the tool; and possibly by (e), the dis- 
similarity of temperature gradjents during calibration, as com- 
pared with those during cutting. 

The effect of chip force was investigated by slowly forcing a 
carbide strip into a steel strip under 9 bearing stress of over 
100,000 psi. No electrical effect was observed at the poten- 
tiometer. The thermoelectric effect of chip deformation was in- 
vestigated by substituting a bar of the workpiece for the tool. 
When this bar and the workpiece were brought together under 
simulated cutting conditions, only a very slight (0.04 to 0.05 mv 
negative) emf was noted even though the bar was smeared on the 
workpiece by the rubbing action. When two pieces of chemically 
identical high-speed steel were substituted for the tool and work- 
piece, an indication of the same magnitude was observed. Since 
the local deformation was severe and, further, since the effect is 
within the limits of reproducibility and reading accuracy of the 


: 
SURFACE SPEED 4 
) 
4 REFERENCE ~ 
2 
= 
Wee 
om 


92 TRANSACTIONS OF THE ASME 


potentiometer, it was concluded that any deviation introduced 
by chip deformation is inconsequential. The triboelectric effect 
was evaluated on a “Metalsorter,’’* using a bar of the test stock 
and the carbide calibration bar as the two metals in contact. 
The observed deflection was 27 mm positive corresponding to 
0.03 mv. It was concluded that the triboelectric effect was 
negligible and, in fact, tended to cancel any error introduced by 
chip deformation. Since the range of readings was 11 to 19'/, 
mv during the cutting tests, it was apparent that these minor 
deviations were insignificant. 

Observations were made for the purpose of determining 
whether the tool surface and chip surface would attain a stable 
temperature. A strip of carbide 0.20 in. X 0.25 in. X 11 in. 
was ground as a tool bit on one end, insulated from a supporting 
stee] bar and used as a cutting tool. The millivolt reading was 
12.97 at the beginning of a test and virtually the same reading 
prevailed during a 45-sec duration of cut. It was concluded that 
the contact surface of the tool and chip reached, at least, a state 
of quasi-equilibrium almost immediately after a cutting test 
was started. Therefore it was assumed that the separating sur- 
face of the chip and the face of the tool reached essentially the 
same temperature during a cutting test. 

That the temperature gradients along the calibration strips 
during calibration were not the same as those during a cutting test 
seemed to be of no consequence in the light of the so-called “law 
of the homogeneous circuit,”’ which states as a corollary, “if one 
junction of two dissimilar homogeneous materials is maintained 
at a temperature 7’; and the other junction at a temperature 7), 
the thermal emf developed is independent of the temperature 
gradient and distribution along the wires” (5). While steel and 
cemented carbide cannot be considered as homogeneous materials 
they may be thought of as being uniformly unhomogeneous and 
the law of the homogeneous circuit would apply. As a result of 
these preliminary investigations, it was concluded that the pos- 
sible errors were not of sufficient magnitude to outlaw the tool- 
work thermocouple as a means—perhaps the only means—of 
evaluating the temperature where tool failure is instigated. 

In considering the experimental results it must be remembered 
that the tool-work thermocouple consists, in reality, of a number 
of thermocouples in parallel so that the emf observed is an average 
emf of all points of contact (thermocouples) of the tool and the 
chip. Cutting temperatures so determined would represent an 
average temperature at the tool-chip interface. 


CALIBRATION PROCEDURE 


The general calibration arrangement is shown in Fig. 3 and 
details in Fig. 4. 

The steel member was prepared from a portion of the workpiece 
and had a rounded end so as to provide line contact with the 
carbide calibration strip. A '/i-in. hole was drilled within 
0.010 in. of the contact area for the reference chromel-alumel 
thermocouple. Contact between-the carbide and steel was main- 
tained by means of a small clamp and blocks of ceramic insula- 
tion. 

The assembly was placed in an electric furnace through a hole 
in the door so that the opening could be packed with asbestos 
yarn and alundum cement. The cold ends of both steel and 
carbide members projected about 2 in. beyond the door so that 
cooling water could be applied to keep the cold junction at the 
desired reference temperature. The lead wires connecting 
the cold junction to the potentiometer were the pair used in the 
cutting tests. 

During the calibration, a protective furnace atmosphere of 
nitrogen gas was used for temperatures above 350 F to prevent 
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oxidation or decarburization. The cold-junction temperature 
was kept constant by cooling water, the temperature of which 
was the same as that prevailing at the potentiometer binding 
posts. Thus each calibration curve had a reference temperature 
to which all results from the cutting tests were corrected. 

After establishing uniformity of temperature, simultaneous 
readings of reference thermocouple temperatures and tool-work 
thermocouple millivolts were taken in following increments: 
5-deg F intervals to 100 F; 50-deg F intervals from 600 to 1300 
F; 25-deg F intervals during the allotropic transformation of 
the steel, and 50-deg F intervals to the maximum temperature 
attained during a particular calibration. A typical calibration 
curve is shown in Fig. 5. It may be noted that the temperature- 
millivolt relationships are straight lines in the ranges shown. 
The change of slope at 1400 F is evidence of the allotropic change 
in the steel either as it affects the thermocouple proper or as it 
causes variation in the structure along the steel member. A few 
points were checked on cooling to determine whether any de- 
carburization had occurred in the steel at the contact point. 
Generally, the points were found to be on the curve though in 
some calibrations the points were slightly higher than the corre- 
sponding ones obtained during heating. 

In applying the calibration curve for cutting temperatures the 
extended portion of the curve was used, since by the time 15 mv 
was indicated the cutting speeds were such that there was not 
sufficient time for the allotropic transformation to occur while 
the chip was in contact with the tool. A metallographic ex- 
amination of the separating surface of the chip revealed the same 
type of structure as that in the annealed bar. Thus it was con- 
cluded that transformation did not occur, and the extended por- 
tion of the curve in Fig. 5 was used for temperatures in excess of 
1400 F. 

Numerous calibration tests were conducted with the steel 
member of the tool-work thermocouples in various conditions 
such as mill-annealed, normalized, heat-treated to 300 Bhn, and 
cold-worked to 50 per cent cross section. The temperature- 
millivolt relationships were affected very little (less than 0.10 mv) 
by changes in the steel member, probably because the same two 
phases, ferrite and carbide, existed in the steel and were altered 
only in their distribution. Thus the same calibration curve 
was used for all conditions of a particular steel and although 
slight errors may have resulted, these were considered to be 
negligible. 
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Test PrRoceDURE 


Tests were conducted on a 16-in. X 54-in. lathe, equipped 
with a 10-hp motor and having 27 speeds in the range of 18 to 
1000 rpm. The feed was held constant at 0.01 in. per revolution, 
and the same grade 78B Carboloy tool was used throughout the 
test. Except for one negative-rake test, the tool shape was held 
constant with specifications as follows: Back rake, 0 deg; side 
rake, 4 deg; end relief, 7 deg; side relief, 7 deg; end cutting- 
edge angle, 8 deg; side cutting-edge angle, 0 deg; and nose radius, 
*/in. All tests were conducted without coolant. 

Tool preparation was made on 120-grit and 320-grit diamond 
wheels, and finishing was done with a 400-grit diamond hone. 
The setting angle was 90 deg in all tests, and the cutting edge of 
the tool was set on the center line of the workpiece by means of 
shims and a gage attached to the tailstock of the lathe. 


Surface speeds were measured with a calibrated Metron type 
25B indicator having ranges of 0-200, 0-400, and 0-1000 fpm. 

During a test the chip was kept from coming in contact with 
any part of the lathe to avoid grounding the thermocouple. All 
tests were of 12- to 15-sec duration. 

Workpiece materials consisted of NE9445 mill-annealed and 
as heat-treated to 401 and 311 Bhn; NE8640 mill-annealed; 
and sulphite-treated NE 8640, mill-annealed. The test logs were 
from 4 to 6 in. diam and 2 ft long. The compositions and physi- 
cal properties are shown in Tables 1 and 2, respectively. 


ReEsutts or TEstTs 


In this report the effects of the different variables are com- 
pared by noting the cutting speed which results in a selected 
cutting temperature. A number of factors affect the elevated 
temperature hardness (hot hardness) of cemented carbides, the 
principal ones being the grain size, the type of carbide, and the 
amount of cobalt binder. 

W. Dawihl (6) reports the conical indentation hardness of a 


steel-cutting grade of cemented carbide as being 1170 keV mm? 
at 1290 F, whereas hardened high-speed steel was reported as 


1230 keV mm? at room temperature. Thus it appears that this 
particular carbide could be used above 1290 F and still be of ade- 
quate hardness for metal-cutting purposes. 

E. W. Engle (7) presents curves of Rockwell A hardness values 
for cemented carbides at elevated temperatures. For the car- 
bide composition used in these tests, interpolation of Engle’s 
curves gives a hardness of 80 Ra at 1300 F, 79 Ra at 1350 F, 
and 77 Ra at 1400 F. The respective R. equivalent hardnesses 
are 58, 56, and 52. 

An R, of 56 to 58 is generally considered as a satisfactory 
hot hardness for metal cutting. At temperatures above 1350 F, 
the hardness decreases quite rapidly, and on this basis 1350 
F was tentatively selected as the highest cutting temperature for 
economical tool life. The cutting speed which resulted in a 
cutting temperature of 1350 F was denoted as the “permissible” 
cutting speed. 

The results of the cutting speed-cutting temperature tests with 
the different variables are shown in Tables 3 to 7, inclusive, and 


TABLE 1 CHEMICAL COMPOSITION AND MICROSTRUCTURE OF STEELS USED IN TEST 


Grain 
Steel Heat no. Cc Si Ni Cr Mo size 
0 eae KDP 0.48 1.18 0.023 0.025 0.49 0.42 0.43 0.11 Fine 
i ree X839 0.43 0.82 0.020 0.028 0.32 0.51 0.46 0.19 Fine 
NE8640  sulphite- 
PES > X838 0.43 0.82 0.020 0.049 0.32 0.51 0.46 0.19 Fine 
Steel Heat no , Microstructure 
0 Se KDP Fine spheroidized with some lamellar pearlite 
i rrr X839 Approximately 40 per cent lamellar pearlite; balance spheroidized 


X838 Approximately 60 per cent lamellar pearlite; balance spheroidized 


TABLE 2 PHYSICAL PROPERTIES OF WORK MATERIALS 


(0.505-in. X 2-in. test specimen) 
TRANSVERSE SECTION 


Yield 
strength, 
psi (drop- Ultimate Elongation Reduction 
of-beam strength, in 2 in. in area, 
Steel method) psi per cent per cent Bhn 
er 40700 90075 24.5 36.6 183 
38750 85450 20.0 22.5 178 
8640 sulphite- 
38900 83250 15.5 16.3 174 
SEecTION 
NE9445....... 42500 89750 27% 52.3 183 
NE9445....... 136500 152700 17 46.9 311¢ 
NE9Q445....... 178000 192600 1l 35.8 401¢ 


® Quenched in oil from 1550 F, tempered 5 hr at 850 F and 1050 F for 401 
and 311 Bhn. respectively. 


the relationships are plotted on logarithmic co-ordinates in Figs. 
6, 7, 9, and 10. 


VARIABLE DeptuH oF Cut 


Figs. 6 and 7 show the relation of cutting speed to cutting tem- 
perature as the depth of cut was increased from 0.050 in. to 0.150 
in. at a constant feed of 0.01 in. per revolution. 

The cutting temperature - cutting speed relationships are 
straight lines on logarithmic co-ordinates, indicating that the 
cutting temperature is a power function of the cutting speed in 
accord with the general equation 7’ = CV", wherein T is the 
cutting temperature, deg F; C a constant; V the cutting speed, 
sfpm, and n the exponent. 


4 
x 4 
oh 


0. 
NE8640 -treated— 


94 TRANSACTIONS OF THE ASME 


TABLE3 CUTTING SPEED-CUTTING TEMPERATURE RESULTS 


Variable depth of cut 
Steel: NE9445 annealed 183 Bhn 
Tool: Grade 78B carbide. 0-4-7-7-8-0-3/64 
Feed: 0.01 in. per revolution. Cut: Dry 
Depth of cut 0.050 in. - Depth of cut 0.075 in.———~ 
Cold-junction temperature, 77 F Cold-junction temperature, 75 F 


Cutting Cutting 

Cutting tempera- Cutting tempera- 
speed, Corrected ture, speed, Corrected ture, 
sfpm mv* deg F sfpm mv* deg F 
1121/: 11.04 1003 1121/2 12.34 1128 
1291/3 12.24 1110 134 12.80 1173 

3 33 1127 156 13.24 1217 
157 12.78 1173 1801/2 13.70 1262 
182 13.21 1218 213 4.19 1309 
214 13.69 1261 254 14.62 1350 
256 14.16 1307 293 15.05 1392 
293 14.69 1357 348 15.57 1442 
339 15.15 1400 408 16.12 1496 
351 15.23 1410 471 16.62 1543 
413 15.75 1460 529 17.01 1582 
475 16.19 1503 561 17.27 1607 
544 16.74 1555 652 17.82 1660 
645 17.29 1609 748 18.42 1718 
658 17.49 1628 

760 18.02 1680 


* Millivolt readings corrected to calibration reference junction tempera- 
ture. 


TABLE 5 CUTTING SPEED - CUTTING TEMPERATURE 
RESULTS 


Variable back-rake angle 
Steel: NE9445 annealed 183 Bhn 
Tool: Grade 78B carbide. 
Feed: 0.01 in. per revolution. Depth of cut: 0.100in. Cut: 


shape: Neg. 2° 20’- 7-— 
-—-Tool shape: 0-4-7-7-8-0-3/64— 0- 


4 
Cold-junction temperature, 77 F Cold-junction temperature, 78 F 


Cutting Cutting 
Cutting tempera- Cutting tempera- 
speed, Corrected, ture speed, Corrected ture, 
sfpm mv deg F sfpm mv deg F 
130 12.91 1184 124 12.81 1175 
137 13.12 1206 146 13.39 1233 
151 13.44 1235 169 13.83 1275 
175 13.89 1279 188 14.17 1307 
2061/2 14.31 1321 197 14.38 1328 
4.65 1354 236 14.90 1377 

245 14.89 1377 273 15.57 * 1442 
284 15.34 1420 323 16.16 1498 
335 15.88 1471 378 16.57 1540 
394 16.36 1516 415 17.02 1583 
455 16.75 1555 437 17.10 1592 
520 17.38 1618 490 17.72 1651 
540 17.50 1626 515 17.75 1655 
600 17.93 1673 575 18.32 1710 
626 18.11 1686 595 18.37 1715 
685 18.43 1721 Bet 

715 18.70 1745 


* TABLE7 CUTTING SPEED - CUTTING TEMPERATURE 
RESULTS 


Variable steel 
pou: 78B carbide. 0-4-7-7-8-0-3/64 
eed: lin. per revolution. Depth of cut: 0.100 in. Cut: Dry 
--NE8640 annealed 178 
annealed 174 


Cold-junction temperature, 84 F Cold-junction temperature, 78 F 


Cutting utting 
Cutting tempera- Cutting tempera- 
8 > Corrected ture, speed, Corrected ture, 
sfpm mv deg F sfpm mv deg 
117 13.21 1112 1281/2 13.45 1160 
136 13.69 1156 153 03 1215 
163 14.31 1213 181 14.53 1265 
188 14.73 1251 208 15.00 1307 
220 15.10 1285 256 15.41 1345 
261 15.64 1335 289 15.98 1400 
304 16.22 1386 334 16.42 1441 
353 16.57 1418 395 17.00 1498 
415 a7 oe 1475 460 17.50 1545 
485 17.75 1525 530 18.03 1598 


The equation of the lines are as follows: 


Depth Equation 
0.050 in. T = 366 V°.23 
0.075 in. T = 402 V°-219 
0.100 in. T = 416 V°-217 
0.125 in. T = 421 V2.216 
0.150 in. T = 42] Vo.216 


There is a slight decrease in the slope of the line as the depth of 
cut is increased above 0.050 in., although the effect is slight at 


depths in excess of 0.075 in. 


Very likely an important factor 
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TABLE 4 CUTTING SPEED - CUTTING TEMPERATURE 
RESULTS 


Variable depth of cut 
Steel: NE9445 annealed 183 Bhn 
Tool: Grade 78B carbide. 0-4-7-7-8-0-3/ 64 
Feed: 0.01 in. per epgpenene Cut: Dry 
Depth of cut, 0.125 in. Depth of cut, 0.150 in 
Celd-junction temperature, 80 F Cold-junction temperature, 75 F 


Cutting Cutting 
Cutting tempera- Cutting tempera- 
speed, Corrected ture, speed, Corrected ture, 
sfpm mv deg F sfpm mv deg F 
112 12.69 1163 112 12.74 1168 
128 13.12 1205 133 13.20 1213 
1331/2 13.20 1213 155 13.72 1263 
2 13.52 1244 164 13.77 1267 
155 13.66 1257 180 14.05 1296 
177 13.98 1288 212 14.42 1332 
180 14.04 1295 252 14.93 1381 
211 14.40 1329 291 15.31 1417 
242 14.82 1368 344 15.91 1475 
251 14.90 1378 404 16.44 1527 
287 15.24 1410 466 17.04 1585 
334 15.47 1451 548 17.69 1648 
395 16.42 1524 624 18.16 1695 
464 16.90 1572 663 18.27 1705 
535 17.47 1625 768 19.05 1778 
630 17.97 1675 
717 18.67 1744 
732 18.80 1756 
835 19.41 1816 


TABLE 6 CUTTING SPEED-CUTTING TEMPERATURE 
RESULTS 


Variable hardness 
Steel: NE9445, quenched and tempered 
Tool: Grade 78B carbide, 0-4-7-7-8-0-3/64 
Feed: 0.01in. per revolution. Depth of cut: 0.100in. Cut: Dry 
——Quenched and at 1050—- -—Quenched and tempered at 
F to 311 Bhn F to 401 Bhn 
Cold-junction 77 F Cold-junction 78 F 


Cutting Cufting 
Cutting tempera- Cutting tempera- 
speed, Corrected ture, speed, Corrected ture, 
sfpm mv deg F sfpm mv deg F 
61 1116 43 12.56 1151 
71 1144 511/2 13.16 1209 
84 1187 61 13.59 1250 
9811/2 1222 7 14.09 1300 
1131/2 1253 85 14.42 1331 
136 1292 99 14.80 1368 
161 1340 115 15.17 1403 
183 1375 137 15.63 1448 
220 1430 162 16.02 1487 
256 1472 186 16.37 1520 
296 1511 221 17.07 1588 
351 1572 


which may account for the change of slope of the 0.050-in. line 
is that the nose radius is nearly e: jual to the depth of cut which 
would constitute, in effect, a change in the setting angle of the 
tool. 

The dotted portion of the line for 0.050 in. depth of cut indi- 
cates the result of an excessive built-up edge on the tool. The 
effect of the built-up edge is to remove some of the many paral- 
leled thermocouples from the separating surface and thus to lower 
the indicated emf. The separating strface of the chip is badly 
torn whenever the built-up edge is significant, which in the pre- 
sent series of tests, existed only at the lowest speed for the lightest 
(0.050-in. ) cut. 

Figs. 6 and 7 show that with cutting speed and feed held con- 
stant, the cutting temperature increases with increase in depth 
of cut up to 0.100 in., beyond which there is no appreciable rise in 
cutting temperature as the depth of cut is increased to 0.150 in. 

Results for the 0.125-in. and 0.150-in. depths are plotted as a 
single line in Fig. 7. In fact, one half of the points for the 0.100- 
in. depth plotted in Fig. 6 could be placed on the line in Fig. 7. 
It could be concluded that under the conditions of the test, the 
cutting temperature is independent of the depth of cut, at least 
in the range from 0.100 in. to 0.150 in., and very probably beyond 
this limit. This is shown in Fig. 8. 

Permissible cutting speeds for the different depths of cut are 
as follows: 
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293 
253 
227 
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222 


If the cutting temperature is considered as the criterion for tool 
life, the indications are that increasing the depth of cut from 


0.100 in. to the maximum value reported will result in very little, 
if any, increase in the rate of tool failure. As a consequence, 
more metal may be removed between grinds. 

In a paper (8) which included the effect of variable depth of 
cut at constant feed when turning annealed SAE 3140 with high- 
speed-steel tools, Messrs. Boston, Gilbert, and Colwell observed 
that, with a nose radius of */g in., increasing the depth of cut 
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(Steel: NEQ445 183 Bhn. Feed: 0.01 in. per revolution.) 


beyond 0.100 in. at a feed of 0.0125 in. per revolution had com- 
paratively little effect on the tool life. To quote from this re- 
port: ‘This indicates that when the depth of cut exceeds eight 
times the feed (i.e., 0.100 in.), a further increase in depth will not 
reduce the tool life to any great extent—indicating that the in- 
creased depth beyond 0.100 in. has little effect upon the cutting 
speed (for a given tool life) and, therefore, is a desirable propor- 
tion of cut.” 

The excellent agreement of the cutting-temperature tests with 
the tool-life tests by Boston, Gilbert, and Colwell suggests that 
the respective results are a manifestation of the same factor, 
namely, that once the depth of cut is significantly greater than 
the nose radius, the heat concentration per unit length of cutting 
edge is virtually constant, and therefore the cutting tempera- 
ture and tool life are relatively unaffected by the depth of cut. 


VARIABLE Back-RAKE ANGLE 


Table 5 and Fig. 9 show the effect of a negative back-rake angle 
of 2 deg, 20 min, when cutting annealed 9445 steel at 0.100-in. 
depth of cut, and 0.01-in per revolution feed. 

The introduction of a negative back-rake angle increases the 
cutting temperature for a given cutting speed, and also increases 
the slope of the cutting speed - cutting temperature curve. This 
indicates that the rate of temperature rise becomes greater with 
an increase in cutting speed. The negative rake angle has a 
minor influence at the low range of speeds where the two lines 
converge, but the effect is pronounced at higher cutting speeds. 
For example, the difference in cutting temperature is 15 deg F at 
200 fpm and slightly over 50 deg F at 500 fpm. The permissible 
cutting speeds are 227 sfpm and 213 sfpm for 0 back-rake and 
negative 2 deg 20 min back-rake, respectively. It is to be ex- 
pected that greater negative back-rake angles would result in 
further increase in both the cutting temperature for a chosen 
cutting speed, and the slope of the cutting speed-cutting tempera- 
ture curve. Operational difficulty was encountered in the 
negative rake tests, particularly at low speed, since the chip 
curled back in contact with the workpiece and interfered with 
the tool-work thermocouple circuit. Hence the present report 
contains the results of only one negative-rake test although 
further work on rake angles is contemplated. 


VARIABLE BRINELL HARDNESS 
Tables 5 and 6, and Fig. 10 show the effect of variable hard- 
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ness upon the cutting speed - cutting temperature relationships of 
NE9445 steel at a depth of cut of 0.100 in. and feed of 0.01 in. 
per revolution. 

Comparison of the curves for the steel, as annealed to 183 Bhn, 
and as quenched and tempered to 311 and 401 Bhn, reveals a 
pronounced effect of an increase in hardness upon the cutting 
temperature for a selected cutting speed. 

The increment of temperature’ rise is much less for an increase 
from 183 to 311 Bhn than it is for the smaller increase from 311 to 
401 Bhn, when compared at 150 sfpm, for example. The per- 
missible cutting speeds are 227, 164, and 92 sfpm, for hardnesses 
of 183, 311, and 401 Bhn, respectively. Evidently the cutting 
speed must be reduced in somewhat other than a linear relation- 
ship as the Brinell hardness is increased. Cutting speed-cutting 
temperature equations for the quenched and tempered steels 
are 7’ = 498 V*!% and 7’ = 592 V°®-!8? for 311 and 401 Bhn, re- 
spectively. 

During these cutting tests a few measurements of chip thick- 
ness were made with micrometers. While no complete program 
was followed in this respect, the brief data on the variation of 
chip thickness with (a) hardness of the steel, and with (b) the 
cutting speed, may shed some light on the behavior of the cutting 
speed-cutting temperature relationship. Table 8 shows the chip 


_ thickness at the different hardness levels and for several cutting 


speeds. 

It may be noted that, at constant cutting speed, the chip thick- 
ness decreases as the hardness is increased, and also that the chip 
thickness decreases as the cutting speed is increased, up to a 
limit, with other factors remaining constant. 

The variation of the chip thickness at the permissible cutting 
speed, where any temperature effect on the mechanism of shear 
presumably is minimized, indicates that, as the hardness is in- 
creased, the cutting action is concentrated on less area of the 
tool. As a consequence, higher cutting temperatures result. 

If the chip thickness is compared at a fixed cutting speed, for 
example, 135 fpm, so that the rate of chip removal is constant, 
it may be noted that the decrease in chip thickness parallels the 
decrease in permissible cutting speed as the hardness is increased. 

The foregoing remarks on chip thickness are based on com- 
paratively few observations and point to a field of future study 
with the same steel over additional hardness ranges. 


VARIABLE STEEL 


NE8640 annealed and sulphite-treated NE8640 annealed were 
cut at 0.100-in. depth of cut and 0.01-in per revolution feed. 
The cutting temperatures for the 8640 steels were obtained from 
appropriate calibration curves. The results are shown in Fig. 
10 together with those of the annealed and heat-treated NE9445 
steel. 

A comparison of the annealed 9445 and 8640 reveals that the 
latter may be cut at somewhat higher speeds for the same cutting 
temperature. The permissible speeds are 227 and 246 sfpm for 
the 9445 and 8640, respectively. Considering the difference in 
the carbon content, the hardness, and the ductility of the two 
steels, the moderate increase in cutting speed is of the expected 


-magnitude. 


Sulphite-treated NE8640 may be cut at 273 sfpm for 1350 F 
cuttirig temperature. The chemical composition differs from the 


TABLE 8 CHIP-THICKNESS DATA 


Permissible At. 
cutting permissible 
Hardness, cuttin 
hn sfpm Per cent 8 
183 227 100 0.03. 
311 164 72.2 0.023 
401 92 40.5 


Chip thickness, in. ~ 


At 135 At 220 
Per cent sfpm Per cent sfpm Percent 
100 0.042 100 0.035 100 
65.7 0.026 0.021 60 


61.8 
57.0 0.017 40.5 0.015 42.8 
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NE8640 only in the sulphur content, but the major point of 
difference was considered to be the method of sulphur addition. 
In a paper before the AIME, Ramsey and Graper (9) dis- 
cussed the function of sulphite compounds as a means of sul- 
phurizing steels for prevention of hot shortness and for improve- 
ment of the machinability. 

Commenting on the particular action of sulphite compounds, 


they note that “the sulphur dioxide is added to the steel by 
means of the decomposition of an anhydrous sulphite principally 
sodium sulphite or sodium bisulphite. In general, sulphites upon 
being heated decompose easily into sulphur dioxide and the oxide 
of the metal (sodium). The addition of sodium sulphite to mol- 
ten metal causes a vigorous reaction, liberating sodium dioxide 
which is taken up by the metal, and sodium oxide which is a 
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strong base and reacts readily with the oxides of the deoxidation 
reactions, forming a fluid slag which rises to the top of the steel.’’ 
They report further that the slag analysis of sulphite-treated 
steels revealed that large amounts of refractory inclusions had 
been washed from the steel. It was claimed that the removal 
of the abrasive inclusions and more uniform distribution of the 
sulphide compounds would give improved machinability from 
the standpoint of cutting speed, accuracy, finish, and tool life. 

Within the limits of these tests the improvement in the ma- 
chirnability attributable to the sulphite treatment supports the 
contention of Ramsey and Graper. 

A very common measure of machinability is ‘the tool life be- 
tween grinds and, since a principal reason for tool failure is soften- 
ing of the cutting surface due to high local temperatures at the 
tool-chip interface, it is logical to rate the machinability of a 
steel by comparing the cutting speed which causes a permissible 
maximum cutting temperature. 
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decreases for constant cutting speed, feed, and depth of cut, thus 
concentrating the heat on a smaller area of the cutting tool and 
causing more rapid tool failure. 

6 The sulphite-treated NE8640 may be machined at higher 
speeds than regular NE8640 for the same cutting temperature. 

7 The relative machinability of steels may be rated by the 
cutting speed necessary to develop a permissible cutting tem- 
perature. 
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TABLE 9 SUMMARY OF EXPERIMENTAL DATA AND RESULTS 


Back-rake Depth of 


Bhn angle, cut, in. 
183 0 0.050 
183 0 0.075 
183 0 0.100 
183 0 0.125 
183 0.150 
183 sie 20’ 0.100 
311 0.100 
401 0.100 

7 0 0.100 
174 0 0.100 


Table 9 which is a summary of Figs. 6, 7, 9, and 10, shows the 
permissible cutting speeds for all conditions of these tests. For 
those tests at 0.100 in. depth of cut and constant tool shape, the 
relative machinability is listed, and it is based on the permissible 
cutting speed with the annealed NE9445 serying as the datum. 


CONCLUSIONS 


1 Within the range of this investigation the cutting tempera- 
ture is a power function of the cutting speed in accord with the 
general equation 7 = CV". 

2 Ata feed of 0.01 in. per revolution and with other factors 
constant, the cutting temperature increases with increase in depth 
of cut up to 0.100-in. depth and is relatively unaffected as the 
depth is increased to 0.150 in. 

3 A change in the back-rake angle from 0 deg to negative 2 
deg 20 min increases the cutting temperature at any but low 
speed ranges, and increases the rate at which the temperature 
rises with increased cutting speed. It is expected that greater 
negative rake angles would cause further increase in the cutting 
temperature, as well as increase the slope of the cutting speed- 
cutting temperature curve. 

4 An increase in the Bripell hardness results in higher cutting 
temperatures and the increment of cutting temperature becomes 
greater as the hardness is increased. 

5 As the hardness of the steel is increased, the chip thickness 


Cutting speed- Permissible Relative 
cutting cutting machina- 

temperature speed, bility, 
equation sfpm per cent 

T = 366 V2 293 

T = 402 253 

T = 416 Vo-217 227 100 

T = 421 V.026 222 + 

T = 421 Vo.216 222 

T = 378 V-237 213 

T = 498 V0.0 164 72.2 

T = 592 V2-182 92 40.5 

T = 397 Vo-222 246 108.3 

T = 388 Vo.222 273 120.2 
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The Role of Meehanite Metal Castings in 


Engineering Production 


By C. R. AUSTIN,' NEW ROCHELLE, N. Y. 


The application of iron castings in engineering produc- 
tion covers an extremely wide field which was extended 
greatly during the war years. Steel foundries and forging 
shops were heavily loaded, and it became necessary for the 
design engineer to seek other facilities, and other engi- 
neering materials. In the process, the engineer soon 
learned that cast irons were available which would replace 
even with advantage many of the engineering parts which 
had formerly been specified in fabricated steel or other 
materials. The engineering facts concerning high- 
strength cast irons, their production techniques, and 
examples of important applications are treated in this 
paper. 


NGINEERING production is always concerned with design 
E and with selection of materials most suitable for the service 

required. The problem of design must be based on known 
and established physical and mechanical properties of the partic- 
ular material selected, and it is for this reason that, in the past, 
the design engineer has tended to look toward fabricated-steel 
parts rather than to cast iron for his base material. This was a 
wise decision despite the decidedly unfavorable immediate eco- 
nomic aspect of the selection. 

For fabricated parts the metal is first poured into ingot form 
and then, by various procedures, such as cogging, rolling, and 
drop forging or pressing, made to acquire a shape approximating 
more or less the form of the design part. This is followed by 
machining operations which permit removal of much material 
where property requirements make its presence unnecessary or 
even undesirable. 

In cast-iron parts the problem is totally different. Whether it 
be either ordinary founding in sand molds, or die casting as 
applied to nonferrous metals, it is possible to place the metal 
initially where it is desired. Variation in metal section and 
casting configuration is immediately possible, and by the use of 
conventional cores hollow sections constitute normal everyday 
foundry performance. 

Thus the foundry has available techniques which will furnish 
the engineer the form of an engineering part directly in accordance 
with his proposed design. Until recent years, however, this fact 
alone did not answer completely the first part of his requirement, 
namely, a prescribed shape, since the requirement also implied 
some uniformity of metal density and property irrespective of 
variation in casting dimensions and casting form. 

Modern research on this problem applied to high-strength irons 
has afforded a solution which will be discussed in the present paper. 

Once casting solidity and uniformity of properties over widely 


differing sections have been established, engineering production 


is still concerned with the basic engineering properties of the 
metal and with the assurance that these properties can be main- 
tained in normal engineering production of castings. 


1 Meehanite Metal Corporation. 


Contributed by the Metals Engineering Division and presented at 


the Fall Meeting, Boston, Mass., Sept. 30-Oct. 2, 1946, of Tue 
AMERICAN Socrety oF MECHANICAL ENGINEERS. 

Nore: Statements and opinions advanced in papers are to be 
understood as individual expressions of their authors and not those 
of the Society. 


Therefore it will be a further purpose of this paper to submit 
data on various engineering properties of the irons and to illus- 
trate the utilization of such irons in many service applications. 

Since the author of this paper is naturally familiar with engi- 
neering applications of Meehanite iron castings and since a large 
amount of engineering data and casting records are now available, 
the illustrations for the production engineer must be drawn largely 
from modern developments and applications of Meehanite iron 
castings. 

It has already been pointed out that what may ve termed 
“engineered castings’ depend for their successful service applica- 
tion, not on any one fact alone. For production engineering it is 
important to consider many aspects of the subject. Among these 
the following are of major importance: 


1 The selection of the proper iron in relation to casting sec- 
tion and to mechanical properties demanded. 

2 The basic engineering properties of the irons in relation to 
service demanded. 

3 The manner in which these specific properties can be uti- 
lized in designed castings. 


These sections will be discussed in the order listed. 


SELECTION OF IRON IN RELATION TO CASTING SECTIONS 


At first sight this problem might be considered of little impor- 
tance to the production engineer but since he usually has the very 
important duty of specifying the metal to be employed in his 
product it behooves him to give some attention to this matter. 

In nonferrous metals he is concerned merely with the chemis- 
try of the alloy and, consequently, specifies an alloy of given 
analysis with known and readily defined properties having little 
relation to casting section. , 

With cast irons the problem is a profoundly different one 
since the following two important factors must consistently be 
borne in mind: 


1 The structure and properties of iron depend on the rate of 
cooling during solidification and hence on the section of the 
casting and its location in the sand mold into which the metal is 


to be poured. 


2 The outer peripheral parts of heavier iron castings are 
ordinarily more dense than the inner parts where solidification 
takes place more slowly. Indeed, it is common experience to find 
the interior of heavy gray-iron castings exhibiting a porous open 
structure and having such low density compared to the exterior 
parts that there is a very great decrease in hardness and tensile 


strength of the iron. 


These facts have been thoroughly recognized and brief reference 
to Meehanite practice, whereby control of both these variables 
can be effected, is needed in order that the engineer may have 
some notion of its importance in specifications. 

Structure in Relation to Casting Dimensions. Two totally differ- 
ent cast irons, gray and white, are easily recognized by the engi- 
neer. The properties of the former are indicated by low hard- 
ness and easy machinability, and the structure consists of flake 
graphite distributed in a matrix of pearlite and free ferrite. The 
properties of the latter are indicated by high hardness, brittle- 
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ness, and nonmachinability, and the structure consists of massive 
free carbides or cementite and pearlite. 

Fortunately for the user of gray-iron castings, some contrpl 
of the “grayness’” and hence the properties of the iron are 
available by what may be termed balancing the analysis of the 
irons. Thus in thin sections, which are prone to yield brittle 
white irons by virtue of rapid cooling, an increase in silicon con- 
tent is made to assure a gray fracture despite high cooling rate. 
This procedure, however, has a deleterious reaction on the struc- 
ture of heavy sections which solidify with a coarse open or porous 
structure. 

It is control of the nature of the matrix along with solidity 
penetration which is so vital to the engineer demanding both 
constancy of properties and essential uniformity of properties in- 
dependent of section. The lack of foundry control has clearly 
been the cause of the vagaries in the properties of cast iron which 
resulted in the design engineer looking elsewhere for his materials 
of construction. 

As a result of much carefully planned and extensive develop- 
ment research, it is possible to control the structure of irons inde- 
pendent of casting dimensions, without profoundly changing the 
silicon content. One method of control is effective because of 
what has been termed a two-step process:? 

Step (1) consists in computing and suitably preparing a charge 
of iron and steel which can be melted to a liquid constitution® 


2 Letters Patent 2,371,654. 

3 The term “constitution” must not be confused with composition 
or chemical analysis. Constitution connotes the behavior of the 
iron in changing from the liquid to the solid state, in terms of the 
nature and distribution of the structural components and their effect 
on the physical and mechanical properties of the iron. Its meas- 
ure affords an accurate method of control of casting production as 
outlined in Patent No. 2,371,654. 
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having direct relation in terms of carbide balance to the amount 
of primary carbide formed in the solidified casting. 

Step (2) is concerned with the controlled decomposition of the 
primary cementite so as to insure a metal matrix consisting wholly 
of pearlite with absence of free cementite or free ferrite. Further- 
more, control in size and distribution of the graphite is effe¢ted 
so that in the higher engineering type of irons the cast structure 
may be likened to that of a normalized tool steel in which is uni- 
formly distributed fine and short flake graphite. 

Fig. 1 shows a typical structure of such an iron having 
optimum mechanical property characteristics. 

Solidity Penetration. Having established the means of control- 
ling structure and hence of controlling mechanical characteris- 
tics, it beeame necessary to control structure in terms of castings 
dimensions. By this practice it was discovered that there is a 
direct relation between the ‘constitution’ of the iron and the 
thickness of the section of the casting to be made, and that it was 
possible to establish a ratio between what have been termed the 
constitutional and process wedge values in each casting which 
will insure uniformly dense sections and predetermined engi- 
neering properties. 

This is of vital significance to engineering production, and it 
must be recognized if the engineer is to be able to make best use 
of the materials now at his disposal. A few examples should aid 
in stressing its importance. 

By correlating the constitution of the iron with the section to 
be cast, essentially uniform hardness may be assured from center 
to surface. This fact is demonstrated by factual data, submitted 
in Fig. 2, which were taken on a 45,000-psi tensile iron, cast in the 
form of a 12-in. square block, sectioned transversely through the 
center. The engineer is generally familiar with the open and 
relatively porous character of the structure obtained toward the 


Fig. 1 


TypicaL MicrostrRucTURE OF MEEHANITE IRON 
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center of such a cast block when proper control of the iron is not 
assured. 

An examination of the tensile strength in relation to casting 
section also serves well to demonstrate the importance of mass 
influence. In an uncontrolled iron cast in sections varying from 
1 in. to several inches, a tensile-casting section relation may 
exhibit a marked drop in tensile strength as the section of casting 
is progressively increased. By controlling the foundry practice 
as already outlined the relation becomes similar to that portrayed 
in Fig. 3. 

In order to insure these property controls, foundry technique 
and control of the highest order are absolutely necessary, and it is 
clearly the duty of the casting producer constantly to exercise 
control of the product and to advise the type of metal most 


500 ;-— 
3 400 
< GA 
300 A 
= 
2 
5 200 
100 


Section Thickness Inches 


101 


suited for any engineering production job. Nevertheless, there 
can be intelligent co-operation between the foundry and pro- 
duction engineer only if the latter has some knowledge and ap- 
preciation of tne problems of the former, and of the fact that 
there are now available for his use “tailor-made” iron castings 
produced to do a specific engineering job. 

The need for this co-operation has long been recognized in the 
fabricated-steel industry, but it is only recently that the pro- 
duction engineer or metallurgist and the utilization or design engi- 
neer have really begun to work together. That the control 
methods outlined are essential to the production of ‘engineered 
castings’ is further exemplified when it is remembered that the 
constitution of the iron must be controlled in relation to casting 
section, the heavier the section the higher the constitution. 

If too-high a constitution iron be poured in a section, the point 
of maximum solidity penetration is passed and the more rapidly 
cooled portions of the casting solidify with a white hard structure. 

The production engineer recognizes this condition immediately, 
but he terms it hard or nonmachinable castings. By suitable ad- 
justment of the constitution of the iron, a free-machining casting 
with maximum solidity penetration and uniform property char- 
acteristics results. 

In this patented process the matter has been largely simplified 
for the production engineer by designation of engineering types 
with tensile properties ranging from 50,000 to 30,000 psi. 

Specification is certainly one of the most important duties of 


_ the design or production engineer, and the relation of Brinell 


hardness and tensile strength to section thickness of the various 
types of engineering irons is shown in Figs. 4 and 5. This pro- 
vides us with a most important lesson in specifications. 

Types GD and GE‘ may be poured in thin sections 3/, in. 
or less and still retain their grayness or free-machining quali- 
ties, along with excellent tensile properties. If GA is poured 
in a casting less than '/2 in. section, its strength properties tend 
to fall, and machining problems may result. 

An engineer may have a particularly important casting in which 
he desires high tensile strength and, consequently specifies GA 
Meehanite or a 50,000-psi iron. This specification is correctly 
made if the casting sections are relatively heavy. However, 
assume a section of 3/s in., if type GA be employed a loss of 
tensile may result and machining problems are sure to arise. 
If, however, GC is specified, good tensile strength, Fig. 5, 
high hardness, Fig. 4, and free machinability result. 

Fortunately, the modern foundry is equipped to advise on 
these matters, and it is necessary only for the production engi- 


4 The chemical compositions may be varied, according to desired 
constitution and casting dimensions. 
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neer to be aware of the newer products at his command, and the 
need and reason for consultation with the foundry metallurgist or 
engineer. 


Basic ENGINEERING PROPERTIES 


Until more recent years cast iron was not considered a true 
engineering material which could be utilized on a design basis, 
and certainly little thought was given to its application in mem- 
bers for service at elevated temperatures, where loads of given 
magnitude must be maintained with plastic flow controlled within 
predetermined limits. 

In this section of the paper attention will be directed to the 


properties of engineering irons of importance to the design engi- — 


neer at normal temperature operation, as well as for service at 
elevated temperatures. 

Properties at Normal Temperatures. Probably the characteris- 
tic of a metal of most service to the engineer is the tensile stress- 
strain curve, and it is beginning to be recognized that a simple 
statement of tensile strength, along with ductility, by no means 
provides a complete picture of serviceability. A comparison of 
the stress-strain diagrams of ductile steel and a 50,000-psi iron 
demonstrates this point. 

In Fig. 6 are reproduced the stress-strain diagrams for these 


50,000 P.S.1. IRON 


TENSION-STRAIN 
Available Elastic Deformation 
Reserve Plastic Deformation 
X=1% Elastic and Plastic Deformation 


Fic. 6 Two Types or Stress-StrAIN DIAGRAMS 


two engineering materials. The diagrams reveal three distinct 
areas, as follows: 


1 Stress absorbed during elastic deformation. 
lation to the modulus and yield strength. 

2 Stress absorbed during elastic and plastic deformation which 
has some relation to the reserve of plasticity available, against 
sudden fracture. 

3 Plastic changes recording deformation during failure. 


This has re- 


Areas 1 and 2 illustrate in a general way the relative capacity 
of both materials to absorb working stresses in service up to 
approximately 1 per cent plastic deformation, which is about all 
that much engineering construction can endure. 

Accordingly, the relative tensile strength or ultimate breaking 
load of the steel and the iron provides little information on the 
useful properties of the material which can be used in unit design. 

A typical stress-strain curve of a 50,000-psi iron is shown in 
Fig. 7. 
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Thus the old concept that cast iron should be regarded as a 
“brittle” material without any true elastic properties no longer 
holds with the modern irons which can be made so that their 
dependability and properties are accurately known and are re- 
liable. 
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PHYSICAL PROPERTIES 
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= 14 psi 
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Fic. 7 Srress-Strain Curve or a 50,000-Ps1 Iron 


In Table 1 are given the general engineering specifications for 
the various types of engineering irons. These values represent 
the normal minimum assured physical properties. 

Attention has also been directed to the importance of main- 
tenance of tensile strength independent of casting section. Data 
on this point are given in Tables 2 and 3. 

An important property of a metal is its toughness. Considera- 
ble thought and experimental analysis have been given to this 
property, and no test is yet available which provides a satisfac- 
tory measure of toughness. In fabricated steels an Izod or 
Charpy value on a 10-mm-square test bar has usually sufficed 
whereas for tool steels such tests are meaningless and resort has 
been made to torsion impact. 

In the study of irons, a modified Izod impact made on an un- 
notched test piece, machined to 0.798 in. diam seems to have 
found rather general favor. In Table 4 are given data obtained 
in an extensive investigation on the general engineering types of 
iron. 

The fatigue strength of a metal is also a very important char- 
acteristic of metal parts, and data are available for the various 
irons discussed in this paper. Using the standard R. R. Moore 


TABLE 1 GENERAL SPECIFICATIONS FOR VARIOUS-ENGINEERING IRONS 


Transve’ 
Two-step Tensile, 1.2-in. bar, Deflection, 
process iron psi 18 in. center in. 
GA 50000 3100-3600 0.28-0.34 
GB 45000 3000-3: . 28-0 .34 
GC 40000 2900-3300 0.26-0.34 
GD 35000 2600-3000 0.22-0.34 
GE 30000 2000- 0.20-0.34 


Com- 
pression 

Bhn strength. Modulus’ Fatiguee Specific 
(min) psi elasticity strength gravity 

207 175000 21000000 22000 7.31 

196 160000 19000000 19000 7.28 

192 150000 17500000 17500 7.25 

183 130000 15000000 15000 7.22 

174 120000 12000000 13700 7.16 
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TABLE 2 TENSILE STRENGTH IN RELATION TO SECTION 
THICKNESS OF FOR SECTIONAL 


Section of casting Tensile strength, 


in, psi 
0.75 
1.25 53500 
2.00 54000 
3.00 53000 
4.00 50800 
6.00 47500 


TABLE 3. TENSILE STRENGTH IN RELATION TO THICKNESS 
OF BAR AND CASTING; 55,000-PSI TWO-STEP PROCESS IRON? 


Tensile, psi; Per cent 

Thickness, 1.2-in-diam Tensile, psi; of 1.2-in- 

Casting in. bar casting diam bar 
Cylinder liner 23/4 72010 66730 92.7 
Cylinder liner 31/2 71970 61630 85.6 
Crankshafts 13/s 60480 50400 83.5 
Gears 24/4 64960 49280 76.0 


® Figures are averages of a large number of examples. 


TABLE 4 MODIFIED IZOD IMPACT-TEST RESULTS FROM 
ROUTINE TESTING OF 0.798-IN. UNNOTCHED TEST BARS 


T wo-step Impact, ft-lb 
process iron to fracture 


type of fatigue-testing specimen and machine, values ranging 
from 22,000 psi for the 50,000-psi type down to 13700 psi for the 
30,000-psi irons have been established. 

Many other properties such as damping capacity and machina- 
bility rating are also of vital concern to the engineer but space 
precludes further discussion. 

Properties at Elevated Temperatures. As the operating tempera- 
ture of unit parts in engineering applications is progressively in- 
creased, the significance of normal temperature basic engineering 
tests becomes decreasingly important. It is for this reason that 
creep studies have been developed so extensively in recent years, 
in order that the design engineer might have specific knowledge 
of the behavior' of materials at various temperature levels when 
subjected to defined stress conditions. 

A vast amount of data have thus been accumulated on the be- 
havior of fabrieated steels and special alloys, but little informa- 
tion is available on the creep properties of cast irons. 

During the past several years many creep tests have been 
conducted on engineering and heat-resisting irons, which are of 
direct interest and aid to the design engineer. 

In this section of the paper a brief review of the subject will 
be given. 

It must first be pointed out, however, that the creep rates of 
value to the engineer may vary widely, depending on the high- 
temperature service demanded. Two extreme cases may be 
cited. In steam-turbine design, one authority has quoted the 
figure 0.01 per cent elongation per year as being a satisfactory 
creep rate for high-temperature turbine parts. This is equivalent 
to 0.00000001 in. per in. per hr plastic flow. In the case of metals 
used for cracking units in the petroleum-refining industries, the 
amount of visually observed bulging of the tubes, indicating 
several per cent elongation, has been utilized to designate the 
end of the safe life period of serviceability. 

Thus the desired sensitivity of creep tests or the order of mag- 
nitude of the creep data, particularly with respect to irons, de- 
pends wholly on service applications. Up to temperatures of 700 
or 800 F, serviceability frequently depends on the essential main- 
tenance of dimensional stability, where data on load-strain rela- 
tionships involving very low strain rates, are essential. At 
temperatures of 1000 to 1200 F and above, much greater strain 
* rates can usually be tolerated, and often the information most 


needed includes the stress-temperature characteristics for some 
given life period withinewhich freedom from failure by fracture is 
assured. 

An initial general view of the effect of temperature on the 
ultimate and on the elastic modulus of a 50,000-psi iron is sum- 
marized in Table 5. Up to temperatures as high as 700 F, the 
tensile strength shows some increase, after which it shows a pro- 
gressive drop as the temperature increases. There is a slight de- 
crease in the modulus up to about 600 F, beyond which tem- 
perature the elastic modulus begins to drop rapidly. 

It is well recognized, however, that the creep characteristics 
of metals are a more reliable index of their high-temperature 


‘strength, and such data furnish the engineer with information 


required for design purposes. 


TABLE 5 EFFECT OF TEMPERATURES UP TO 1095 F ON THE 
ULTIMATE AND ELASTIC MODULUS OF A 50,000-PSI IRON 


Ultimate Modulus of 
-——Temperature—— strength, elasticity, 
deg C deg F psi psi 
15 60 54000 19,200,000 
230 445 57000 18,300,000 
250 480 57000 tars 
570 59000 17 800,000 
350 660 57200 eee 
400 750 46200 14,400,000 
490 915 27900 10,600,000 
590 1095 21100 
0.06 
10,000 
Lbs. 
P.S.1. 
S 004 
: 
5, Lbs. 
a P.S.1. 
g 0.02 
5S 
0 J 
0 500 1000 1500 2000 
Time Hours 
Fic. 8 Creep Tests at 750 F.on 50,000-Pst Iron, GA Type 
0.04 
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Fic. 9 Creer Tests at 750 F on 55,000-Pst Iron, GM Tyre 
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Creep Properties up to 850 F. The results of creep tests on 
GA, GM, and SC-2° iron at 750 F, have been reproduced in Figs. 
8,9, and 10, respectively. These castings were tested on a gage 
diameter of 0.358 in. over a gage length of 2 in., using stresses of 
5000 and 10,000 psi. 


TABLE 6 CREEP-RATE DATA ON ENGINEERING IRONS 
Strain or 
total elonga- 
-——Creep rate at 2000 hr—-—.__ tion at 
Stress, Per cent/- 2000 hr, 
Type psi in./in./hr 10000 hr per cent 
50000 psi 5000 3.0 < 100-8 0.03 0.015 
55000 psi 10000 7.5 X 10-8 0.075 0.045 
55000 psi 5000 1.5 X 1078 0.015 0.01 
10000 2.5 X 10-8 0.023 0.015 
Heat-resisting 5000 1.7 x 10-8 0.017 0.01 
10000 5.0 x 10-8 0.050 0.022 


The data obtained from these curves have been included in 
Table 6, where it will be noted that the creep rates have been re- 
ported in the two forms most commonly used, namely, creep rate 
in inches per inch per hour and in per cent per 10,000 hr. 

The results have established that any of these engineering 
materials can be utilized in applications where only extremely 
small creep rates can be tolerated. The creep rates are of the 
same general order of magnitude as those established for wrought 
carbon steels under similar temperature-strain conditions. They 
are also of the order of magnitude of interest to turbine engineers 
who demand a creep rate for certain operating parts not exceeding 
0.01 per cent elongation per year or 1 X 10-8 in. per in. per hr. 

These data should serve to emphasize the urgent need for 
review of such tentative specifications as ASTM A 278-44T, 
limiting iron castings for pressure-containing parts to tempera- 
tures up to a maximum of 650 F. 

Some tests at 850 F on HB heat-resisting iron are also in- 
structive and demonstrate the load-carrying capacity of these 
irons where creep rates of 0.05 to 0.1 per cent per 1000 hr are 
satisfactory for service applications. The curves for loads rang- 
ing from 7500 to 12,500 psi are given in Fig. 11. 

Some very useful data on heat-resisting SC-type irons are 
included in Fig. 12. The tests were run at 730 F, under a 10,000- 
psi tensile load. The creep rates range from 0.023 up to 0.043 
per cent per 1000 hr or a maximum of 4.3 X 10-7 in. per in. per hr. 
The duplicate tests show satisfactory agreement. 

No microstructural changes could be observed in any of the 
tests reported within the stated temperature range. 

Creep Properties Above 850 F. When tests are conducted on any 
metallic materials at temperatures where the microstructural 
constituents and their distribution are unstable, the measured 
elongation consists of the algebraic sum of two components. 
Elongation or contraction arising from structural change, and 
elongation (true creep) depend on plastic flow of the metal under 
stress. This idea is demonstrated by the curves in Fig. 13 drawn 
from tests conducted on a two-step process iron. Trace A repre- 
sents the observed and recorded elongation-time relation for a 
test conducted at 1200 F under 2000-psi tensile load. Trace B 
represents a similar relationship with the stress reduced to a 
nominal 100 psi. The first curves show the elongation summation 
resulting from structural changes and from creep whereas the 
latter exhibits the elongation-time reaction from structural 
changes alone. By difference the true creep curve C was obtained. 

Industrially we are usually interested in total dimensional 
changes as shown in curve A. However, it is common practice 
to “stabilize” fabricated steels by heating to a temperature 
slightly above service temperature prior to placing the part in 
actual service. 


5 Meehanite designation for heat-resisting irons—higher-silicon 
iron. 
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In applications where amounts of deformation below 5 per 
cent introduce no difficulties, it is of interest to note the effect of 
increasing the stress on cast test bars of an iron similar to that 
considered in Fig. 13. . 

The behavior of the castings is shown in Fig. 14 which in- 
cludes the creep-rate per cent measured at the end of test under 
the three stresses 2000, 3000, and 4000 psi, respectively. 

In order to ascertain the strength properties of SC-type 
irons at 1400 F, a few creep tests were run using loads of 1000 and 
1500 psi. It was anticipated that the castings would fracture in a 
relatively short time at the higher stress, but it was informative 
to have an index of ductility at this red-heat temperature. 

The form of the creep curves is shown in Fig. 15 where it may 
be noted that elongation at fracture resulting from a stress of 
1500 psi ranges from 1'/, to 3'/, per cent. Under a stress 
of 1000 psi at 1400 F, where the test bars resisted failure, SC-1 
showed a total elongation of approximately 0.7 per cent, and 
SC-5 a total elongation of a little more than 1 per cent. 

Practical application of these data on a basis that a maximum 


elongation of 1 or 2 per cent per 1000 hr would serve asta satis- ° 
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Fic. 15 Creep Curves ror SC-Type Heat-Resistine Irons 
factory criterion, indicates that these irons might be stressed 
safely at loads up to 1000 psi at a temperature of 1400 F. 


Iron CASTINGS IN ENGINEERING PRODUCTION 


The applications of iron castings in engineering production 


' cover an extremely wide field which was extended tremendously 


during the war years for at least two particular reasons, as follows: 

1 On account of the burden imposed on already heavily 
loaded steel foundries and forging shops, it became necessary for 
the design engineer to look for and turn to other facilities and other 
engineering materials. 

2 The engineer soon learned that cast irons were fortunately 
available which would replace even with advantage many of the 
engineering parts which he had become accustomed to specifying 
in fabricated steel or other material. | 

Thus replacement was made in a wide variety of applications 
where such properties were demanded as pressure-resistant parts 
for steam, gas, oil, and water; sliding surfaces subject to friction 
where minimum galling tendency was necessary; effective damp- 
ing and high fatigue strength in systems subject to vibration, 
such as crankshaft applications and cutter bodies; heat-treated 
parts where high hardness or wear resistance was essential; and 
many applications where varied property characteristics must be 
maintained at elevated temperatures. 

Engineering applications of the various types of general engi- 
neering, heat-resisting, wear-resisting, and corrosion-resisting irons 
were already extensive before the outbreak of war, and few fields 
of engineering remained in which the engineer, although rightly 
conservative, had not already benefited by adopting these cast- 
ings. 

Despite the economies of the substitution of cast parts for 
fabricated parts nothing is gained unless the new material pro- 
vides the essential properties at least comparable to those ob- 
tained in the material to be replaced. In many instances, how- 
ever, a much greater service life was obtained, and examples of the 
important role of these materials in engineering production will 
be illustrated and described in this last section of the paper. 

These examples must necessarily be fragmentary because of 
space limitation, but they should be of real service to the engineer 
in directing his attention to further developments where economy 
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of initial cost and increased service life may be readily attained. 

In the field of ordnance castings, Fig. 16 shows a howitzer 
wheel originally specified as steel but finally adopted in 50,000- 
psi iron after abnormal load tests. Many other examples could 
be cited but we are now more interested in directing attention to 
more normal engineering practice. 


Fic. 16 WHEEL, ORIGINALLY Mave asa STEEL CasTING. 
Bur Arter Beinc Testep Out ABNORMAL 
Loaps, 50,000-Ps1 Irnon Was ApopTepD Aas STANDARD 
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Fie. 19 Marin Sprocket ror Twin-Enerxe 


ASSEMBLY 


FP In machine and machine-tool applications, the wide adoption 
of iron castings has been the inevitable result of increased experi- 
ence and better recognition of their engineering properties and 
reliability, as deraonstrated in the field of serviceability. 

In the collet and holding fixture, illustrated in Fig. 17, the 
elastic properties of these irons are utilized. In order to achieve 
the necessary spring temper, the collet was heat-treated after 
machining. It replaced a part previously machined from a solid 
bar of SAE 1045 steel. The casting weighs only 4 lb. with a 


machining allowance. 

The use of this iron in tool shanks and milling-cutter bodies, 
Fig. 18, provides examples of superior performance because of in- 
creased vibration absorption combined with strength, rigidity, 
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and better heat conductivity. Cast closely to shape, the shanks 
and cutter bodies reduce machining operations and_ provide 
greater flexibility as to design. 

An example of the main sprocket used in a propulsion assembly, 
which was specified in a two-step process iron, is illustrated in 
Fig. 19. The importance of these sprockets from the standpoint 
of performance, resistance to wear, strength, and toughness, is 
obvious in units of this type. All sprockets have cut teeth and 
the machining of a part of this type provides tangible evidence of 
casting uniformity, solidity, freedom from defects, and good ma- 
chinability. 


Fie. 21 


Cast-Enorne Livers ror Dieser-Evectric Locomorive 


ae 
a Fic. 20) Four-Vatve Dieset-Encine Heap or Lron Castinas 


AUSTIN—ROLE OF MEEHANITE METAL CASTINGS IN ENGINEERING PRODUCTION 


An interesting example, where density and solidity are para- 
mount, is illustrated in Fig. 20, which shows a large 4-valve 
Diesel-engine head made of iron castings. This casting contains 
sections ranging from '/, in. in the frame head passages and cyl- 
inder walls to 2-in. on the firing face of the cylinder head. All 
passageways have to be watertight with close tolerances main- 
tained. 

Many examples may be cited in the field of engine design and 
pressure vessels but a few illustrations must suffice. 

Fig. 21 depicts cast liners used in 1000-hp Diesel-electric loco- 
motives where long wear and smooth operation are essential. 

In the compressor shown in Fig. 22 castings were used for (1) 
casings; (2) rotors (silver-soldered to rotor shaft); (3) thrust- 
bearing housings. The rotors revolve at a top speed of 18,000 
fpm, and extremely close tolerances, structural stability, and di- 
mensional accuracy must be maintained. In operation, air enters 
the bottom of the casing at the right and bites of air are trapped 
by the pairs of helical lobes. Male and female lobes intermesh 
and compress the air until the discharge part is uncovered and air 
is squeezed out as a steady flow under compression. 

In the custom-built press for large tube-upsetting reproduced 
in Fig. 23 the following iron castings were used: 


Part Finished weight, lb 


11500 
55 (each) 
35 (each) 

7400 
115 (each) 
270 (each) 
725 (each) 


The new slide-valve design shown in Fig. 24 provides improved 
performance and reduction in production costs. The dense uni- 
form structure of the iron containing finely dispersed graphite 
particles provides a self-lubricating bearing surface fora carburized 
and hardened-steel slide. Three rubber O-rings are used to fit 
the spacer in the aluminum housing, permitting the use of alu- 
minum, steel, and iron in close conjunction, despite different co- 
efficients of expansion. The unit has made it possible to hold 
the pressure drop to about one point at 3 gpm flow. The hydrau- 
lic valve was designed for use in fighter aircraft in connection with 
control of the autopilot. 

An example of particular interest to the design engineer is the 
welded-steel and cast-iron Diesel block and base assembly repro- 
duced in Fig. 25, where comparisons were possible for the econo- 
mies involved. The finished weight of the cast unit was 10,620 
Ib, as compared with 11,442 lb for the welded unit. On the 
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basis of finished costs of the two-step process casting being 100, It must not be inferred from these figures that the design en- 
the finished welded assembly was 388. gineer should automatically turn from weldments to castings. 
Some factual data on this problem taken from an analysis on Very careful cost analysis of the problem together with con- 
production engineering of these units follow: sultation with the foundry engineer should always be made. 
(a) Block and assembly base of 1000-hp Diesel engine: The figures submitted, however, indicate what can be ef- 
Cast Welded fected by application of correct. design principles to a specific 
Finished weight, Ib................ 10620 11442 job. 
Production rate per month......... 4 20 Two examples of cast pressure vessels are shown in Figs. 26, 
Finished eost................... $0875 27, and 28. It took 10,000-Ilb pressure to burst the compressor 
(>) Auxiliary drive housing for engine: unit in Fig. 26, whose normal working pressure is 1500 psi. 
Finished weight, Ib................ 738 361 Thus this body normally provides a factor of safety of over 600 
Production rate per month...... . 4 20 per cent 
’ ‘ The hydraulic pump head, Fig. 27, is drilled with 16 holes be- 
(c) Diesel-exhaust manifold: 2 A 
Finished weieht. It 2 os9 fore it is submitted to a routine test of 12,000 psi. Fig. 28 illus- 
hee nar oe per month....:.... 4 10 trates the pump head under test to a maximum pressure of 30,000 
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For many years these types of irons have served as a successful 
die material for four basic reasons: 

1 Cast dies may be produced closely to dimensions, reducing 
required machining and expensive built-up constructions. 

2 The graphite content of these iron dies provides self-lubri- 
cation in service, thus inereasing die life. 

3 Easy machinability with high strength properties. 

4 Adaptability to heat-treatment and flame-hardening. 


Fic. 26 Compression Unit Burst at 10,000 Lp Pressure Fic. 27 Hypraviic-Pump Heap 
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Fic. 29° Borroms Hot-ForMep on Iron Dies 


A typical application includes ladle bottoms fabricated from 
l-in. steel plate, Fig. 29, which were hot-formed on iron dies. 

Examples of many other applications, including high-tempera- 
ture and corrosion- and wear-resistant service conditions, could 
be cited. Thus Fig. 30 illustrates a 9-ft X 12-ft Marcy mill cast 
in wear-resisting-type iron and carrying a ball load of 50 tons. 
The weight of this mill on each trunnion is 70 tons. 


CONCLUSION 


It is hoped that the examples cited suffice to reveal clearly the 
varied characteristics of the modern new irons which are available 
to the production engineer in his search for more serviceable ma- 


Pume Heap Unver Test at 30,000 Psi terials with increased economy of the finished product. 
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Nozzle Flow Characteristics in Pneumatic 


Force-Balance Circuits 


By D. B. KIRK,! PHILADELPHIA, PA. 


A simple nozzle-diaphragm device for transmitting an 
air pressure substantially corresponding to an applied 
process pressure is examined with respect to the factors 
affecting nozzle clearance. Elementary gas-flow formulas 
are used to analyze these factors, and auxiliary circuit 
components are introduced which reduce substantially 
the variation in nozzle clearance as a function of the trans- 
mitted air pressure. 


process variables to air pressures for remote indication, 

recording or controlling, particularly in dealing with cor- 
rosive or viscous fluids, or with extremes of temperature which 
make impracticable direct transmission of the process medium 
to the receiver. Transmitters may be of the displacement type, 
wherein changes in the process variable result in mechanical 
motion which, in turn, actuates the pneumatic circuit. Or trans- 
mitters may be of the force-balance type, wherein changes in 
the process variable result in force changes that are balanced di- 
rectly by air pressure. This discussion deals with the latter type. 


Pin oe transmitters are often used for converting 


Forcre-BALANCE TRANSMITTERS 


Force-balance transmitters have been applied to the measure- 
ment and control of a number of variables, including force or 
weight, pressure, liquid level, specific gravity, flow, temperature, 
and motion or position. The direct-nozzle system, shown sche- 
matically in Fig. 1, illustrates one of the basic forms of a pressure 


Fie. Simpite Force-BaLance Pneumatic TRANSMITTER USING 


Direct-Nozz_e Crrcvir 


transmitter. Here the process pressure is applied to the upper 
side_of a flexible diaphragm. Air is supplied to the opposite side 
ofgthe diaphragm through a fixed orifice. An escape nozzle 
is provided, so that excess air will be exhausted te the atmosphere. 
The diaphragm carries a seating member which restricts the 
flow of air through the nozzle in accordance with the position of 
the diaphragm. 

In operation, the process pressure tends to force the diaphragm 
and seat toward the nozzle to restrict the escape of air. But this 
causes the air pressure below the diaphragm to increase. Thus 
the diaphragm will take a position which permits air to escape 
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through the nozzle at the same rate at which it is supplied through 
the fixed orifice. Under these conditions the pressures on either 
side of the diaphragm will be substantially equal if negligible 
force is exerted by the diaphragm itself. The clearance between 
the nozzle and its seat, in this type of transmitter, must neces- 
sarily be a function of the transmitted pressure. 

The relationship between nozzle clearance and the transmitted 
pressure has a very definite effect on the general performance 
of pressure-transmitting circuits. This subject therefore has 
been given considerable study in an attempt to improve trans- 
mitter performance. To obtain measurements of the nozzle clear- 
ance with an accuracy in the order of 0.00001 in. would be prac- 
tically impossible by means of ordinary gaging equipment, even 
if the nozzle seat were accessible. But the problem is greatly 


simplified by taking advantage of the effects of changes in nozzle 


clearance on the transmission characteristic. 

The spring rate of the transmitter was first determined by 
applying various known pressures to one side of the diaphragm 
and by measuring the corresponding deflection of the seat with a 
dial indicator. A graph was drawn of the seat displacement 
versus applied pressure, and the slope of the graph, through the 
normal operating range of the seat, was taken as the change in 
nozzle clearance resulting from unit change in differential pressure 
across the diaphragm. 

The nozzle was then replaced and connections were made to 
operate the system as a pressure transmitter. This is shown in 
Fig. 2. A manometer, connected across the diaphragm, provided 
an indication of the differential pressure, from which the displace- 
ment of the nozzle seat could be calculated. By this means, with 
a diaphragm spring rate of 100 psi per in., changes in nozzle clear- 
ance in the order of 0.00001 in. were indicated on the manometer 
as approximately 0.03-in. changes in water column. The ab- 
solute value of the nozzle clearance was not given by this method, 
but was instead determined directly from the dial-indicator 
readings. 


Fig. Crrcvir ror MEASURING Nozz_LeE CLEARANCE As FUNCTION 
or TRANSMITTED PRESSURE 


Fig. 3 shows the relationship between nozzle clearance and 
transmitted pressure as determined by laboratory measurements 
on a transmitter of the direct-nozzle type shown in Fig. 1. It 
will be noted that the nozzle clearance varies as a nonlinear func- 
tion of the transmitted pressure. This deviation from linearity 
becomes significant in view of the fact that all practical trans- 
mitters use resilient members which exert a restraining force pro- 
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portional to their displacement. The effect of this force is to pre- 
vent the transmission of pressure in an exactly 1:1 ratio. If the 
nozzle clearance bore a linear relation to the transmitted pres- 
sure, its effect would not be objectionable except in certain types 
of 1:1 transmitters. But the fact that the relationship is non- 
linear means that the transmitted pressure will also be nonlinear 
with respect to the process pressure. Some idea of the non- 
linearity may be obtained by comparing the straight line drawn 
through the usual limits of the transmitted-pressure range, that 
is, 3 and 18 psig. The deviation from linearity of the nozzle- 
clearance characteristic in this case is 0.00052 in. With a dia- 
phragm spring rate of 100 psi per in., the deviation from linear- 
ity of the transmitted pressure is 0.052 psi, or 0.35 per cent of 
the total transmitted range of 15 psi. 
» The causes of nozzle-seat motion lie in the fundamental rela- 
tions governing the flow of gas through an orifice. In the case of 
a fixed orifice, the flow of air is proportional to the square root of 
the pressure drop and to the square root of the absolute down- 
stream pressure. This may be expressed by the relation 

In this expression K, is a constant combining temperature and 
density of the air, the orifice coefficient and area, and other con- 
stant factors depending on the units chosen for measuring the 
several variables. <A similar relation holds for the nozzle and 
seat shown in enlarged cross section in Fig. 4. Here also, the 
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flow is proportional to the square roots of the differential and 
downstream pressures. In addition, it is proportional to the 
nozzle clearance z, if this clearance is small compared with 


the nozzle diameter. The relation therefore for the nozzle and 


seat’ combination is 


Flow = 2K; — P:)P2............. [2] 


K, is a constant, combining all fixed factors. 

When the transmitter in Fig. 1 is operating under conditions 
of equilibrium, flow of air through the orifice is equal to that ex- 
hausted through the nozzle. It is therefore possible to combine 
Equations [1] and [2], substituting the values for supply pressure 
P,, transmitted pressure P,, and atmospheric pressure Po as 


follows 
Ki V(P, — = 2K: V(P, — Po)Po 


It is assumed that the air remains at constant temperature as 
it flows through the supply orifice and the nozzle. This condi- 
tion is closely approximated under practical conditions because 
of the good thermal contact made between the transmitter and 
relay bodies and the relatively small flow of air involved (approx- 
imately 0.1 sefm). Solving this for the nozzle clearance (zx) 


Ki 
This expression holds in the range where no orifice is subject to 
critical-flow conditions, that is, where 


1.89 Py > P, > 0.53 P, 


Flow = 


[3] 


For values of transmitted pressures above this range, Equation 
{3] must be modified by substituting 53 per cent of the upstream 
pressure for the pressure drop and also for the downstream pres- 
sure. Therefore we have 


Ky 


l 
V(P,— PP, [3a] 
and for P, less than 0.538 P,, we have 
z= — 0.53 P [3b] 


The validity of Equation [3] is indicated in Fig. 3 by its agree- 
ment with the experimental curve. The values of K, and A: 
were arbitrarily chosen so that the calculations resulted in a 
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value of 0.003-in. nozzle clearance at a transmitted pressure of 
3 psig. This condition, which is typical in the operation of cer- 
tain types of commercial force-balance transmitters, is the basis 
for comparison between the various circuits described in this 
paper. 

Examination of Equation [3] shows that, with constant supply 
and atmospheric pressures, the nozzle clearance depends upon 
three factors which are functions of the transmitted pressure, as 
follows: 


1 The pressure drop across the supply orifice (P, — P,). 
2 The density of the air at the nozzle (P,). 
3 The pressure drop across the nozzle (P, — Po). 


Eliminating the variation in any one, or all, of these factors would 
definitely reduce the change in nozzle clearance as a function of 
the transmitted pressure. 

One of the variables affecting nozzle clearance has been re- 
duced by a major extent in the pneumatic circuit shown in Fig. 5 
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In this circuit, air is supplied through a fixed orifice to the upper 
side of the flexible diaphragm in a pneumatic relay. From there 
it escapes through the transmitter nozzle to the underside of the 
diaphragm in the transmitter. It returns to the pneumatic relay 
through a separate connection, and may be either transmitted 
to a receiver (not shown) or it may escape through the exhaust 
port and the porous center section of the diaphragm to the at- 
mosphere. Air is also supplied, as required, through a valve 
directly to the underside of the diaphragm in the transmitter. 
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An increase in the process pressure tends to force the diaphragm 
and seat toward the nozzle, causing the pressure in the upper 
chamber of the pneumatic relay to rise. The diaphragm in the 
pneumatic relay will then be moved downward to close the ex- 
haust port and open the supply port. Whereupon, air admitted 
through the supply port is furnished to the underside of the 
transmitter diaphragm until it reaches a value substantially equal 
to that of the process pressure. At the condition of equilibrium, 
the nozzle seat is lifted lightly from the face of the nozzle to permit 
the air to flow through the nozzle at the same rate at which it is 
supplied through the fixed orifice. The diaphragm in the pneu- 
matic relay is likewise in a state of balance since the pressure 
above this diaphragm must exceed that below it by an amount 
sufficient to overcome the force of the differential spring. This 
differential pressure is also effective across the nozzle in the trans- 
mitter and therefore prevents any significant change in the pres- 
sure drop across this nozzle as a function of the transmitted 
pressure. The pneumatic relay serves the additional purpose of 
increasing the transmission capacity of the system and there- 
fore is commonly referred to as a booster pilot. 

It may be noted that the direction of flow through the nozzle 
has been reversed in this circuit compared to that shown in Fig. 
1. This reversal of flow has little significance other than to alter 
slightly the discharge coefficient of the nozzle. The effect was 
compensated for in these tests by making a corresponding change 
in size of the air-supply orifice. 


IMPROVED TRANSMISSION OF CONSTANT-DIFFERENTIAL CIRCUIT 


The improved transmission characteristic of the constant- 
differential circuit is compared to that of the original direct-nozzle 
circuit in Fig. 6. It will be noted that for the normal trans- 
mitted pressure range of 3 to 18 psig, the change in nozzle clear- 
ance has been reduced from 0.00209 in. to 0.00171 in. Even 
more important is the improvement in linearity; the deviation 
from a straight line has been reduced from 0.00052 in. to 0.00009 
in. 

The ideal nozzle-clearance characteristic of the constant- 
differential circuit is calculated from the expression 


Ki P,P, 
K; ( P,—P)P, P,) P, 


where P, is the upstream pressure at the nozzle. When the 
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values of supply pressure P,, and nozzle differential (P,, — P,), 
used in the experimental work are substituted in the equation, 
the dotted curve A results. The differences between the ex- 
perimental data and the calculated curve, in the region below the 
normal transmission range, may be attributed largely to the fail- 
ure of the booster pilot to maintain a constant differential pres- 
sure across the nozzle at very low values of the transmitted pres- 
sure. Within the normal transmission range it will be noted, 
that the experimental curve more nearly approaches a straight 
line than does the calculated curve. The difference between the 
two curves arises from the fact that the air-supply orifice in 
Fig. 5 is a tubular restriction (0.012 in. diam X !/2 in. long), 
instead of a thin plate. The flow in this restriction does not fol- 
low the simple square-root law assumed for Equation [4]. If 
the supply restriction is intermediate between a capillary tube 
and a thin-plate orifice, the nozzle-clearance characteristic 
can be made to approximate a straight line even more closely. 

In maintaining a practically constant pressure drop across 
the transmitter nozzle by the addition of the booster pilot de- 
scribed, we have greatly reduced the variation in one of the three 
factors responsible for changes in the nozzle clearance. This 
has considerably improved the linearity of the transmission 
characteristic. The system is not null balance in a true sense, 
however, because a distinctly different nozzle clearance is re- 
quired for each value of transmitted pressure. Whenever it is 
desired to transmit pressures in an exactly 1:1 ratio, this system 
will be satisfactory only when the over-all spring rate of the 
transmitter is kept very low. For example, with a spring rate of 
100 psi per in., a change in nozzle clearance of 0.00171 in. causes 
the transmitted pressure range to be 0.171 psi less than the 
measured range. This is an error of over 1 per cent based upon 
a 15-psi range. In still other applications of the force-balance 
transmitter, the force is supplied by a source incapable of appre- 
ciable deflection without greatly decreasing the accuracy of 
measurement. In one instance, the permissible deflection of 
the force-applying member was held to 0.0001 in., obviously an 
impossibility with the system just described, unless elaborate 
and cumbersome lever mechanisms were used. 

The problem that remains then is to eliminate the remaining 
two variables affecting nozzle clearance, so that a truly null- 
balance system will result. One of these variables, the effect of 
changes in the differential across the air-supply orifice, has been 
removed in curve B, Fig. 6. Values for this curve were calculated 
on the basis that the air-supply pressure was high enough, so 
that a critical flow condition always existed across the fixed supply 
orifice. The performance could be easily attained in practice, 
with the circuit in Fig. 5, by using a supply pressure of approxi- 
mately 80 psia. 

There are two important objections to using such a high supply 
pressure, namely (1) possible damage to the receiving equip- 
ment from excessive pressure in the event of transmitter failure; 
and (2) the small size required for the fixed orifice. The method 
for obtaining curve B, therefore, cannot be considered as a prac- 
tical improvement, and furthermore, it cannot compensate 
at all for the change in density of gas at the nozzle. 

Of the three variables contributing to changes in nozzle clear- 
ance, one has been substantially reduced, in a practice] manner, 
by the use of a constant differential across the transmitter nozzle. 
The two remaining variables are changes in flow caused by varia- 
tion in the differential across the supply orifice, and the changes 
in the density of the air at the nozzle, resulting from changes in 
the transmitted pressure. Both of these variables could be re- 
moved if the flow of balancing air were controlled so as to increase 
in proportion to the square root of the absolute transmitted pres- 
sure. This condition has been very nearly accomplished in the 
circuit shown in Fig. 7. The circuit illustrated is similar to Fig. 5 


FEBRUARY, 1948 


PRESSURE 
DIAPHRAGM WITH 
POROUS CENTER LAYER FLEXIBLE DIAPHRAGM 


AUTOMATIC 


RESTRICTION 
6 SEAT 
a 
—~(Po) 


ININININININI NL INI NIN 
/ 


PRESSURE \ OF FERENTIAL 
(Py) SPRING 


Fic. 7 TRANSMITTER UsiING COMPENSATED FLow With CONSTANT 
DIFFERENTIAL 


in that a booster pilot is used to maintain a constant pressure 
drop across the transmitter nozzle. The only difference is that 
the supply of air to the balancing circuit is regulated by an auto- 
matic flow controller instead of an orifice. 


Automatic FLow ConTROLLER REGULATES AIR SUPPLY TO 
BALANCING CrRcuIT 


In this flow controller the differential across a fixed self-con- 
tained orifice is applied across.a flexible bellows. The bellows 
controls the position of 8 valve to maintain the differential at a 
constant value. Since the fixed orifice in the flow controller is 
subject to substantially the same absolute pressure as the nozzle 
in the transmitter; the flow will be very nearly compensated for 
the variations in density of the gas at the nozzle. Since this cir- 
cuit also maintains a constant differential across the nozzle, it has 
eliminated almost completely the causes for variation of nozzle 
clearance as a function of transmitted pressure. 

An experimental curve run with this circuit is shown in Fig. 8, 
along with the constant-differential characteristic by way of com- 
parison. The calculated ideal curve is also shown. The deviation 
of the experimental curve from the ideal curve can be attributed 
almost entirely to two factors; (1) the inability of the flow con- 
troller to function as the supply pressure is approached; and. (2) 
to the inability of the booster pilot to maintain a constant dif- 
ferential at low values of the transmitted pressure. It will be 
noted that even the ideal curve is not an absolutely vertical 
line. The difference occurs because the absolute pressure at the 
flow-controller orifice differs from that at the transmitter nozzle 
by a finite value, which is required to maintain flow in the cir- 
cuit. 

A comparison of the nozzle clearance curve of the final circuit 
with that of the constant-differential circuit shows a number of 
important improvements. The deviation from linearity has been 
reduced from 0.00009 in. to 0.00001 in. This reduction will re- 
sult in a corresponding improvement m the linearity of the trans- 
mission system. It is also noted that with the improved circuit, 
the total variation in nozzle clearance over the normal trans- 
mission range of 3 to 18 psig has been reduced from 0.00171 in. 
to 0.00011 in. With a transmitter spring rate of 100 psi per 
in., the error in range of a 1: 1 transmitter will thereby be reduced 
from 0.171 psi (1.1 per cent) to 0.011 psi (0.07 per cent). 


VARIATIONS IN MaANuFACTURE or TRANSMITTERS 


It can be appreciated that in the manufacture of pneumatic 
transmitters there will be some variation in these values. The 
range of a specific pressure-transmitter will therefore vary 
slightly when it is used with different auxiliary circuit eompo- 
nents, even from the same production lot. Since the total reduc- 
tion in range is much less with the improved circuit, using com- 
pensated flow with constant differential, it follows that the varia- 
tion in range will also be less. For example, assume that a 
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transmitter having a spring rate of 100 psi per in. were set up 
in the circuit in Fig. 7, with auxiliary components which exactly 
reproduced the curve in Fig. 8. Also assume another trans- 
mitter with another set of components which, because of variation 
in manufacture, produced a variation in nozzle clearance of twice 
that amount. A reduction in transmitted range in the first case 
would be 0.011 psi; in the second case it would be 0.022 psi. 
The difference in range between the two systems is only 0.07 per 
cent, a value small enough so that the systems could be considered 
completely interchangeable for industrial use. For the constant- 
differential circuit, the corresponding variation caused ‘by inter- 
changing circuit auxiliaries would be 1.1 per cent. In many 
cases this would require recalibration to provide sufficient ac- 
curacy. 

With the improved circuit, the nozzle clearance is consider- 
ably greater than that of either the original direct-nozzle circuit 
or the intermediate constant-differential circuit within the trans- 
mission range, particularly at the higher transmitted pressures. 
The desirability of this condition arises from the fact that with 
greater nozzle clearance the transmitting circuit is inherently 
more stable; also, the greater nozzle clearance permits more 
variation in the parallelism of the mating surfaces involved. 
From the standpoint of instrument manufacture these are both 
very important gains. 


COMPARISON OF PNEUMATIC CrRcUITS 


Comparing the pneumatic circuits in Fig. 1 and Fig. 7, we 


find that both use orifices for controlling the flow of balancing air 
Because of the low differential pressure used in the improved cir- 
cuit, however, its orifice may have several times the area of that 
in the original circuit (0.024 in. diam compared to 0.012 in. 
diam). The greater area makes the improved circuit less sub- 
ject to the effects of normal impurities in the air supply. 

In both the circuits of Fig. 1 and Fig. 5 the flow of air through 
the nozzle becomes greater with an increase of supply pressure. 
The nozzle clearance and hence the transmitted pressure, will 
be affected. In the improved circuit, the flow is substantially 
independent of the supply pressure because it is governed by an 
automatic flow controller. The importance of this character- 
istic to instrument users is demonstrated by the results of a prac- 
tical test of the supply-pressure effect on the various circuits 
operating at mid-scale. A supply-pressure increase of 5 psi pro- 
duced a corresponding increase in the transmitted pressure of 
0.12 psi for the system in Fig. 1, and 0.21 psi for the system in 
Fig. 5. On the other hand, a change of 25 psi resulted in only 
0.01-psi change in the transmitted pressure of the improved 
system using compensated flow. 

The various auxiliary-circuit components in Fig. 7 have been 
combined in a single relay which is shown in cross section in Fig. 
9. The lower section of this relay comprises a booster pilot 
whose action is identical with that previously described. The 
upper section isa modification of the automatic flow controller 
illustrated in Fig 7. Pilot air passes from the supply conneetion 
to the nozzle in the flow-controller unit, then continues through 
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the metering orifice and is conducted by external piping to the 
transmitter nozzle. Note that the pressure drop through the 
metering orifice is effective on the major portion of the upper dia- 
phragm, so that any tendency of the flow to depart from a fixed 
value results in corrective throttling action by the nozzle 
seat. 

In the design of this relay the factors causing changes in clear- 
ance of the transmitter nozzle have been reduced so far as con- 
sistency with practical methods of manufacture will allow. For 
example, reference to Fig. 7 shows that the supply pressure 
must exceed the maximum transmitted pressure at least by the 
sum of the differential pressures across the orifice of the flow con- 
troller and across the nozzle of the transmitter. Therefore the 


values of these differentials have been made as low as possible, 
(1 psi and 2 psi, respectively), so as to maintain the same trans- 
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mission-range and supply-pressure values as are used with the 
earlier circuits. . 

The differential pressure across the transmitter nozzle should be 
low for an additional reason. It has been pointed out that 
changes in nozzle clearance result, even in the calculated idea 
curve, because of the finite value of this differential. It would 
appear desirable, therefore, to reduce this differential to a very 
low value; but if this were done, either the flow of balancing air 
would necessarily be reduced, resulting in a slower-acting relay, 
or the diameter of the transmitter nozzle would have to be greatly © 
increased. Furthermore, manufacturing variations and the re- 
sults of aging would have a proportionately greater effect on the 
value of the differential. Therefore the differential must be based 
upon practical considerations at a slight sacrifice of theoretical 
perfection. 
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Some Properties and Mechanical 


Applications of Compar 


By J. J. HITOV,' BELLEVILLE, N. J. 


Some of the properties and applications of a relatively 
little-known synthetic material, ‘‘compar,’’ are pre- 
sented. A modified polyvinyl-alcohol resin, it is manu- 
factured as tubing in the extruded state and is molded in 
many forms, over a wide range of formulations. The 
data contained in the paper have not previously been dis- 
closed, so the author hopes that they may help in the solu- 
tion of particular problems for which better-known ma- 
terials may not have proved suitable. 


pany, for compounded modified polyvinyl-alcohol resins 

to distinguish them from the raw polymer polyvinyl 
uleohol. Since the monomer, vinyl alcohol, is not isolable under 
normal conditions, the polvmer is made, indirectly, from poly- 
vinyl acetate. Polyvinyl alcohol is a white powder and is manu- 
factured in several grades of varying degrees of polymerization 
and hydrolysis. 

The raw polymers do not exhibit thermoplastic properties. 
They do not soften under heat and pressure but instead, form 
hard horny masses. When plasticized and modified, however, 
they do exhibit some thermoplastic properties. Thus they 
soften under heat and pressure and can, with proper precautions, 
be remolded and re-extruded. 

Extrusion of compar is at present limited to tubing of various 
sizes. Both in the extruded and in the molded states, the com- 
pars are elastic, have a wide range of tensile strengths, excellent 
solvent and abrasion resistance, and a range of high- and low- 
temperature resistance. Some formulations differ from other 
synthetic resins in that they are soluble in cold water. Others, 
however, are available which do not dissolve in water even at 
180 F. They are either transparent, translucent, or opaque, de- 
pending upon the formulation and thickness. They also have an 
unlimited range of color possibilities. 


( oe is the generic name, coined by the author’s com- 


CHARACTERISTICS OF COMPAR 


Solvent Resistance. Most compars are almost completely un- 
affected by all nonwater-soluble organic solvents. Table 1 shows 
the per cent swell of a typical compar in various solvents. These 
figures show that aliphatic and aromatic hydrocarbons, chlori- 
nated hydrocarbons, esters, and petroleum oils have a negligible 
effect upon these modified polyvinyl-alcohol products. 

Table 2 shows the effect of carbon tetrachloride on the swell 
and durometer characteristics of alkyl polysulphides, butadiene- 
acrylonitrile copolymers? and compar. These figures illustrate 
clearly the superiority of the compars to the synthetic rubbers in 
this respect. The effect of solvents on the tensile strength of 
rubbers, natural and synthetic, is well known. The tensile 
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TABLE | SOLVENT RESISTANCE OF COMPAR;* TYPE O 
———_————Per cent change in volum 
Liquid 48 hr 1 week 1 month 3 months 
Di-isobutylene.......... —0.8 —0.6 —0.5 —0.9 
SAE No. 30 vil.......... —0.3 0.4 0.4 0.2 
Perchloroethylene....... —1.4 —1.3 —0.6 —0.5 
Butyl acetate........... —4.3 —6.0 —4.8 —3.8 


Room-temperature immersions. 


TABLE 2 COMPARATIVE RESISTANCE OF ALKYL POLYSUL- 


PHIDES, BUTADIENE-ACRYLONITRILE COPOLYMERS,? AND 
COMPAR TO CARBON TETRACHLORIDE? 
Butadiene-acrylo- 
nitrile Alkyl 
copolymers polysulphides Compar 
No.I No. II 
Volume increase, 
per cent....... 29 56 16.8 0.3 
Per cent change 
in durometer 
(Shore-type A)—21 —20 —18 0 


@ 48 hr at room temperature. 


TABLE 3_ TENSILE STRENGTH OF TYPE 00 COMPAR BEFORE 
AND AFTER IMMERSION IN ORGANIC LIQUIDS 


Psi 

After 3 months in: 


@ Room temperature. 


TABLE 4 PHYSICAL PROPERTIES OF MOLDED COMPARS 


Type 00 0 1 2 3 

Tensile strength, 

4000-5000 3000-4000 2500-3500 1400-1800 800-1200 
Ultimate elon- 

gation, per 

450-550 450-550 450-550 400-500 450-550 
Hardness (Shore 

durometer 

Type A)... 95 85-95 75-85 65-75 50-60 


strength of the compars is not changed by room-temperature 
immersions in these solvents. Table 3 shows the tensile strength 
of one compar after immersion in several solvents. These figures 
indicate that the tensile strength is not decreased by immersion 
in these solvents. They are representative of the effect on many 
of the compars and hold true for all of the water-insoluble organic 
liquids, 

Tensile Strength, Hardness, and Elongation Characteristics. 
The compars are available in a wide range of tensile strengths and 
hardnesses. Both are functions-of the amount and type of plas- 
ticizer and grade of polyvinyl alcohol used. The ultimate elon- 
gation characteristics do not vary widely and are in the range of 
about 500 per cent. Table 4 presents these properties for five 
standard molded compars. The stress-strain relationships of 
these compounds are shown in Fig. 1. The last point in each 
curve represents the breaking point. The relationship is also 
shown for one GR-S tread compound. 

When the compars are extended up to 100 per cent and released 
immediately, the permanent set incurred varies from zero for the 
softest compound .o about 6 per cent for the higher-durometer 
compounds. When thus extended and held for 10 min before 
release, the permanent set varies from 3 to 6 per cent. At 300 
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per cent elongation for 10 min, the softest compounds suffer a 50 
per cent permanent set, the hardest about 125 per cent. 

Abrasion Resistance. Complete comparisons of the abrasion- 
resistance characteristics of compars and synthetic rubbers are 
not available. Test data are available for two synthetic rubbers 
and compar, which show the latter to be superior in this respect. 
Table 5 presents these data. 

Water Sensitivity. The compars are not recommended for use 
with water or water solutions. The extremely water-sensitive 
types will dissolve in water at room temperature. The water- 
resistant types will not dissolve. For example, the compar shown 
in Table 3 with a tensile strength of 2880 psi has a residual 
tensile strength after immersion in water (room temperature) 
for 3 months, of 900 psi. After the same period of time in water 
at 140 F its tensile strength is 500 psi. It undergoes a volume 
increase of 55 per cent and 152 per cent under the same condi- 
tions, respectively. Extrusion compounds are available which 
swell only 15 and 25 per cent when immersed in water for 24 hr 
at room temperature and 140 F, respectively. 

Permeability. The compars are practically impermeable to 
nonwater-soluble organic vapors and gases. Permeability 
data are available for normal and isobutane, and normal and iso- 
butylene.‘ Table 6 shows the permeability of these gases through 
tubing of natural and synthetic rubbers, and compar. The per- 
meability of hydrogen of compar and a host of rubber and plastic 
films is shown in Table 7. This table shows that the permeabil- 
ity coefficient of the second best film is 296 times as great as that 
of polyvinyl alcohol. 


AciIne CHARACTERISTICS 


The properties of the compars reach certain fixed values after 
aging, which are different from the values for freshly processed 
products. The properties thus affected are shrinkage, tensile 
strength, hardness, and low-temperature flexibility. 

Shrinkage. The compars undergo a shrinkage of from 0 per 
cent for some compounds to 5 per cent for others, after processing. 
Under room conditions they will then remain fairly stable and 
no additional shrinkage will occur. This condition is illustrated 
in Table 8. 


3 “Effect of Milling on Properties of Hevea and Buna Rubbers,”’ 
by W. B. Wiegand and H. A. Braendle, Industrial and Engineering 
Chemistry, vol. 36, 1944, pp. 699-702. 

‘“*Permeation of Hydrocarbon Gases Through Rubber Tubing,” 
by M. J. Stross, J. R. Riley, and H. M. Eby, Journal of the Institute 
of Petroleum, Birmingham, England, vol. 30, June, 1944, pp. 153-166. 
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TABLE ABRASION RESISTANCE ASTM D-394-37T 
Poly- 


-~Polychloroprene— sulphide — Compar 
Filled Unfilled Unfilled Extruded Molded 


Volume loss per s 
in. of materia 
per 100 revolu- 
tions of abrading 


wheel, cuin..... 0.0153 0.0871 0.0539 0.0045 0.0053 
Abrasion loss as 

compared to 

lled, per cent 100 248 353 29.5 34.2 


TABLE6 PERMEABILITY OF HYDROCARBON GASES THROUGH 
FLEXIBLE TUBING! 


(Cubie centimeter per square centimeter of internal area per millimeter 
thickness of wall per minute for pressure difference of 1 atmosphere.) 


X 10? 

Tubing i-butylene n-butylene i-butane n-butane 
Natural rubber, amber 1.06 1.66 0.37 1.09 
Pure gum amber...... 1.02 2.05 0.21 1.50 
Red rubber, cloth fin- 

0.69 0.66 0.26 0.70 
— rubber, oil- 
0.024 0.061 0.004 0.017 
C oth “Gnish, black. 0.102 0.317 0.029 0.111 
0.00037 first 10 days 


0.00016 two weeks on 


TABLE 7 PERMEABILITY OF HYDROGEN OF RUBBER AND 
PLASTIC FILMS# 


Permeability 
coefficient 

Polymer PX 108 
Natural rubber (pale cre 30.08 
Polybutadiene........... ; 34.06 
Polychloroprene...... 7.15 
Butadiene-styrene ¢ opoly mer. 23.67 
Butadiene- acrylonitrile mer.... 8.91 
Polythene......... 3.91 
Polystyrene.......... 11.30 
Polyvinyl acetate. .... 7.47 
Polyvinyl chloride... . 1.48 
Polyvinyl alcohol...... 0.005 


@“Gas Permeability and the Microstructure of Polymers,’ by 8S. A. 
Reitlinger, Rubber Chemistry and Technology, vol. 19, April, 1946, pp. 385- 
391. 

Note: P expressed in cubic centimeters of hydrogen per square centi- 
meters per second for a thickness of 1 cm and a pressure difference of 1 atm. 


TABLE 8 EFFECT OF er 4 PNDES ROOM CONDITIONS, ON 


INKA 
—————Per cent decrease in dimensions— 
Time after Type Type Type 
molding 0 2 3 
1 week..... 3.7 3.0 0 
2 weeks 3.9 3.0 bine 
1 month. 4.5 3.6 0.3 
3 months. . 4.2 3.6 0 


TABLE 9 EFFECT OF AGING, UNDER ROOM CONDITIONS, ON 
TENSILE STRENGTH 


0 2 3 
Original tensile strength, psi......... 2100 590 600 
3500 1600 1000 


Tensile Strength. The tensile strength increases to a certain 
maximum with aging. Table 9 shows the original tensile strength 
of freshly molded compars and the values attained after 2 weeks 
and 3 months, respectively. After approximately 1 month, 
these values reach a maximum. The attainment of these maxi- 
mum values may be hastened by aging for short periods of time 
at elevated temperatures. 

Hardness. ‘The durometers of the freshly molded compars 
are lower than the values shown in Table 4. It is only after 
aging that they attain those equilibrium values. These data 
are presented in Table 10. Here, again, it is seen that maximum 
values are attained after about 1 month under room conditions, 

Low-Temperature Flexibility. The low-temperature flexibility 
of compars depends upon the formulation and the time and tem- 
perature to which exposed prior to cold-testing. A tubing com- 
position is available which is flexible at —-76 F and lower, prior to 
high-temperature aging. After aging for 1 week at 160 F it is 
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TABLE 10 EFFECT OF AGING AT ROOM CONDITIONS ON 
DUROMETER? OF COMPARS 


0 2 3 

69 61 47 
81 62 46 
82 62 46 
3 months....... 65 48 


Shore type A. 


TABLE 11 EFFECT OF AGING ON ERATURE FLEXI- 
BILITY OF COMPAR 
Temp. at exible, deg F——-—— — 
Compound Fresh Ly months 4 months old 
0 —58 —40 —40 
1 —58 —40 —40 
2 —58 —40 — 40 
3 —76 —58 —58 


still flexible at —40 F. If exposed to the atmosphere for several 
hours it will regain many of its original low-temperature char- 
acteristics. The compars are more flexible when freshly molded 
than they are after aging. Here again, given equilibrium values 
are attained as shown in Table 11. 


APPLICATIONS 


Hose. The properties described indicate the type of applica- 
tion for which compar is suited. It is most widely used where 
solvent- and oil-resistance properties are required. Thus flexible 
compar hose is used in automotive applications for gasoline and 
oil lines, and for Diesel uel lines in trucks and tractors. Hose 
assemblies and gaskets are also used in dry-cleaning equipment. 
One of the important advantages of the compar tube in this 
application is that it does not discolor the solvents. An interest- 
ing application is shown in Fig. 2. The compar lines are con- 
ducting cooling o:] for the x-ray machine shown. In this ap- 
plication it was found that the dielectric of the oil was changed 
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by contact with synthetic-rubber lines. This property is com- 
pletely unaffected by compar. Another exacting application is 
in the hot-doping process for finishing fabric-covered surfaces in 
airplanes. Fig. 3 shows such an application, in which the hose 
must withstand the action of solvent at 175 F, and the erosive 
action of the dope. 

The low permeability property of compar has found applica- 
tion in industrial refrigeration and in industrial and domestic air- 
conditioning units. Resistance and impermeability to the 
freons and methyl chloride are essential in these applications. 
Fig. 4 shows a portable air-conditioning unit using long flexible 
compar hose. This property also decided the use of compar for 
propane- and butane-gas lines. 

Compar hose is also used for chloropicrin and DDT spray hose, 
hydraulic oil, and high-pressure lubrication systems. 

Molded Products. Molded compar is used as wipers in wire, 
cable, and hose-lacquering applications. Fig. 5 shows such an 
application. Abrasion resistance is also important in this ap- 
plication. 

Some additional applications are as squeegees in the silk- 
sereening and other processes, as a base for lenses in grinding 
with xylol, gaskets for paint cans, fire extinguishers, green- 
house fumigation equipment, watch-cleaning apparatus and in 
perfume-industry equipment. 

Compar sheets have found applications as a base cover in 
sandblasting equipment. In one application this material re- 
placed 1'/:-in. boiler plate, which lasted only several hours. 
The compar sheets have been used for days without serious dam- 
age. Fig. 6 shows a sandblasting operation using compar as the 
base. However, compar is not recommended for indiscriminate 
use in such operations. The particle size of the grit and the angle 
at which it hits the sheet are important considerations. In some 
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Fie. 4 Portasre Unit Usinc Compar Lines 


combinations of these factors, the compars have proved unsatis- 
factory. e 

A second abrasion-resistant application is that of friction rollers 
in the paper and can industries. Fig. 7 illustrates this applica- 
tion. In the paper industry an important feature is the fact 
that the paper is not discolored by the compar rollers. 

The molded compar has also found use as a cushioning belt 
in file-straightening equipment. 

With the development of aromatic solvent inks, there is an 
increasing demand for compar in the printing field. The use of 
compar printing plates has been delayed because of the limita- 
tions of the molding facilities available to the industry. In the 
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molding operation, compar must be cooled, under pressure. 
Since the printing industry has been using rubber plates the 
molding presses are not equipped with cooling systems. It is 
likely that the new inks will make the use of compar mandatory. 


Fie. 5 Compan Wreers Lacgurertnc-TOWER APPLICATIONS 


Fic. 6 Compar Being Usep as Base 1n SAND- 
BLASTING OPERATION 
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Fie. 8 Vartve Using Compar 
(Open position.) 


Similar considerations have served to increase the interest in 
compar printing rolls. 

Recent tests indicate that compar far outlasts sucker and 
tester rubbers in can-industry applications. A specially com- 
pounded compar has found an important application as a valve 
diaphragm.’ Figs. 8 and 9 show these valves with diaphragm in- 
stalled in both open and closed positions. These compar dia- 
grams have proved their value in handling the chlorinated and 
aromatic hydrocarbons. 


5 The Hills-McCanna Saunders patent valve. 
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Fie.9 Varve Ustnc Compar 
(Closed position.) 


Some of the properties and applications of a relatively little- 
known synthetic material have been presented. It is hoped that 
this information, much of which has heretofore remained undis- 
closed, may solve some particular problems for which the better- 
known materials may not be suitable, thus perhaps advancing 
industrial technology another millimeter in the miles it must yet 
travel. 


6 Figs. 8 and 9 are shown through the courtesy of the Hills 
McCanna Co. 
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Three-ply cross-laminated oak panels with oak or yel- 
low-poplar core of 25/32 or 1'/4in. total thickness, and 7 X 
7 in., or 12 X 12 in. in area, were subjected to exposure 
tests of repetitive and/or alternating drying at slightly 
below 100 C, and/or soaking at laboratory temperature for 
48 hr, in order to determine the influence of internal 
stresses due to exposure on the dimensional stability and 
durability of such panels. The test results indicate that 
these panels can be cross-laminated satisfactorily to with- 
stand extreme exposure conditions such as may occur in 
service, if their cross sections are properly balanced and 
their plies are properly assembled. The Tennessee Valley 
Authority designed and built a continuous-press pilot 
plant for the production of these 12-in-wide panels of 
any desirable length. 


GENERAL 


( probonips three-ply cross-laminated oak boards with 
tongued and grooved edges, approximately *°/3. % 12 in. 
in net cross section, are manufactured by cross-laminating 

three layers of 3-in-wide oak slats of 0.27 = 0.003 in. thickness 

and of random lengths into endless boards. This is accomplished 
under a continuous manufacturing procedure with a special 
press set up in the Knoxville pilot plant of the Regional Products 

Research Division of the Tennessee Valley Authority.? 

Boards and panels of other total thicknesses can be manu- 
factured according to the same procedure, The thicknesses of 
surface and core layers of slats need not be the same. Thus the 
26/,-in. cross section may be made up by utilizing slats, e.g., 
3/1, in. thick for top and bottom layers and !/3. in. thick for the 
core. Depending upon the use intended for the prefabricated 
board, a variety of wood species may be used for its manufac- 
ture, with the individual layers of slats built of the same or dif- 
ferent hardwood or softwood species. The top-surface layer may 
be of selected material, the bottom layer of somewhat less desira- 
ble, and the core of low-grade material. The selection of slats 
for the top-surface layer may be restricted to include only close- 
grained, edge-grained (or quarter-grained) slats within a certain 
color range and structure, free of knots, deficiencies, and de- 
fects. The coré slats may consist of soft hardwood, such as 
yellow poplar or other relatively resilient wood. This may re- 
sultin a greater dampening capacity for such boards, than for those 
of solid oak or other dense hardwoods. Thus the laminated or 
cross-laminated prefabricated and mass-produced boards and 
panels may be designed in structure and composition and manu- 


1 Director, Wood Research Laboratory, Associate Research Pro- 
fessor, Department of Wood Construction, Virginia Polytechnic 
Institute. 

? “Manufacturing Laminated Lumber, Development of Processes 
and Machines for Production System,’’ by R. B. Taylor, Mechanical 
Engineering, vol. 68, 1946, pp. 539-542. 

This paper was prepared in collaboration with the Tennessee Valley 
Authority and presented at the Wood Industries Division Meeting, 
Madison, Wis., June 12-13, 1947, of THe AMERICAN SocIETY OF 
MecuanicaL For further details, see Virginia Poly- 


technic Institute Engineering Experiment Station Bulletin No. 47, 
“Limitations in Cross-Laminating of Oak Under Extreme Service 
Conditions,” 1947. 

Nore: Statements and opinions advanced in papers are to be 
understood as individual expressions of their authors and not those 
of the Society. 
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factured accordingly for the particular purpose they are to serve. 

If the 12-in-wide boards or planks are cross-laminated, they 
should show better dimensional stability and warp and cup 
less than a solid piece of wood of the same dimensions during 
change in moisture content, both during manufacture and while 
in use. Since a thermosetting phenol-resorcinol-formaldehyde- 
resin glue can be used for their manufacture, delamination of the 
boards or planks will not occur as a result of moisture absorption 
by the fully polymerized waterproof glue. 

When the moisture content of the wood is changed with great 
rapidity and in a wide range because of fluctuations in the relative 
humidity of the air, or because of direct contact of the boards 
and planks with moisture and /or exposure to heat, extreme condi- 
tions exist. Under those conditions delamination may take place 
as a result of excessive internal stresses set up by the variation in 
change in dimensions of the outer and inner layers of cross-lami- 
nated slats. While with change in moisture content wood does 
not change its longitudinal dimensions appreciably, the dimen- 
sional stability perpendicular to its fibers may be even less than 
one tenth of the one parallel to its fibers. In eross-laminated 
panels, this change in dimension perpendicular to the fibers is 
at least partly restricted by the glue lines firmly connecting 
adjacent cross-laminated fibers. This may result in relatively 
large internal stresses. Since glue lines can be made stronger 
than the wood they connect, these stresses may be resisted by 
the glue lines but are limited by the shear resistance along the 
grain of the wood used for the adjacent layers. 

Internal stresses resulting from exposure to extremes in rela- 
tive humidity of the surrounding air, or from direct moisture 
contact by the panels, may be minimized to a certain extent by 
proper selection of the thickness ratios for surface and cross- 
layers. Because of differences in dimensional stability of different 
wood species, proper selection of wood-species combinations for 
surface and core layers may result in reduced internal stresses, 
although in many cases, from the manufacturing viewpoint, such 
species combinations may not be considered economically feasible 
or otherwise practical. Internal stresses due to change in mois- 
ture content can be reduced by preventing rapid changes in 
moisture content, by retarding such changes by means of applica- 
tion of coatings or sealers to the wood surfaces, and/or by im- 
pregnating part or all of the wood. 

Data have been established on the influence of (1) various 
thickness combinations for the outer and inner layers of slats, 
(2) various wood-species combinations for the outer and inner 
layers of slats, (3) impregnation of surface slats, on dimensional 
stability and durability of cross-laminated boards and panels 
as indicated in Figs. 1 to 6. To determine these influences on an 
accelerated basis, the test panels were exposed to extreme con- 
ditions, i.e., to repetitive and/or alternating drying at slightly 
below 100 C, and/or soaking at laboratory temperature for 48 
hours. 

The tests were limited to a study of panels of 7 X 7 in. cross- 
laminated with urea-formaldehyde-resin glue and of 12 X 12 in. 
cross-laminated with phenol-resorcinol-resin glue, with total 
panel thicknesses of *5/3. and 1!/, in. The wood species investi- 
gated were red, white, and chestnut oak, with the addition of 
yellow poplar for core slats. Most of the wood was clear matched 
material. In interpreting the test results, these limitations 
should not be overlooked. . 
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The study was performed in the VPI Wood Research Labora- 
tory, under auspices of the VPI Research Foundation, Inc., and 
under sponsorship of the Regional Products Research Division of 
the Commerce Department of the Tennessee Valley Authority. 


INFLUENCE OF ExposuRE CONDITIONS 


The estimated average moisture content of the principal in- 
terior woodwork in dwellings may vary from 4 per cent in Salt 
Lake City, Utah, to 13.5 per cent in New Orleans, La.* At 
severely exposed locations, such as directly above a noninsulated 
heating unit, the moisture content may decrease to as little as 
1 to 2 per cent and, for example, in humid basements, may increase 
to 18 per cent and more. When the wood is exposed to direct 
contact with water for a relatively long period, the moisture con- 
tent may increase te 30 per cent and more. To determine the 
influence of exposure extremes on cross-laminated oak flooring, 
test panels were exposed 48 hr to drying or soaking, to repetitive 
48 hr of drying or soaking, and to repetitive 48 hr of drying or 
soaking followed by single or repetitive soaking or drying, re- 
spectively, as indicated in Fig. 1. These exposures influenced 
in various degrees the resulting moisture content, causing in- 
ternal stresses of direct influence on durability (see Fig. 2), dimen- 
sional stability (see Fig. 3), warpage and cupping (see Fig. 4), and 
the strength of the glue lines (see Fig. 5). 

The durability and resistance to shear of the glue lines of 7 X 
7-in. and 12 X 12-in. laboratory-assembled panels, as correlated 
to their exposure conditions, is summarized in Tables 1 and 2, 
with ultimate shear-test stresses upon exposure given for the 
moisture content at test and adjusted for 12 per cent moisture 
content. 

The influence of exposure on the glue-line shear resistance of 
control and of variously exposed 12 X 12-in. oak panels is shown 
in Fig. 6. The data for individual panels are somewhat erratic, 
and adjustments for the influence of moisture content and of the 
angle of annual growth rings to direction of applied shear load 
on the shear resistance of the glue lines might have been justi- 
fied. The general trend, however, of decrease in glue-line shear 
resistance with increase in exposure cycles can be observed. 

For panels conditioned to 9 per cent moisture content, ex- 
posure to 48 hr soaking was more severe than exposure to 48 hr 
drying, because of larger internal stresses within the panels 
during soaking, as evidenced by a larger number of failures of 
soaked than of oven-dried panels. Soaking, however, caused 
softening of the oak which allowed a larger amount of creep 
within the soaked than within the oven-dried plies, thus re- 
sulting in smaller internal stresses in the glue lines and conse- 
quently in less decrease in strength of the glue lines of soaked 
panels than of those of oven-dried panels. The first exposure 
cycle of as many as nine caused extremely large internal stresses 
and major adjustments within the panels, resulting in a large 
percentage of decrease in shear resistance of the glue lines. 
Initial and local failures called for certain releases of internal 
stresses. Hence during exposure after initial and local failure, 
overstressing and further deterioration of the glue lines of test 
panels were only small. One or two complete exposure cycles 
of 48-hr drying or soaking were satisfactorily resisted by almost 
all test panels. 

A limited number of repetitive or reversed exposures were 
withstood by the glue lines and by the wood of the majority of 
properly balanced 1!/, or *5/3:-in. oak and yellow-poplar-core 
panels. However, repetitive or reversed soaking cycles caused 
excessive internal stresses even in several of the properly bal- 
anced yellow-poplar-core and veneered panels. Hence the test- 
exposure conditions, with the exception of repetitively reversed 


3 “Moisture Content of Wood in Dwellings,” by Edward C. Peck, 
U.S: Department of Agriculture Circular No. 239, Table 2, 1932. 
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exposure cycles, were not too extreme for properly balanced and 


well cross-laminated oak panels with phenol-resorcinol-resin 


glue lines. Consequently these panels should be satisfactory 
for use even under extreme service conditions. 


INFLUENCE OF TyPE OF GLUE AND SIZE OF PANEL 


Urea-formaldehyde-resin glue lines deteriorate faster during 
exposure to oven-drying and soaking than phenol-resorcinol- 
resin glue lines. The strength of urea-formaldehyde-resin glue 
lines, however, may be sufficient to withstand internal stresses 
due to exposure, provided the stresses are not excessive. To 
determine the extent of these internal stresses and the resistance 
offered to them by urea-formaldehyde-resin glue lines, a series of 
tests were performed on three-ply cross-laminated 7 X 7-in. oak 
panels with Uformite CB-552 glue lines. Internal stresses re- 
sulting from exposure of these panels were of course smaller 
than those in 12 X 12-in. panels cross-laminated with phenol- 
resorcinol-resin glue. Thus the conclusion cannot be drawn 
that 12 X 12-in. panels withstand the same exposure as similar 
7 X 7-in. panels were found to withstand. 

Urea-formaldehyde-resin glue lines withstood single exposures 
and single-exposure reversals and internal stresses due to these 
exposures in most of the °5/:-in-thick panels with !/, or 
thick faces, and in all *5/3:-in-thick panels with !/29 or !/;.-in- 
thick face veneers, but in none of the 1'/,-in-thick test panels. 
A comparison of these data with those for 12 X 12-in. panels 
cross-laminated with phenol-resorginol glue indicates that the 
latter glue lines were fully satisfactory even for additional repe- 
titions of exposure of the larger 1'/,; and 25/3:-in-thick test 
panels. A comparison of the strength of the glue lines shows 
that the urea-formaldehyde glue lines and the phenol-resorcinol 
glue lines in the 7 X 7-in. and 12 X 12-in. panels, respectively, 
were found to be approximately equally strong upon similar test 
exposures. 

The relatively high shear resistance upon exposure, and the 
durability of most of the 7 X 7-in. panels with '/, and 4/;,-in. 
faces and especially with 1/29 and !/,.-in-thick face veneers, lead 
to the conclusion that the urea-formaldehyde glue lines of panels 
with thin faces were not overstressed during exposure, and there- 
fore may be entirely satisfactory for three-ply cross-laminated 
7 X 7-in. panels with relatively thin faces, but not for cross- 
laminated lumber with thick face plies if to be used under ex- 
treme service conditions. 


INFLUENCE OF ToTAL THICKNESS OF PANEL 


Cross-laminated panels may be built up to any desirable thick- 
ness and used under extreme service conditions provided the 
internal stresses due to exposure are not excessive for the glue 
lines used. The internal stresses in thicker panels are neces- 
sarily larger than those in thinner.panels of otherwise identical 
construction. By balancing properly the thickness of the indi- 
vidual plies, these internal stresses may be held within satis- 
factory limits. Desirable thickness for flooring without sub- 
flooring has been 1/, in. and standard thickness for flooring on 
subflooring has been *5/3. in. Since the principal market for 
12-in-wide three-ply cross-laminated panels should be for 
flooring to be laid without or with subflooring, the study of the 
influence of total thickness of the three-ply cross-laminated oak 
panels on the resistance to exposure under extreme service con- 
ditions was limited to 11/, and *5/3. in. thicknesses. 

The resistance of phenol-resorcinol-resin glue lines to severe 
exposure allowed the construction of both 1!/, and ?5/j:-in-thick 
three-ply 12 X 12-in. cross-laminated oak panels which with- 
stood the internal stresses caused by extreme exposure condi- 
tions. A comparison of 1'/, and */3,-in-thick oak test panels 
indicates that panels of both thicknesses resisted equally well 
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OBSERNATION OF FAILURE INDICATED BY OSCONTINUGUS LINES 
! { 
O 
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PANELS 25/32°PANELS Y-P CORE VENEERED- ‘TVA. 


Fic. 2 Diagrammatic SUMMARY FOR DurRaBILiTy OF 12 X 12-IN. PANELS 


/ 
7 
ay 


ONINVOS IDAD SNIAYG BSIDAD ONINVOS TDAD ONIAYG 
==8 


---}----1 | | 


| 


139-146 147-154 


128-138 


20/32" PANELS Y.-P CORE VENEERED 


Fie. 3 DraGRAMMATIC SUMMARY FOR DIMENSIONAL STABILITY OF 12 X 12-IN. PANELS 
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Fic. 4 DracrammMatic SUMMARY FOR MaximuM Over-ALL WARPAGE AND CUPPING OF 12 X 12-IN. PANELS 


exposure to repetitive oven-drying and subsequent soaking and 
oven-drying, while triple drying cycles, followed by triple soaking 
and drying cycles were resisted only by */3:-in-thick panels with 
1/,-in-thick faces. Exposure to repetitive soaking and repeti- 
tive soaking followed by single or repetitive drying and soaking 
cycles was resisted better by the *5/3:-in-thick panels. 


INFLUENCE OF THICKNESS COMBINATION OF INDIVIDUAL LAMINAE 


Thin face veneers have been glued to thick cores to make 
three-ply cross-laminated panels for furniture and other struc- 
tures which can be exposed to extreme service conditions with- 
out showing excessive warpage or delamination. ‘Theoretically, 
a three-ply cross-laminated panel should have a core of a thick- 
ness equal to 80 per cent of the-thickness of the total panel.’’! 
According to this theory, 1'/,-in-thick three-ply cross-laminated 
panels should have a core thickness of 1 in. and a face-veneer 
thickness of !/, in., while 25/3.-in-thick panels should consist of 
a 5/,-in-thick core and 5/g-in-thick faces. These thin faces 
would not be satisfactory for three-ply flooring panels if not 
impregnated or otherwise treated to withstand wear. To deter- 
mine how thick the faces of three-ply cross-laminated panels can 
be without introducing excessive internal stresses due to expo- 
sure to extreme service conditions, and to obtain data on the opti- 
mum thickness combinations for 1'/, and **/;:-in-thick panels, 
exposure tests were performed on such panels with thicknesses of 
face plies ranging from '/2 to */i. in. for 1'/,-in-thick panels, 
and from to 4/2 in. for -*5/;:-in-thick panels, 


4 Wood Products, vol. 50, July, 1945, p. 12. 


Internal stresses in 1'/, X 7 X 7-in. panels with 1/2, 7/16, 3/s, 
5/16, 1/4, and */\-in-thick faces were excessive for the urea- 
formaldehyde-resin glue lines used. Panels of this thickness as- 
sembled with this glue and thinner faces were not tested. Phenol- 
resorcinol-resin glue lines, however, resisted internal stresses in 
many of the 1!/, X 12 X 12-in. panels with */s, '/4, and °/)¢-in- 
thick faces, despite the larger size of these panels. All of these 
panels showed satisfactory resistance to single and repetitive 
drying cycles. The construction of 1'/,-in-thick panels with 
1/,-in-thick faces and a 3/;,-in-thick core, however, appears to be 
the most satisfactory one of the three thickness combinations 
tested. 

The smaller internal stresses due ye exposure in *8/3.-in-thick 
panels, as compared with those in 1'/,-in-thick panels, were re- 
sisted by the urea-formaldehyde-resin glue lines of many of the 
exposed °5/;. X 7 X 7-in-thick panels. Stresses in panels with 
5/,-in-thick faces were excessive. But stresses in most of the 
panels with '/, or */,-in-thick faces and in all panels with '/1._ 
or '/29-in-thick faces were fully resisted. Most of the 
12 X 12-in. panels with phenol-resorcinol-resin glue lines resisted 
internal stresses due to exposure, the panels with '/,-in-thick 
faces being somewhat more satisfactory. . 


INFLUENCE OF HARDWOOD AND Sorrwoop SpPEcIES FoR CorRE 


Internal stresses in cross-laminated panels, resulting from 
differences in the dimensional instability of the laminae paralle! 
and perpendicular to their fibers, may be reduced by using for 
the cross-ply those wood species which have a relatively low 
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TABLE l(a) DURABILITY OF 7 xX 7-IN. PANELS 


Test Plies Control Lxposure 
Panel Faces | Core Panel © D DS bs Ss sb Sb 
in. in. C:cles 
25/32" 5/16 000 ~ 0 
Oak 1/2, 9/32 X OXX xx XX x 
3/16 | 13/32 - OXX Xx x0 Xx x OX 
1/20 | 21/32 - X ¥ X Xx x x 
1/16 | 21/32 - X x x ¥ x x 
TABLE 1(6) DURABILITY OF 12 x 12-IN. PANELS 
Test Plics Control Exposure Cycles ixposure Cycles 
Panel Faces} Core| Panel |D orDD] DDD |DDDS | DDDSD|LDDSD | S or SS] |SSSD | SSSDs | SSSDS 
in. in. 
1-1/2," | 3/8 1/2 x XXx | OX - XXXXX | XXOX| XOX OX 
3/16 | 7/8 X XXXXX | KAXN] <X Q XXCXO | OOC | OC 
25/32" | 9/32 x | XKXK] OXXK xX x XKKKK | XOXX] OX 
Oak 3/16 113/32 X |XXKXX | XXX xX | | XK 
9/32}  |XXXXX | CXO 00 XXXXX OXXX! COO OO 
Core | 3/16 |13/32 x XKME XXX 00 | XUXK] OLX | OO 
Ve= | 3/16 {21/32 x | XXXX] XXX] XC OXXAX | KXOX} COX] OX x 
neered| 1/8 1/19/32 Xx | XXXK | XXX OX - XXXAX | XxO0} XOO | 00 


= Drying 
= Soaking 


Keys 


D 
X = No observation of failure upon exposure 


= Observation of failure upon exposure 


modulus of elasticity in shear parallel to the fibers. In the case 
of 3-ply laminated or cross-laminated balanced flooring, the 
damping capacity of the flooring can also be increased by using 
material with high damping capacity for the core of the panel. 
By yielding slightly, spruce or fir in the center ply of laminated 
lumber relieves some of the internal stresses, thus reducing the 
tendency to rupture in or along the glue lines. Virginia pine, 
soft maple, yellow poplar, cottonwood, buckeye, and other soft- 
wood species have been recommended for this purpose. Ready 
availability of these species in the same general vicinity of the 
over-all logging operations for the oak to be used for the face plies 
is of course a necessity from the economic viewpoint. 

The possible advantages of the use of a soft core wood led to 
the performance of a series of tests to determine their value as 
core material in 3-ply cross-laminated flooring. Experiments 
were performed on %5/;:-in. cross-laminated panels with °/32 
and 13/3.-in-thick yellow-poplar cross-laminated cores between 
1/, and 8/,.-in-thick oak faces, respectively. 

During the 48-hr test period, these panels were dried out ap- 
proximately just as much as the other all-oak panels under in- 
vestigation, while the water absorption of yellow-poplar-core 
panels was only slightly, if any, larger than that for all-oak panels. 

The durability of the yellow-poplar-core panels was limited 
by the shear resistance of the yellow-poplar to the internal 
stresses caused by exposure, as fully satisfactory glue lines be- 
tween yellow-poplar core and oak faces could be obtained, evi- 
denced by 100 per cent yellow-poplar shear failure in shear tests, 
and by consistent yellow-poplar shear failure, if any, for the test 
panels. The FPL shear-parallel-to-grain strengths (corrected 
for 12 per cent moisture content) of 1100 and 2000 psi, respec- 
tively,® for yellow poplar and white oak compare with corrected 
shear-strength data of 575 and 1190 psi for cross-laminated test 


5 “Strength and Related Properties of Woods Grown in the United 
States,” by L. J. Markwardt and T. R. C. Wilson, U. 8. Department 
of Agriculture Technical Bulletin No. 479, Table 1, 1935. 


specimens sawed from *8/3:-in, oak-faced panels with yellow-poplar 
and oak cores, respectively. Thus the shear-parallel-to-grain 
strength of yellow poplar is 55 per cent of that of white oak, and 
the strength of the yellow poplar cross-laminated to oak is 48 per 
cent of that of oak cross-laminated to oak. The shear-strength 
values for cross-laminated yellow-poplar-core and all-oak panels 
are 48 and 40 per cent smaller than for the respective wood 
species. 

None of the yellow-poplar-core panels exposed to either a single 
drying or soaking cycle showed any wood or glue failure. The 
more balanced panels with '*/3:-in. cores also withstood repeti- 
tive drying and soaking, and even single reversals of exposure 
from drying to soaking, while some of the less balanced panels 
with °/s:-in. cores showed incipient failures during their repetitive 
exposures. All yellow-poplar-core panels failed, however, upon 
repetitive soaking or repetitive drying followed by single or re- 
petitive soaking. 

The dimensional stability of cross-laminated yellow-poplar- 
core panels, parallel to the grain.direction of the oak faces, was 
found to be somewhat greater than for the corresponding al! 
oak. On the other hand, the dimensional stability of these 
panels perpendicular to the grain direction of the oak faces was 
somewhat smaller than for the corresponding all-oak panels. 

The over-all warpage and cupping of the yellow-poplar-core 
panels were the minimum to be expected for the exposure extremes 
to which the panels were subjected and were smaller than for the 
corresponding all-oak panels. This relation held even upon ob- 
servation of initial local shear failures which resulted in limited 
release of restraint to warpage and cupping. Hence *5/s:-in- 
thick oak panels with a cross-laminated core of clear yellow pop- 
lar can be considered to remain flat under normal exposure con- 
ditions and satisfactorily flat even under the more extreme 
conditions which do not call for advanced shear failure of the 


core. 
The test observations led to the following conclusions: (1) 
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TABLE 2(a4) SHEAR RESISTANCE OF GLUE LINES OF 7 xX 7-IN. PANELS IN PSI 

Test Plies Control Exposure Cycles Control Exposure Cycles 
Panel Faces} Core| Panel DS SD Panel DS SD 

in. in. 

For lLoisture Content at Test | Acjustec for 12 Pet. hoisture Content 

25/32" | | 9/32] 1040 1020 -- 890 910 
Oak 3/16 | 13/32 _ 1140 | 1230 -- 1050 940 

1/20 | 21/32 _ 1510 | 1590 -- 1310 1200 

1/16 | 21/32 1520 | 1270 1275 990 


TABLE 2(6) 


SHEAR RESISTANCE OF GLUE LINES OF 12 X 12-IN. PANELS IN PSI 


Test Plies ontrol Exposure Cycles Exposure Cycles 
Panel | Faces} Core Panel [D orDD} | LUDSD PDLSD | S arSS] 35S | S5SD | SSSDS 
in. in. +SDSD 
1-1/4" | 3/3 | 1/2 1620 | 1290 |1020 | 1210] 1020 | — | 1210 |1160] 1230/1130 | 950 
Oak | 1160 | 1130 |1080 | 1030 1000 | 910} 1110 | “850 | 1100 
3/16 | 7/8 |,J 1210 | 1030 |1050| 800] 850 | 620} 1210 |1070| 550} 360 | 750 
25/32" | 1/4 | 9/32 1220 | 1510 /1145 | 1040] 11460 [1170] 1220 {1280 | 1260] 940 | 1030 
Oak | 3/26 [13/32 | J] 1490 | 1360 {1050 | 11°90} 940 | 920] 1240 |1090 | 1100 | 1530 | 1180 
Y.P. [1/4 | 9/32 600 690 | 230] 650 710 | 520] 470) 540 20 
Core | 3/16 |13/32 630 650 | 710 | Foo | G20] 570 | 5c0} G30] 650 | 440 
thy 
Ve= | 3/16 | 21/32 1200 | 1000 £40 | 1060 |900;54g |1010} 600] 300 | 970 
*|neered| 1/8 |19/32 1140 800 | 990 | -- | 1000 |1220| B70] | 1210 
1-1/4" | 3/e | 1/2 1400 | 1000 | 970| 980] coo | — | 1090 ]1050] 965] 990 | 820 
Cak | 3/4 1000 890 | 860 | 800 | 560 930 | 760} 890} 750 | 800 
3/16 | 7/8 |Z} 1030 | 920 | 830] 670] 660 |470 | | 970) 290] 750 | 830 
25/32"| 1/h | 9/32 fey} 1090 | 1230 | 960] 900} 940 | 910 | 1130 |1060 | 1020} 800 | &70 
Oak | 3/16 [13/32 1290 | 1100 | 240|108] 720 | 700 | 1110 | 990| 920 | 1280 | lolo 
° 
Y.P. | 1/4 | 9/32 590 575 | 650 | 525| 520 |360 | 640 | 320 580 
Core | 3/16 }13/32 560 | 350| 470 |470 | 510 | 520] 520 405 
3 
Vee | 3/16 | 21/32 960 750 | 650 | 870 |640; 770 | 910 670 | 820 
neered | 1/8 |19/32 970 | 600] 740 615,60 — | & | 70 | 1000 
Key: D = Drying 


S = Soaking 


Underlined values for panels showing test failures 


cross-laminated panels with a 1!4/-in. yellow-poplar 
core withstand more extreme exposure conditions than those with 
a °/-in. yellow-poplar core; (2) panels with a core of either 
thickness withstand extreme exposures satisfactorily, provided 
these exposures are not repetitive; and (3) panels with !4/s:-in. 
core withstand even extreme repetitive exposures, provided they 
are not repetitively reversed from one extreme to the other. The 
observed failures, however, indicate that the shear resistance 
parallel to the grain of cross-laminated yellow poplar is insuffi- 
cient to withstand the most extreme exposure conditions which 
may occur in service. Therefore it appears that soft hardwood 
species similar in their characteristics to yellow poplar can be 
used satisfactorily as core material in cross-laminated panels, 
provided (1) the core is not too thick, (2) the thicknesses of the 
two surface plies are well balanced, and (3) the finished product 
is not exposed to too extreme conditions. 


INFLUENCE OF TREATMENT OF Faces 


In the preliminary tests on the 7 X 7-in. cross-laminated 
panels, it was determined that a minimum of internal stresses 
caused by exposure to the test extremes, hence maximum re- 
sistance to failure, could be assured if the faces consist of thin 
laminae. In the case of flooring, the top face must be planed 
and sanded, and must be thick enough to withstand considerable 


wear and possible resanding after use and abuse. If thin veneers 
are to be used for the top face of 3-ply cross-laminated flooring, 
they should be treated to increase their resistance to wear. Such 
treatment would also somewhat stabilize the dimensions of the 
faces and provide a moisture sealer, a feature desirable for re- 
tarding fluctuations in moisture content of the panels and, con- 
sequently, for decreasing sudden temporary extremes in internal 
stresses due to exposure. Simultaneously, such treatment may 
allow final finishing of the flooring during the assembly bonding, 
by polymerizing the impregnating material with the pressure and 
heat required for setting of the glue lines. Veneers can be sawed 
smoothly enough to allow satisfactory bonding without sanding. 
Hence '/s and */;.-in-thick sawed veneer, sanded only on the one 
side exposed to view upon cross-laminating, were selected for the 
tests. These veneers were impregnated with Du Pont’s “Ar- 
boneeld.” However, other possibly more satisfactory materials 
might’ have been used, particularly since more complete pene- 
tration and better wear resistance of the surface would have 
been desirable and since a very high pressure must be applied to 
Arboneeld-impregnated wood to obtain the desirable glossy 
surface finish. Many of the tapelessly spliced joints of ¢he 
veneers failed during drying after impregnation because of un- 
equal shrinkage of the veneer strips. Hence many of the faces 
consisted of two individual veneer strips, not of a single veneer. 
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Cross-laminated oak panels with impregnated face veneers 
revealed satisfactory resistance to the single, repetitive, and re- 
versed exposures of 48-hr drying and soaking. Many of the 
panels withstood the internal stresses due to exposures and did 
not show any failures. Most of the exceptions were panels with 
spliced faces with thicknesses of adjacent veneers varying too 
much to allow a satisfactory bond along the edges of adjacent 
veneers. Sanding of the veneers after instead of before impreg- 
nation would have resulted in a more uniform thickness and 
probably would have eliminated local glue-line failures along 
face joints during exposure. The impregnated face veneers did 
not show any checks, while the relatively thick untreated core of 
some of the panels checked considerably during repetitive ex- 
posures. Drying and moisture absorption of the panels during 
exposure were considerably retarded, if compared with those for 
panels with nonimpregnated faces. While, for instance, the 
moisture content of the latter panels upon repetitive 48-hr soak- 
ing reached values as high as 30 per cent, the moisture content of 
the panels with impregnated faces of 1/, and °/,. in. thicknesses 
rose to no more than 19 and 25 per cent, respectively. 

Shrinkage and swelling of panels with impregnated face 
veneers was reduced some, but did not differ greatly from other 
all-oak panels withstanding the extreme exposure cycles. How- 
ever, no such extreme shrinkage and swelling could be observed 
for the former panels as was found for some of the latter panels. 
Better stabilization might have been obtained with more com- 
plete impregnation of the faces. Because of the uniformity 
in change in dimensions without any extremes, even the ob- 
served degree of stabilization can be considered advantageous. 

The observed warpage and cupping during exposure of panels 
with impregnated and nonimpregnated faces were very similar. 

The average shear resistance of the glue lines between im- 
pregnated oak veneers and the nonimpregnated oak core of two 
nonexposed 25/;.-in. cross-laminated panels was 1170 psi and, cor- 
rected for 12 per cent moisture content of the wood, was 970 psi. 
These values compared with 1355 and 1190 psi, respectively, for 
28/3.-in. cross-laminated oak panels, and with 655 and 575 psi, 
respectively, for %5/3:-in. cross-laminated yellow-poplar-core 
panels. The average shear resistance for 20 exposed panels was 
940 psi and, corrected for 12 per cent moisture content, was 740 
psi. Thus the resistance was respectively 20 and 26 per cent 
smaller than for the nonexposed panels, and compared with 1170 
and 980 psi, respectively, for the all-oak panels, and with 605 and 
520 psi for the yellow-poplar-core panels. 

The increased difference in dimensional stability between im- 
pregnated faces parallel to their grain and the nonimpregnated 
core perpendicular to its grain, as compared with the difference 
in panels with untreated faces, resulted in large internal stresses 
due to exposure and may be the reason for the large (20 and 26 
per cent) decreases in average strength of the exposed glue lines. 
These values compare with the reported 14 and 18 per cent de- 
creases for the all-oak panels, and the 7 and 10 per cent decreases 
for the yellow-poplar-core panels. Since many of the panels 
with impregnated faces withstood the extreme exposure condi- 
tions, the limited shear resistance of the glue lines must have been 
sufficient to offset the internal stresses due to exposure. 

The information obtained. for the 3-ply cross-laminated test 
panels with impregnated face veneers indicates that such panels, 
even if subjected to extreme service conditions, should: satis- 
factorily resist any internal stresses resulting from exposure, 
provided these panels were properly assembled. 


° INFLUENCE OF MANUFACTURING CONDITIONS 


To obtain comparative data for laboratory-assembled and 
TVA-manufactured 3-ply cross-laminated all-oak flooring, 
26/5. X 12 X 12-in. panels with 3 plies of uniform thickness 
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and hot-glued in the continuous TVA press were subjected to 
exposure simultaneously with similar panels cold-glued in the 
laboratory. Preliminary test data indicated that entirely satis- 
factory glue lines can be obtained with the phenol-resorcinol 
glue if used either hot or cold, provided proper gluing procedures 
are followed. Thus a direct comparison can be made between 
the laboratory- and TVA-assembled panels, although the 
oak used for the two panel series was not matched. The VPI 
panels were made from oak having a moisture content of approxi- 
mately 9 per cent. The TVA panels were assembled with 
conditioned slats having a moisture content of approxi- 
mately 6 or 9 per cent, in order to determine the benefit, if 
any, of lower or higher moisture content of the oak during its 
assembly. 

The testing of the panels produced in the TVA pilot plant 
revealed that there was some discontinuity of glue lines, some 
appreciable variation in slat thickness between adjacent slats, 
and some use of oak of insufficient strength for the core material. 
These deficiencies became apparent in localized failures during 
the exposure tests. Plans are being made at the plant for cor- 
recting these deficiencies. Stress concentrations due to ex- 
posure along the glue lines adjacent to the localized glue-line 
deficiencies resulted in glue-line failures, defective panels, rela- 
tively large dimensional instability, and excessive warpage and 
cupping. The use of rubber glue-spreader rolls, the installation 
of restraining rollers of decreased width in the feeding mecha- 
nism of the TVA press, closer control of slat thickness, and 
elimination of decayed and low-strength slats for core material, 
should alleviate the deficiencies found in the TVA panels 
and make them suitable for use under conditions in which even 
abnormal exposures are expected. 

The glue lines of the “unexposed panel assembled with slats 
having 9 per cent moisture content were 14 per cent stronger 
than those of the unexposed panel assembled with slats having 
6 per cent moisture content. On the other hand, glue lines of 
the exposed panels assembled with slats having 9 per cent 
moisture content were 17 per cent weaker than those of the 
exposed panels assembled with slats having 6 per cent moisture 
content. A comparison of the glue-line strength of unexposed 
and exposed panels indicates decreases in strength of 7 and 32 
per cent for panels assembled with slats having 6 per cent and 9 
per cent moisture content, respectively. These data compare 
with a decrease in strength of 12 per cent due to exposure for 
the corresponding laboratory-assembied panels. A comparison 
of the glue-line strength data for TVA hot-glued and VPI 
cold-glued panels indicates that the unexposed TVA panels 
assembled with slats having 6 and 9 per cent moisture con- 
tent were 6 per cent and 21 per cent, respectively, stronger 
than the VPI panel, while the exposed panels were, respec- 
tively, 12.5 per cent stronger and 6 per cent weaker than the VPI 
panels. 

It is doubtful whether valid comparisons can be made of the 
foregoing data on the strength of the glue lines, because of the 
variation in thickness and discontinuity of the glue lines, and 
particularly because of stress concentrations due to discontinuity 
both during exposure and testing. Although the glue lines of 
hot-assembled panels were expected to be approximately 9 per 
cent stronger than those for cold-assembled panels, according to 
preliminary test data, and although the glue lines for the TVA 
panels were not continuous throughout the width of the panels 
and test specimens, the data indicate the completely satisfactory 
polymerization of the glue lines in the continuous press and 
during subsequent storage conditioning. Even for the locally 
strong bond, however, the glue-line stress concentrations during 
exposure were excessive because of the discontinuity of the glue 
lines. Thus more or fully continuous glue lines for the TVA- 
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assembled panels should fully eliminate the occurrence of any 
glue-line failures on exposure to extreme service and laboratory 
conditions. 


CONCLUSIONS 


Exposure conditions which may occur in service were found to 
be a limiting factor for the cross-laminating of oak. Exposure 
to 48-hr soaking of panels previously conditioned to 9 per cent 
moisture content was more severe than exposure to 48-hr 
oven-drying at 97 C. One or two complete exposure cycles of 48-hr 
drying or soaking were withstood by almost all properly balanced 
and assembled 1'/, and 25/s:-in-thick panels cross-laminated 
with phenol-resorcinol-resin glue, while a limited number of re- 
petitive or reversed exposures were withstood by the majority of 
those panels. Hence such panels should be satisfactory even 
under extreme service conditions. 

Phenol-resorcinol-resin glue proved to be more desirable than 
urea-formaldehyde-resin glue for cross-laminating panels sub- 
jected to extreme exposure conditions. For panels with a 
minimum of internal stresses due to extremes in exposure, such 
as thin cross-laminated panels with thin face plies, urea-formalde- 
hyde-resin glue can be used satisfactorily. 

The thickness of the cross-laminated panels influenced the re- 
sistance to exposure. Thus 1!/,in-thick panels, assembled 
with urea-formaldehyde glue, failed upon exposure, while many 
of the *5/:.-in-thick panels, assembled with this glue, proved to 
be satisfactory. Better resistance to exposure also was found for 
26/y-in-thick panels cross-laminated with phenol-resorcinol- 
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resin glue than for 1'/,in-thick panels, assembled with this 
glue. 

Thin face veneers proved to be exceedingly satisfactory for 
3-ply cross-laminated panels exposed to extreme conditions. 
However, if in order to provide greater surface-wear life, thicker 
faces are a requirement, for 1'/,-in-thick panels, the combination 
of 1/.-in-thick faces and a */,-in-thick core may be the most 
satisfactory one of those tested; and for *5/3:-in-thick panels, 
the combination of !/,in-thick faces and a %/;-in-thick core 
might be preferable to the one with #/,.-in-thick faces and a 
13/5-in-thick core, 

Yellow-poplar-core panels with oak faces could be assembled 
and withstood exposure satisfactorily, provided the core was not 
too thick, the thicknesses of the two surface plies were well 
balanced, and exposure was not too extreme. Thus the com- 
bination of a soft hardwood core and oak faces was found entirely 
feasible for 3-ply cross-laminated panels with an over-all thick- 
ness of 25/39 in. 

Impregnation of thin face plies can be advantageous as re- 
gards resistance to exposure of the cross-laminated panel. 

Laboratory-assembled panels proved to be more satisfactory 
than those glued up in the continuous press of the Tennessee 
Valley Authority because of certain deficiencies in the assembly 
of the latter panels, Since these deficiencies can be eliminated 
easily, and consequently fully satisfactory glue lines can be 
obtained, panels properly manufactured with the continuous 
press should withstand such exposure as may occur even under 
extreme service conditions. 
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Stress Notch Sensitivity With Eccentric Holes 


By L. SCHAPIRO,' ano R. H. ESLING,! SANTA MONICA, CALIF. 


The tension strength of several cross sections containing 
holes of several diameters in several positions of eccentric- 
ity have been determined experimentally for aluminum 
alloys 24S-T, 75S-T, and 14S-T. A mathematical expres- 
sion is suggested for the relationship between strength, 
hole size, and eccentricity of hole. The relative stress 
notch sensitivity of the three aluminum alloys is found 
to be the same with eccentric holes as had been reported 
for central holes or external notches. 


NOMENCLATURE 
The following nomenclature is used in the paper: 


E = eccentricity, dimensionless 

xz = fraction of cross-sectional area removed by a hole, dimen- 
sionless 

s = distance from axis of hole to original center of the section, 

in. 

c = width of the section parallel to s, in. 

ultimate strength of material without holes, psi 

S, = ultimate strength of a specimen containing a hole, psi 


(1—7z)S, 
os (gross area efficiency), dimensionless 


yo = y value of a central holed specimen, dimensionless 
m = constant 

n = constant 

e = base of natural logarithms 

A = logwe 

p = constant 

u = constant 

» = constant 


GENERAL 


Spar caps containing large bolt holes are becoming more 
common in aircraft wing construction. A knowledge of the 
static strength of a section containing an eccentric hole and a 
comparison of spar cap materials in this condition are quite 
desirable. Moseley? has studied this problem and has indi- 
cated a need for further investigation. He also has indicated 
the presence of a ‘‘size effect’’ in his test results. 

Further studies of this problem are now reported, seeking to 
clarify the following points: 


1 Can the “size effect’’ be evaluated? 

2 Can the effect of hole eccentricity be mathematically 
evaluated in a manner similar to the evaluation of ‘‘notch 
strength” advanced by one of the authors?’ 


! Douglas Aircraft Company, Inc. 

2“‘Notch Effects in High-Strength Aluminum Alloy Spar Caps,” 
by D. L. Moseley, Journal of the Aeronautical Sciences, vol. 13, 1946, 
p. 397. 

3“Notch Sensitivity of High Strength Aluminum Alloys—Theo- 
retical Aspects,’ by L. Schapiro and H. E. North, Journal of the 
Aeronautical Sciences, vol. 13, 1946, p. 391. 

Presented at the Aviation Division Meeting, Los Angeles, Calif., 
May 26-29, 1947, of Tae AMERICAN Society oF MECHANICAL ENaI- 
NEERS. 

Nore: Statements and opinions advanced in papers are to be 
understood as individual expressions of their authors and not those 
of the Society. 


3 Is the evaluation of notch strength thus advanced® in- 
valid for central holes, as reported by Stevenson?‘ 


MATERIALS AND SPECIMENS 


Aluminum alloys 14S-T, 75S-T, and 24S-T were studied. A 
complete test series was conducted for 248-T alloy only, since 
previous tests rated it the most stress-notch-sensitive of the 
three alloys. By “‘stress notch sensitivity” the authors refer 
to a parameter that indicates the effect of a notch, or any section 
discontinuity, upon the static ultimate stress of the material. 
The relationships disclosed for this alloy were spot-checked with 
the other two materials. 

The complete test series comprised six different cross sections 
from !/29 sq in. (0.10 X 0.50 in.) to 4.5 sq in. (1.50 X 3.00 in.), 
three hole sizes of 10, 20, 30 per cent removed area, and two 
positions of eccentricity in addition to central holes. Each 
specimen geometry, evaluated for each alloy, was tested in dupli- 
cate. 

The complete test series for the 24S-T alloy 
was not obtainable from one lot of material. 
The two lots used were of somewhat differ- 
ent properties. For one lot, mean ultimate 
strength (of eight tests) was 69,250 psi with 
mean 2-in. elongation 14.7 per cent; for the 
other lot, mean ultimate strength was 69,800 
psi with mean elongation 17.3 per cent. The 
variation in ductility of the two lots of ma- 
; terial is believed to affect the stress notch 
Ss] sensitivity, and test results are co-ordinated 
with material batch. 

Test specimens were of the customary 
shoulder type with the parallel-sided portion 
2 in. or longer. Fig. 1 illustrates a speci- 
men with an eccentric hole. 


Metuops or TEsT 


Loading. Static tension loading to rup- 
ture was performed in either of two Baldwin- 
Southwark hydraulic testing machines (ca- 
pacities 60 kips and 400 kips, respectively) 
equipped with Tate-Emery weighing systems. 
Specimens were held in the test machine by 
means of wedge grips. Special care was used 
in aligning a specimen visually during grip- 
ping to obtain axial loading. Specimens 
were loaded hydraulically at a rate in the 
elastic range (an autographie 2-in. non- 
averaging extensometer was attached to each specimen) of 1 
per cent strain per min, and in the plastic range of 30 per cent 
strain per min. 

Load Measurement. Maximum load was read from the Tate- 
Emery recorder for all specimens which fractured instantane- 
ously across the entire section. Some specimens with eccentric 
holes, especially at the larger eccentricity values, first fractured 
across the smaller section only. At this first fracture the load 
dropped automatically (with redistribution of strain), and then 
increased yntil the remaining section fractured. In some cases 


Fic. 1 GENERAL 
SHAPE or TEN- 
SION SPECIMEN 
With Eccen- 
TRICALLY Post- 
TIONED 


4“The Effects of Open Holes on the Tensile Strength of Some 
Aluminum Alloys,’’ by C. H. Stevenson, Journal of the Aeronautical 
Sciences, vol. 13, 1946, p. 395. 
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the load at second fracture was higher and in some cases lower 
than the load at first fracture. For such specimens, first frac- 
ture load was used for the ultimate strength value. 

Computations. Ultimate strength is computed in all cases as 
maximum load divided by initial area. For specimens con- 
taining holes, initial area is considered as cross-sectional area 
calculated from outer dimensions less area of hole. For speci- 
mens with holes, the ultimate strength so calculated is termed 
notched strength. 

No standard method of expressing eccentricity is extant. 
Moseley’s eccentricity expression is convenient.and quite suita- 
ble.?- Eccentricity is expressed as the ratio of the shift of the 
center of gravity of a cross section (due to the presence of a hole) 
to the original width (measured parallel to the direction of the 
shift of the center of gravity). It can be shown that this defini- 
tion can be expressed as 


With this manner of expressing eccentricity, its largest value 
would occur when the edge of a hole is at the edge of a specimen. 
For this maximum eccentricity, the numerical value decreases 
from 0.5 as the hole diameter decreases. Fig. 2 illustrates this 
eccentricity parameter and could be used by other interested 
investigators. By way of example, a specimen having a hole 
diameter that is 0.2 of the specimen width with the hole eccen- 
trically positioned so that its center is displaced from the speci- 
men axis by 0.2 of the specimen width would be assigned an 
eccentricity of 0.05. 

Plots are made of notch-strength ratio versus eccentricity for 
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constant removed areas, and a three-dimensional plot relating 
notch-strength ratio, removed area, and eccentricity is con- 
structed. An equation is derived for the three-dimensional 
surface of relationship, and a physical significance of the con- 
stants in the equation is suggested. The stress notch sensitivity 
of the three test materials is compared on the basis of the con- 
stants of their respective equations of relationship. Notch- 
strength ratio, [(1 — 2)S,]/S,, is plotted instead of notched 
strength as a more definite relationship with the other factors 
is established thereby. 


RESULTS AND Discussion 


Central Holes. Test data for central holes in 24S-T material 
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are plotted in Fig. 3 to reveal size effect of cross section. ° For 
each hole size (i.e., constant fraction of removed area), the notch- 
strength ratio, [(1 — 2x)S,]/S,, appears to decrease with in- 
creasing area of cross section (dotted lines in Fig. 3). When, 
however, the test data are considered in terms of the two dis- 
tinct lots of test material (as previously described), a constancy 
of notch-strength ratio seems evident without a size effect (solid 
lines in Fig. 3). This interpretation of the test data, to rule out 
size effect, appears to be substantiated also by the results of the 
eccentric-hole tests. Replotting the data of Fig. 3, without size 
effect, further emphasizes the difference between the two lots of 
test material, Fig. 4. The relationship between notch strength 
and notch depth for these two lots is approximated by the equa- 
tions 


yo(24S-T) = 0.912¢-%-4#42 (Lot No. 1) 
yo(24S-T) = 0.862¢-9-49242 (Lot No. 2) 


which are of the form 
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It should be noted that for central holes the value of m is not 
unity, as one of the authors had previously indicated.* Fig. 4 
corroborates the data reported by Stevenson.‘ Spot-check data 
for 148-T and 758-T, with one cross section only, are presented in 
Fig. 5 and are approximated by the respective equations 


yo(148-T) = 1.0le~°- 
yo(75S-T) = 1,.00e~°- 44542 


The constants m and n of Equation [2] both serve as an index of 
stress notch sensitivity and may be physically interpreted in the 
following manner: m is an index of the stress notch sensitivity 
of a material ‘‘to the presence of an infinitely small” central hole; 
n is an index of the stress notch sensitivity of a. central] 
holed material “‘to increasing hole size.”” It would thus appear 
that the strength of alloys 14S-T and 75S-T is not sensitive to a 
central hole (m is approximately unity for both) but that alloy 
24S-T is markedly sensitive to a central hole (average m 0.887). 
All three alloys are of nearly equal sensitivity to increasing 
hole size of a central hole. 

It may also be said that the effect of the presence of a central 
hole is greater than the effect of hole size on the strength of 
these alloys (the variations of m are greater than the variations 
of n). 

Eccentric Holes. Test results with eccentric-holed specimens 
are presented in Figs. 6 to 8, inclusive, for the two lots of 24S-T, 
and in Figs. 9 and 10 for the spot-check tests with 14S-T and 
75S-T. The 24S-T results indicate no size effect but a definite 
difference between the two lots of material. 

Parabolic curves of the form 


= —4p (y — yo)... ee 


are fitted to the test data, and the relationship between p and 
z for each material is determined graphically. The relation- 
ship is indicated in Fig. 11 for all test materials and is of the 
form 


The combination of Equations [1], [2], [3], and [4] expresses the 
total relationship between notch strength, hole size, and eccen- 
tricity of hole, and is given by 


z (s/c)? 
y = me Az uz +0 (5] 


The three-dimensional relationship represented by Equation 
[5] is illustrated in Fig. 12 for the 24S-T material (lot No. 1). 
The constants m, n, u, and » of Equation [5] are all material 
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constants with some physical significance. The constants m and 
n are the same ones discussed for central holes and retain the 
same physical significance with eccentric holes. The additional 
material constants u and » may be physically interpreted in the 
following manner: »v is an index of the stress notch sensitivity of 
an infinitesimally holed material to increasing eccentricity; 
u is an index of the effect of hole size on v. 
A tabulation of the Equation [5] material constants for 24S-T, 
148-T, and 75S-T aluminum alloys is presented in Table 1. From 
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these constants it may be concluded that alloy 24S-T is more 
stress-notch-sensitive than alloys 14S-T and 75S-T in respect 
to a central hole or an eccentric hole. Alloys 148-T and 75S-T 
are of nearly equal stress notch sensitivities in respect to a cen- 
tral hole but alloy 75S-T is somewhat more sensitive to an eccen- 
tric hole. 


CONCLUSION 
The authors’ attempt at approximating notch-strength data 


TABLE 1 STRESS NOTCH SENSITIVITY MATERIAL CONSTANTS 


Constants 14S-T 75S-T 248-T@ 
m, index for central hole..... 1.01 1.00 0.887 
n, index for increasing hole 
size of central hole...... 0.486 0.445 0.486 
v, index for eccentricity...... 0.026 0.0005 —0.007 
u, index of hole size effect on 
0.062 0.075 0.14 


® Mean value for Lots Nos. 1 and 2. 
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Fig. 12 RELATIONSHIP BETWEEN NoTCH- 
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by a mathematical formula and using the constants of such a 
formula for comparing materials has been performed in the hope 
that other investigators may seek to apply the formula to other 
metals and thereby make a small step forward in basic knowl- 
edge. A mathematical valuation of stress notch sensitivity 
may relate to a corresponding valuation for ‘‘brittleness” and 
“triaxiality.” 


X=.20 
X=.30 
° 
: . 
Yio 
+9 
' 
\ 
" 
50 | } 2 
| 
3 
v 
: 


Discussion 


Some Effects of Pressure Loss on the 


Open-Cycle Gas-Turbine 
Power Plant’ 


J. K. Sauispury.? The writer was interested to compare the 
results obtained by Messrs. Yellott and Lype with those ob- 
tained by methods which he presented in a discussion of a paper 
given before The Society of Naval Architects and Marine Engi- 
neers.2 When corrected for the slightly different viewpoint 
taken by the authors, the agreement between the two results is 
excellent. The authors have found, for certair conditions, a de- 
crease in thermal efficiency of 9.5 per cent, which corresponds to 
an increase in fuel rate of 10.50 per cent, while the writer’s 


i By J. I. Yetlott and E. F. Lype, published in the November, 
1947, issue of Trans. ASME, vol. 69, pp. 903-911. 

? General Engineering and Consulting Laboratory, General Elec- 
tric Company, Schenectady, N. Y. Mem. ASME. 

3‘*A Marine Gas Turbine Plant,”’ by C. R. Soderberg, R. B. Smith, 
and A. T. Scott, Trans. The Society of Naval Architects and Marine 
Engineers, vol. 53, 1945, pp. 249-289. 


APPROXIMATE EFFECT OF PRESSURE DROP ON NET 
OUTPUT AND FUEL RATE OF SIMPLE GAS TURBINE 
CYCLE, 1-O-», 


NOTES: 
1. LOSSES FOUND FROM THESE CURVES ARE 
CLOSELY APPROXIMATE FOR OTHER CYCLES. 
2.1% PRESSURE DROP EXISTS ACROSS ANY 
RESTRICTION IN THE PLANT HAVING .99 
PRESSURE RATIO. 
3. VARIOUS PRESSURE DROPS MAY BE ADDED 
TO GET OVERALL EFFECT, TO A FIRST 
APPROX! MATION. 


method indicates a loss of 10.54 per cent. The curves from the 
original discussion are reproduced herewith, in the thought that 
they may be of general interest, together with an outline of their 
derivation. 

A few differences in viewpoint exist between the authors’ 
method of approach to the problem, and that used by the writer 
in the curves shown in Fig. 1 of this discussion. For example, 
the authors regard the pressure ratio across the compressor to be 
the constant one, and they conceive that pressure drops across 
any restriction between the compressor and turbine reduce the 
turbine pressure ratio. The writer has considered that the tur- 
bine pressure ratio is fixed, and that pressure drops between com- 
pressor and turbine cause an increase in the compressor pressure 
ratio. In actual fact, the authors have changed both the turbine 
and the compressor pressure ratios when pressure drop is intro- 
duced into the cycle, in order that under both conditions the cycle 
pressure ratio is at its optimum value. This fact, however, does 
not affect the check between the authors’ result and the writer’s 
result to any appreciable extent, because of the flatness of the 
efficiency or fuel-consumption curve in the vicinity of the opti- 
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mum pressure ratio; it is this fact which enables the excellence 
of check between the two results. 

There is some question as to whether the authors’ implication 
that pressure-drop loss is the difference in performance at the 
respective optimum pressure ratios is a desirable definition. It 
certainly is correct, and for one who is choosing design conditions, 
it is probably the properone. However, another equally reasona- 
ble, and somewhat simpler, viewpoint is to consider it as the loss 
caused by introducing pressure drop in the system at essentially 
constant cycle pressure ratio, as the writer prefers to do. A re- 
striction may be introduced into the duct between turbine and 
axial-flow compressor with no change in turbine pressure ratio 
(justifying the viewpoint of constant turbine pressure ratio, as 
opposed to constant compressor pressure ratio, because no physi- 
cal change in the machines is required), and one result is an in- 
crease in fuel consumption. This increase in fuel consumption 
is the loss due to pressure drop. It is not only easily defined, 
but is easily checked by test, and frequently is the one in which 
users of gas turbines will have greatest interest. 

The writer’s originally published data claimed only that the 
results were approximate, that is, they were based upon the slope 
of the loss curve at zero pressure drop, having been obtained by 
differentiation, whereas there is an appreciable increase in the 
rate of loss at the higher pressures, which is not covered by this 
method. The following outline of the derivation provides an ex- 
act method, from which the approximate method easily may be 
derived; the nomenclature is apparent from the context, and all 
values are for a flow of 1 lb per sec of air. The fuel rate of a gas- 
turbine power plant is equal to the fuel burned divided by the 
net power 


f= 


A general expression for the fractional change in fuel rate may 
then be found 


Ww Ww 


If we designate by RF the ratio of turbine gross output to net 
power, then the ratio of compressor power to net power is equal 
to (R — 1). It may easily be shown that this is given by 


compressor power 
(R—1) = = - = . [3] 
x 
in which 


compressor inlet temperature 
grees F, absolute) 


P k 
z= Where P, > P,; 


and the efficiencies are those of the compressor and turbine, re- 
spectively. 

Consider now the fractional change in net power. It is appar- 
ent that since 


W. 
R—1 


W= W,—W, = 
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AW —AW. 
[4] 
and also that 
AW 
— = = (neglecting An,)............. [5] 
W 2-1 


It may easily be shown that for any increase in compressor pres- 
sure ratio, caused by restrictions between turbine and compressor 


Ax 2 AW, 
z—l 2z-—1 


v= 


where P,’ is the higher compressor discharge pressure (with pres- 
sure drop), and P; is the original compressor discharge pressure 
(without pressure drop). 

Thus from Equations [4] and [6] 


AW 
--(45) (y — 1)(R — 1) [7] 


in which 


Consider the total fuel burned, which may be given by the 
following equation, in which the specific heat and other propor- 
tionality constants are omitted for brevity, and the W values 
are expressed in degrees F: 


F = [T,— (To + W.)] — nal(T, — Wi) — (10 + W,)]..-[8] 
in which np is the regenerator effectiveness. From which 


However, by the definition of thermal efficiency 


ra 
(R 


Thus the fractional change in fuel burned may be written a 


AF AW, 


F 


(R — 1)m,(1 — ne) 


= — 1)(R — — 9). -[11) 
z—l 


by Equation [6] 


Substituting Equations [11] and [7] in Equation [2], we ob- 
tain the final expression for the fractional change in fuel rate 


ag — mall — 


[12] 
1— (y+ 1)(R—1) 
z—l 


Equation [12] involves no approximations but, by expanding 
the quantity (y — 1), using the binominal theorem, a useful ap- 
proximate expression may be obtained for the fractional change 
in fuel rate per per cent pressure rise due to restriction. This is 
found to be 


P 
F 
Ww 
= 
: 
aN 
‘ 


DISCUSSION 


[K2]....[14] 


Since no rmally we think in terms of pressure drop (referred to 
the higher pressure) instead of pressure rise (referred to the lower 
pressure ) Equation [14] is converted to this basis by remembering 
that 


AP, 
1 = 
P,’ 


where P,’ is the higher and P, the lower pressure, and A signifies 
the fractional pressure drop, referred to the higher pressure. 
Using this relationship in Equation [14], and approximating the 
denominator series by unity 


af 


Kik: 
1—A 


A 2k(1 — A) 


1 — 0.357 
f 1—(1+ 


[16] 


For small pressure drops the numerator of the bracketed expres- 
sion becomes nearly equal to unity, so that 


f 


Finally, by considering the denominator of Equation [17] as 
unity, we arrive at the original expression used by the writer 


af 
A 


Thus successively more accurate approximations are obtained 


Al zx k—1 1 AP, 
AP», AP, k—1 1 AP, ) 
— rR —1)( —— — 
Or, in the nomenclature of the previously published material by using Equations [18], [17], [16], and [12], the last being exact. 


Using Equation [18] to check the authors example, we may ob- 
tain a first approximation of the loss. Calculation reveals that 
x = 1.532 and (R — 1) = 1.544, for a turbine pressure ratio of 
4.45/1, 

From Fig. 1 of this discussion, or by calculation, K; = 1.270 
and K, = 0.8776. For 8 per cent pressure drop; 


= 0.08 1.270 0.8776 


= 8.92 per cent 


which differs by a considerable amount from the true value be- 
cause of the rather large magnitude of the pressure drop. 

This discrepancy is greatly reduced with little extra effort by 
using Equation [17] 
Af = 0.08 1.270 X 0.8776 

f 1 — (2.270)0.08 


= 10.90 per cent 


A still further improvement results from using Equation [16] 


0.08 
1 — 0.357 —— 
Af 397 


= = 0.08 
1 — 2.270 Xx 0.08 


1.270 X 0.8776 


= 10.63 per cent 


And, finally using the exact method, Equation [12] 


1.532 
(0.0241)(1.544)[1 — 0.306(1 — 0.60)] 
f 


1.532 
1 — —— (0.0241)(1.54 
0.532 (0.0241)(1.544) 


= 10.54 per cent 


which agrees with the authors’ value of 10.50 per cent. 
The writer believes Equation [17] to be the most practicable, 
and sufficiently accurate for most purposes. 


AuTuHors’ CLOSURE 


The authors’ reply to Mr. Salisbury’s discussion is already 
provided by the discusser himself. The authors were primarily 
interested in establishing the optimum design conditions, while 
the discusser was interested in showing the effect of pressure 
loss under fixed operating conditions. Inasmuch as both meth- 
ods are correct, the results obtained are, of course, identical. 
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The Influence of Reaction Interface Exten- 


sion in the Combustion of Gaseous 


A burning mixture is in general composed of zones, 
called concentration zones, differentiated with respect 
to their surroundings by differences in concentrations of 
the several kinds of molecules present in the mixture. 
Some of these zones are rich in fuel molecules and others 
in oxygen molecules. This results in diffusion of oxygen 
and fuel molecules each from its own concentration zone 
toward a concentration zone of the other. At the inter- 
zone between the two, fuel and oxygen molecules collide 
with each other in such numbers per unit volume that 
vigorous combustion ensues, provided that the tempera- 
ture is well above the ignition point. 

The essential geometrical characteristics of this sys- 
tem to which the energy release rate per unit volume of 
the mixture is proportional for a given set of conditions 
otherwise, is the extent of the interzone per unit volume 
of the mixture. It is shown that the extent factor, in 
this sense, of the interzone is the area of am imaginary 
interface within the interzone per unit volume of the 
mixture. 

The foregoing proportionality between extent of reac- 
tion interface and reaction rate per unit of volume applies 
whenever the concentration zones are large compared to 
molecular dimensions and this proportionality holds 
under these conditions independently of the mechanism 
of the processes by which the fuel and oxygen molecules 
approach the interface for a given set of conditions such 
as pressure, temperature, and composition. The concept 
of reaction interface extension thus appears to be of a 
fundamental nature with respect to reaction rate and 
combustion progress. 

It is shown that inclusion of the co-ordinate reaction 
interface extension has an influence on the magnitude 
of the pressure and temperature effects on the reaction 
rate for compressible mixtures. This follows because the 


Fuel Constituents 


By W. J. WOHLENBERG,' NEW HAVEN, CONN. 


extension of interface in a unit of volume depends, among 
other things, on the density of the mixture. It is found 
also that a large part of the macroscopic effects of tur- 
bulence on the reaction rate may be accounted for by the 
increase in reaction interface extension which results 
because of turbulence. A large part of the effect of eddy 
diffusion on the reaction rate is thus accounted for in the 
present analysis by the increase in reaction interface 
extension which results because of turbulence. 

The paper contains the reaction-rate and combustion- 
progress equations which result when reaction interface 
extension is included as one of the co-ordinates on which 
the rate of the reaction per unit volume of the mixture de- 
pends. One set of these equations is based on the frequency 
of effective collisions between fuel and oxygen molecules 
per unit area of reaction interface. The reaction rate per 
unit volume of the mixture is the product of the fore- 
going, times the interface extension per unit volume of 
the mixture. The combustion-progress equation results 
by integration of the rate equation over an interval of 
combustion progress. 

The foregoing equations are applied to a mixture con- 
taining natural gas as the fuel and with varying air-fuel 
ratios. The results are shown in both tabular and graph- 
ical form. 

The equations permit also establishment of the order 
of magnitude of the maximum possible mean energy re- 
lease rates over a given combustion progress. These 


maxima should occur when the molecular distribution in 
the mixture is uniform. It is shown that with natural gas 
as the fuel, when burned with 1.2 times theoretical air to 
within 99 per cent of completion, at one atmosphere fur- 
nace pressure, this average maximum over this com- 
bustion progress is of the order of 2 X 10° Btu per hour per 
cu ft of furnace volume. 


NOMENCLATURE 
The following nomenclature is used in the paper: 


Subscripts: 


1 = fuel (except with ¢) 

2 = oxygen (except with ¢) 

A = assubscript = per unit of interface area 
D = assubscript indicates thermal diffusion 
e = entrance plane after initial turbulence 
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= initial conditions 
m = mean conditions; also molecular weight 
o = standard conditions 
r = only in/,; defined later 
v = partial volume 
x = interzone 


Conditions and co-ordinates (English letters): 


A = extent of reaction interface (ft?/ft') 
A/1 = volume diffusance factor 
= concentration 
coefficient of thermal diffusion, ft?/see = n/p 
FE = energy of activation per lb mole 
f = fraction combustible in fuel gas by volume 
F = collision frequericy 
AH. = energy release per effective molecular collision 


ats 
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dH 
(dH /dé) 


(dH /d®) p 


(dH /dé) 


(dH /d®) ap 


AV 
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= differential of energy released in reaction, Btu/ft* 

= energy release rate, Btu/(ft* & sec), based on 
effective collision rate 

= energy release rate, Btu/(ft* X sec), based on dif- 
fusion rate of oxygen 

= energy release rate by effective collisions in inter- 
zone, Btu/(ft? X see), based on effective colli- 
sion rate 

= energy release rate, Btu/(ft? x sec), based on 
diffusion rate of oxygen 


= thermal conductivity of gas, Btu/(ft? « see xX 
deg /ft) 

= distance from interface through thermal diffusion 
laver 


= effective thickness of thermal diffusion laver 
= depth of interzone 

= total normal spacing of interface planes 

= molecular weight 

= number of mean free molecular path lengths 


’ = temperature exponent on coefficient of diffusion 


= volume of oxygen required per cu ft of combustible 
in fuel gas; also number of effective collisions 
required with oxygen molecules per fuel molecule 
= theoretical air /fuel as supplied 


= N/f 

= Avogadro’s number = 2.705 X 10!* molecules 

= N, X (em?/ft*) = 7.65 molecules 

= pressure 


= Prandtl] number’ 

= probability fraction (see Equation [1] ) 
= calorific content of fuel gas, Btu/ft® 

/f 

= calorific content of gas mixture, Btu/ft* 
= universal gas constant per mole = 1.985 


> = Reynolds number 


= temperature, deg R. Without subscript is mean 
across 2/,; otherwise as indicated by subscript 


” = volume, cu ft 


= difference in volume between products resulting 
from complete combustion and fuel-gas plus 
oxygen entering to ferrn products, expressed as 
fraction of entering volume of combustible in 
fuel gas (see Equation [36] ) 

= fraction burned . 

= 0, see Equations [13] and [11la] 

= Op, see Equations [30c] and [30¢e] 

= actual air/theoretical air 

= see Equations [10] and [10a] 

= see Equations [10] and [105] 


Conditions and Co-ordinates (Greek letters) : 


= absorptivity of gas contained in one ft® 
= I1/f(8 +2-f- AV) 

= (yN,; + 1) = (yN/f + 1) 

= (yN + 1) 

= m/me 

= emissivity of gas contained in 1 cu ft 
= l,/l = interzone depth ratio 

= see Equation [9a] 

= time, sec 

= X, see Equations [lla] and [13] 

= Xp, see Equations [30e] and [30c] 

= molecular mean free path length 

= coefficient of viscosity, lb/see x ft 
= transfer fraction of released energy 


= fraction released energy absorbed at furnace walls 


lies 
& = 1/l, = interior turbulence space factor 
p = density, lb/ft* 
¢ = function 
¢x = interzone cor ventration ratio 
x = Crp/Cy, = (Cye/Cy)¢x = 1.00 = concentration ratio 
= = (Dimensionless, see HMquation 
[10g] ) 
= (A,/lop) (1 — x)é Dimension = (see Equation 
| 30/]) 


INTRODUCTION 


The theory of the combustion progress for small flames, such, 
for example, as the Bunsen burner, is included in Jost (6)? and in 
Lewis and von Elbe (10). Inaerated flames have been investi- 
gated by Burke and Schumann (1) and the results reported 
based upon a diffusion mechanism. In the foregoing references 
the geometry of the flow pattern may be fairly well defined in 
advance, since turbulence takes no appreciable part in mixing of 
the constituents. Rummel (2) employs experimental research 
in the investigation of combustion progress for a series of burner 
and furnace models. These experiments include the influence 
of turbulence on the mixing for different cases. 

The results represent the influence of an air factor (actual / 
theoretical air) on the shape and size of the volume occupied by 
a mixture within which combustion is occurring. This volume 
is shown as divided into air-rich and fuel-rich zones, the eon- 
figuration of which is determined by the relation to each other of 
the air and fuel passages leading to the combustion space. The 
zones are thus air and fuel zones and the space between them 
is the reaction zone. 

The reported results include correlations between certain of the 
experimental factors and are, in general, very illuminating, being 
well worthy of study by anyone interested in the combustion 
process which occurs in an air-gas mixture following its discharge 
into the furnace cavity or combustion space. Rummel’s ex- 
periments were conducted at a constant pressure of 1 atm. <A 
brief review of both Rummel (2) and Burke and Schumann (1) 
is contained in Jost (6). . A more extensive review of Burke 
and Schumann is contained in Lewis and von Elbe (10). 

In its most general aspects the mixture investigated by Rum- 
mel may be considered as made up simply of zones, hereafter 
called concentration zones, differentiated with respect to their 
surroundings by differences in concentrations of the several kinds 
of molecules present in the mixture. Some of these zones are 
high in concentrations of fuel molecules and others in oxygen 
molecules. These conditions result in diffusion of oxygen and 
fuel molecules each from its own concentration zone toward a 
concentration zone of the other. At the interzone between the 
two, fuel and oxygen molecules*come in contact in such propor- 
tions per unit of volume that vigorous combustion ensues, pro- 
vided the temperature is well above the ignition point. 

The essential geometrical characteristics of the foregoing 
system to which the energy release rate per unit volume will be 
proportional, for any given set of conditions otherwise, is the ex- 
tent of the reaction interzone per unit of volume of the mixture. 
In arriving at the proper dimensions of this extent it is first 
noted that the volume occupied by the interzone may be con- 
sidered as the product of its spread normal to the direction of 
diffusion into it from the concentration zones adjacent to it and 
a thickness or depth factor in the direction of diffusion. The 
magnitude of the depth of the interzone is then that portion of 
the molecular journey from concentration zone into interzone 
during which those molecular collisions occur which result in 


2? Numbers in parentheses refer to the Bibliography at the end of 
the paper. 
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reaction. 
Instead it is merely an extension of the molecular transfer path 
from the concentration zone into the reaction zone. Whatever 
distance a molecule travels into the interzone before it finally 


This depth factor is not an extent factor of the zone. 


reacts, the amount of energy released per reacting molecule will 
It follows that 
the depth of the interzone is not an extent factor of this zone, since 


be the same for a given final product. molecule. 


the latter is proportional to the energy release rate per unit of 
volume. 
thought of as a potential reaction interface between concentra- 


The spread alone is such a factor, and this may be 


tion zones. It is thus an area which is represented henceforth 
by the letter A. It has the following dimensions: Square feet 
of reaction interface per unit volume of the mixture, i.e. (ft?/ft%), 
and is therefore in one sense the density of the reaction interface 
in the mixture. 

In particular it should be noted that the proportionality be- 
tween energy release rate per unit of volume and A is independent 
of the mechanism which controls the reaction rate per unit area 
of the interface. Hence for any conditions which make it pos- 
sible to specify the magnitude of A the foregoing statement holds. 
But in the limiting case of a uniform mixture the concentration 
zones themselves cease to have any meaning and so A itself be- 
comes meaningless. It follows that the extent A of interface 
is a co-ordinate of the reaction to which energy release rate per 
unit volume is proportional so long as the state of mixture con- 
tains concentration zones which are large compared to molecular 
dimensions. Under such conditions the proportionality between 
energy release rate and extent of A exists. 

It will be shown later that the introduction of this concept 
earries with it important implications as to the influence of pres- 
sure, temperature, and turbulence on the reaction rate, and pro- 
vides for a closer evaluation of the distribution of the released 
energy. 
lease rate of the configurations of concentration zones inde- 


Since the concept expresses the effect on energy re- 


pendently of their detailed geometry, then application of experi- 
mental results in equations including the concept specifically 
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lead directly to its magnitude for the given experimental condi- 
tions. This is important because it is difficult to see how any 
reliable definition as to the detailed geometry of these zones mav 
be prescribed when initial turbulence is high. 

In order to visualize the effects of turbulence in such respects 
more fully, refer to Figs. 1 and 2. Comparing the interface ex- 
tensions in these figures, it is seen that when eddies impinge on 
the interzone their envelopes or boundaries serve as an extension 
of the potential reaction interface. At the same time the re- 
quired distance of travel between concentration zone and inter- 
face is diminished to the very short distance from the interior of 
the eddy to its boundaries for those molecules contained within 
the volume of the impinging eddy currents. 
effect of turbulence near the interface, on the energy release rate, 
is thus accounted for, in a large measure at least, by the increase 
in A and decrease in | previously noted, or to put it otherwise, 
turbulence may be considered as a source of increasing the value 
of the ratio A/l. This at least in part accounts also for the ef- 
fects of the so-called eddy diffusion (7, 8) which is directed 
toward the reaction interface. 
through the thermal diffusion zone bounding the interface is 
large compared to the decrease in concentration of interior eddy- 
diffusion paths which terminate at the outer boundary of the 
thermal diffusion laver then the effects of eddy diffusion are al- 
most wholly accounted for by the equations to be stated later. 
Since eddy diffusion is at the expense of Kinetic energy and thus 
has no direct effect on concentrations, the error involved, because 


The macroscopic 


If the decrease in concentration 


of the omission mentioned, should have but a negligible effect 
as to the correctness of the form of the resulting equations. 


MecuanisM Wuicu Governs Motions as MOLE- 
CULES APPROACH INTERZONE 

In order to investigate this question consider first the factors 
on which the depth of the interzone depends. Under ideal reac- 
tion conditions, when every collision between fuel and oxygen 
molecules results in chemical union of the two, the magnitude 
of this depth is very small and particularly so if the fuel itself is a 
solid. This follows from the fact that the fraction p of the total 
molecules in space about a given fixed point which have their 
next collisions with that point is represented by the equation 


Here n is the number of molecular free path lengths \ in the dis- 
tance nd extending from the point. Referring to Table 1, it is 
seen that with n = 5, fraction p has already increased to 0.99 and 
so only 1 per cent of those molecules beyond 5d have their next 
collisions at this point. Hence 5a is the collision range for 99 
per cent of the total molecules, and so if the fixed point is on the 


TABLE 1 VALUES OF p 

n Pp n 
1 0.63 6 0.997 
2 0.86 Collision 7 0.999 Diffusion 
3 0.95 Range 8 0.9997 Range 
4 0.98 9 0.9999 
5 0.99 10 0.99995 

n 0.999999 


surface of a solid fuel then 5.\ is the order of magnitude of the 
depth of the interzone. But X is of the order of magnitude of 
10-7 ft, and so the interzone itself has in such cases a depth of less 
than ft. 
However, the fraction of collisions between oxygen and fuel 
molecules which result in reaction is exceedingly small (of the 
order of 10~5) at 3700 R and if the fuel as well as the oxygen is 
gaseous, then at lower and lower concentration as combustion 
progresses there will be fewer and fewer molecules of each near 
an imaginary interface between two concentration zones, one 
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initially of 100 per cent air and the other initially of fuel mole- 
cules. As a result of all of these conditions, the depth of the 
interzone in a totally gaseous system may be quite large com- 
pared to that which might exist at the surface of a burning solid 
fuel. But it still remains true that wherever an effective collision 
occurs there will be a sudden reduction of concentration of oxygen 
and fuel molecules, and this tends to induce thermal diffusion from 
the surrounding region. 

Inspection of Table 1 indicates that the inner boundary of a 
diffusion layer extends to within 6 to 5 \ of an effective collision. 
It follows that even if eddies should succeed in penetrating to 
within, say, 10 or 15 \ of the collision point there would still be 
a diffusion layer of from 5 to 10 \ in thickness. Available evi- 
dence (8) indicates definitely that the scale of turbulence which 
could result under feasible furnace conditions would be very large 
compared to 10 A. It follows that the chance of having furnace 
turbulence toss molecules directly into the interzone by com- 
plete elimination of the thermal diffusion layer is so small as to 
be negligible. But the layer which is left by turbulence may 
still be so thin that a very small difference in concentration be- 
tween that of the concentration and interzone is sufficient to 
meet the demands of the effective collision rate in the interzone. 
Under such conditions, activities of the interzone mechanism 
take over primary control of the reaction rate, and the activities 
of the thermal diffusion mechanism merely follow along. 


. 
INFLUENCE OF TURBULENCE AND TIME ON VALUE OF A/IIN A 
MIxtTurRE FREE oF CHEMICAL REACTION 


Since the extension A of potential reaction interzone in a vol- 
ume element is affected so strongly by turbulence, the value of A 
at any point in space and time depends upon the history of the 
turbulence to which the volume element has been submitted as 
well as upon the initial interzone extension within the element. 
If the volume element is left to itself as in a self-acting process, 
then A will increase in value. This follows because increase of A 
implies passing from a less to a more uniform state as to molecular 
distribution. Hence A, like entropy, always increases with 
time in a self-acting process. 

All three, turbulence, forces of the chemical reaction, and 
gravity are superimposed on whatever self-acting characteristics 
the mixing process possesses. But gravity is insignificant com- 
pared to the other two and so may be neglected. The influence 
of the chemical reaction in such respects will be discussed later. 

With respect to turbulence and time effects alone, the truth of 
the following statements should now be fairly obvious: 

1 The principal extension of A occurs as the mixture passes 
through the initial turbulent zone unless subsequent augmenta- 
tion of tubulence is present. 

2 This extension tends to increase even after the initial 
turbulence dies down. However, as will be seen later, the in- 
fluences of the chemical-reaction progress are opposite. 

3 The normal distance between interface layer varies in- 
versely with A. Hence the change in A/I is proportional to the 
square in the change of A except for the effects of interior turbu- 
lence to be explained later. 


VarRIATION OF A/l WitH CHANGE OF PRESSURE AND TEMPERA- 
TURE OF MIXTURE 
If the density p of the mixture varies, this alone will result 
im a change of the interface extension A. Thus if A, represents 
the value of A when referred to standard pressure and tempera- 
ture P, and T,, respectively, then 


A = A,(p/p,)"* = [2] 


This follows because the surface-volume ratio of a concentration 
zone of any shape whatever varies directly with the '/; power of 
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the density of its contents. Then assuming the contents to be 
perfect gases leads to Equation [2]. Thus is seen how intro- 
duction of the concept A introduces a portion of the net values 
of the exponents which are attached to the pressure and tem- 
perature co-ordinates in the final equations of the combustion 
process. 

The companion equation to Equation [2] but with respect to 
the depth factor, J, is 


= 1,(p,/p)'/* = [3] 


This follows because this depth factor, which is approximated 
by a volume-surface ratio (the inverse of surface-volume ratio 
employed for A) of a concentration zone of any shape what- 
ever, varies inversely with the '/; power of the density of the 
contents of the zone. Then assuming such contents to be per- 
fect gases leads to Equation [3]. 

It follows from Equations [1] and [2] 


A/l = [4] 


It should be noted that Equations [2] and [3] and hence also 
Equation [4] are each true even when the concentration zones 
are not completely bounded by reaction interface, since, in the 
development leading to the equations, any arbitrary relation 
may be inserted between the surface and volume of the concen- 
tration zone. Therefore a reduction of the extent of the inter- 
face bounding a given concentration zone increases the effective 
depth of this zone with respect to that interface. 


ENeERGY-RELEASE-RATE EQUATION FOR STEADY STATE OF FIRING 


Under these conditions the reaction rate has a steady time 
mean value at any point along the combustion progress curve 
even through it fluctuates in time about this mean. This time 
mean rate varies from point to point along the combustion prog- 
ress curve, rising at first during the heating-up period as the 
temperature increases and passes through the so-called ignition 
point, and then falling rapidly as the concentrations of com- 
bustible constituents decrease. Hence at time @, when the 
gases have passed some distance L into the furnace cavity, the 
conditions existing in a small mass of gas which is now at L and 
which contains within itself a small extension of interface A may 
be defined as follows: 


Ci» = concentration of fuel molecules in the concentration 
zone of the mass when at L. (Subscript v indi- 
cates partial volume) 

Cix» = concentration of fuel molecules in the interzone of 
the mass when at L 

C2, = concentration of oxygen molecules in concentration 

zone of mass when at L 
concentration of oxygen molecules in interzone of 
mass when at L> 
Tx = temperature of interzone 
l, = one-half depth of interzone 
dH /d@ = rate of energy release (Btu/ft* X sec) occurring 
from within mass when at L 
(dH /d@), = rate of energy release per unit area of interface in 
mass when at L 


C; Xe 


For a steady state, the rate of diffusion of oxygen or of fuel 
through a boundary layer adjacent to the interzone is equal to the 
rate at which such molecules disappear in reaction in the inter- 
zone. Then with both processes referred to a unit area of 
interface at a given point on the combustion progress path (dH/ 
dé) 4 may be stated on the basis of either process. 

The concentration gradient in the diffusion equation when 
stated in terms of a difference of concentrations divided by the 
length lp of the diffusion path becomes (Cy — Cxe)/lp. Here 
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(Ce — Cx») is the drop in concentration through a thermal dif- 
fusion layer of thickness lp. Concentration C, is a function of 
the combustion progress only for a given set of initial conditions 
but concentration Cx, depends upon both C, and the condition 
in the interzone. It follows that unless Cx» is negligible com- 
pared to C, then the diffusion equation by itself is insufficient to 
represent properly the energy release rate per unit of interface. 
Investigation shows that (x, is not a negligible term. There- 
fore use of the interzone equation is not avoided by basing the 
energy-release-rate formulis upon the rate of diffusion through 
the diffusion layer. In view of this, the interzone branch of the 
equilibrium equation (diffusion rate through boundary layer = 
rate of disappearance of molecules by reaction in interzone) is 
taken as a starting point in this development. 

The energy release rate in the interzone volume per unit area 
of interface is proportional to the frequency of effective collisions 
there between fuel and oxygen molecules. On this basis 


(dH = (2ly) (Fr) Btu/ft? see. .[5] 


Here SH, is the energy released per effective collision and 2l, 
is the volume of interzone per unit area of interface A. Factor 
Fy represents the collision frequency per unit volume of the 
interzone, and the last term on the right is the fraction of these 
which are effective in reaction. In it £ is the energy of activa- 
tion per mole and FR is the universal gas constant per mole. 

The equation for the collision frequency Fy, as developed by 
Jeans (3) will be found in the Appendix. This leads, as there 
shown, to the equation 


Fy = 26.8 10%! * Cox 


where Fy, is the collision frequency per cu ft. 

Concentration product CixCzye Is a mean of values of the 
product for the total depth through the interzone. Let Cixyep 
and Coy,» represent the concentrations where the interzone 


meets the diffusion boundary laver. Also let 


= 


( = 2 \ 
Coxe 
[Gb] 
Ciwp* Caxed 


The ratio yy is introduced merely to call attention to the fact 
that this ratio is not necessarily unity. 
a limit. 


It approaches unity as 
Establishment of the exact form of this function would 
require an extended analysis. Presumably the concentrations of 
either fuel or oxygen molecules are near zero at the boundary 
of this zone opposite that at which either enters. Then, since even 
at high temperatures only 1 in about 10° collisions between fuel 
and oxygen molecules is effective, it appears as though the de- 
crease in concentration of each with distance traveled across the 
interzone might vary with this distance in practically the same 
Way as it does in the case of thermal diffusion through a boundary 
layer. If this should be true then 


¢x = 0.5 XK 0.5 = 0.25 


However, a high rate of energy release within the interzone may 
disturb the thermal equilibrium necessary for existence of the 
concentration gradients of diffusion to such an extent that any 
conclusions based on the assumption of their existence are far 
from the real facts in the case. If, for example, the reaction in- 


duces turbulence within the interzone itself of such an intensity 
that the rate of distribution of oxygen and fuel molecules within 
this zone is so high as to eliminate completely the existence of any 
concentration gradients as to these constituents, then in the 
limit Cx» = Cxep and gx = unity. It appears therefore as 
though the true value of ¢x must lie between 0.25 and 1.00. In 
the present discussion its value will be considered as unity where 
a specific value must be assigned to it and so the results based 
on this are limiting values. It is of course dimensionless and 
so its value should not be affected by variations in the density of 
the mixture alone. The function gy is henceforth designated as 
the interzone concentration ratio. 

Expressions representing C,, and Cy: in terms of the combustion 
progress are developed in the Appendix with the following results 


Ci = (1 — z)/B 


Cx = — z)/8 \ 
where 

x = fraction burned 
y = actual air/theoretical air 
N = theoretical air/fuel as supplied = ft*/ft* 

N, = Nff 
f = fraction of combustible in fuel gas by volume 
8 = 1/f(8 + AV) 

= yN +1 

AV = volume change in reaction referred to volume of enter- 


ing combustible in fuel gas; see Equation [36] 


The energy AH,»., which is that released per effective collision, 
may be stated as 


[7] 


Here Q.,, is the calorific content, Btu per cu ft, of the combustible 
portion of the fuel gas when referred to standard conditions, 
and nz the number of effective contacts required by the fuel mole- 
cule with oxygen molecules in order to complete the reaction; 
or nz is the number of oxygen molecules required per average 
fuel molecule. 

Noting that 


N,’ = 7.65 X 105 molecules per cu ft......... [8] 


and then substituting relations now available in Equation [5] 
results in 


. [9] 


where 


n = 0.35 X 10° (P/P,)? (T,/T)? [9a] 
Y 


to which the following additional definitions apply: 


P,T = pressure and temperature (degrees Rankine) in fur- 
naces where burned fraction is x 
P,, T, = standard P, T 
y = m/m, = ratio of mean molecular weight of fuel mole- 
cules to that of oxygen, i.e., mz = 32 
e = base of natural logarithm 


Equation [9] leads directly to the result 
dH /d@ = A-(dH/d0@)4 = [l) 


which is the energy release rate on the volume base (Btu/ft? xX 

sec). Here 

— z) (y— 2) 
B? 

Z = 0.21 (Ny/ma) 


Y= 


4 
A 
a 
, 
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where Q,, = Q,/f = calorific content of combustible in fuel-gas 
(Btu per cu ft) at standard conditions, and 


= A-(2lx)x2.¢x 
Then, since A has dimensions ft?/ft? = 1/ft and x and ¢, are 
both dimensionless, it is seen that ¥ is a dimensionless group. 


GEOMETRY OF AN EquivaLent Mixture Distrripvrion 
INTERZONE Deptu Ratio 


AND 


Consider the sum total of areas (one side) of plane sections con- 
tained in a ‘“‘unit’’ cube, all parallel to one face of the cube and 
separated from each other by the normal distance 2/, where 1 is 
the denominator of the ratio ¢ = Ix/l. Since these planes may 
be considered as large in extent compared* to J, then the dif- 
fusion path length of the diffusion layer bounding the interzone 
of normal depth /x becomes 


The unit cube contains '/: | planes. Each plane represents 
one unit of area, when counted on one side only, and so the ex- 
tent of interface in the cube is A =-!/:l. Then A-(2-lx) = 
ly/l = ¢ which substituted in Equation [10c] yields 


The ratio ¢ will henceforth be designated as the interzone depth 
ratio or simply as the depth ratio of the mixture distribution. 


INTERIOR TURBULENCE Factor 


The foregoing discussion does not include the possible space 
effect which an interior turbulent core, within a concentration 
zone, might have on the space assigned to such a zone, when this 
assignment is in the manner outlined. With any such space 
effect included, the real normal spacing, 2I/,, between parallel 
interface planes in the cube would exceed the normal spacing, 
2-1, by the mean normal thickness of the turbulent core. It 
follows that the ratio of the real interface extension A; = !/2l, is 
related to the foregoing assigned interface extension A = 1/2-1 by 


A,/A = Vl, 


Thus it is seen that & becomes a multiplying factor on ¢x?¢, in 
Eqguation[10e] and so 


With this space effect of interior turbulence included, in addition 
to the effect on A /l of the eddies impinging on the interzone (Fig. 
2), and which effect was formerly incorporated and is present in 
¢, the general aspects of the influence of turbulence on the energy 
release rate have been adequately defined. It is seen these ef- 
fects are of two kinds, namely, that on A/l and that on & In 
both cases the energy release rate is directly proportional to the 
factor. The first one increases with turbulence. The second 
one (¢) is the result of volume occupied within the interior of a 
concentration zone by interior turbulence and decreases with the 
increase in the fraction of the total volume of a concentration 
zone which is occupied by an interior turbulent core. This factor 
will henceforth be designated as the interior-turbulence space 
factor, or simply as the space factor. 

When this factor is unity, the volume effect of interior turbu- 
lent cores is nil and y is represented by Equation [10e]. There- 
fore this is the limiting value for any given turbulent state. 
Hence with the value Y = Yim = fx", in the energy release 
equation, this equation yields the maximum values of energy 
release rate which are possible to any given state of turbulence. 

It is difficult to see how the factor — could ever be very far from 
unity. It has the best chance of tending to smaller values in 


* See Summary at end of main text. 
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large concentration zones with a small part of the interior volume 
occupied by a turbulent core. But then, even if such conditions 
could ever be maintained for any length of time, ¢ is not far from 
unity because the volume fraction of the turbulent core is small. 
As this volume fraction increases, then, at some point in the in- 
crease, the turbulence immediately becomes dispersed through- 
out the total volume of gases in the concentration zone. Under 
such conditions, £ might possibly at some time or other attain a 
lower limiting value of 0.50, but it is difficult to see how a value 
as low as this could endure for any length of time. It is only with 
respect to boundary layers at stationary solid surfaces as, for 
example, flow through a pipe, that the space occupied by the 
turbulent core can be a large fraction of the total volume. With 
this in view, such results as will be disclosed later will be based 
upon — = 1.00 and will be designated as the “limiting release 
rate”’ for the case under consideration. 


COMBUSTION PROGRESS EQuaTION 


This relates the combustion progress in terms of burned frae- 
tion z to time @ in seconds. In developing the equation, dé is 
transferred to the right-hand side of Equation [10] followed 
eventually by separation of variables and integration of a portion 
of the equation. The necessary preliminary steps are outlined 
in the Appendix, and the final result is shown as follows 


1 
=e 


(f*-B,) 


where 


© = 0.21(N,/n2) fy wr. {Ila} 


loge (1 


y- 
y(1—z) 


| (y — 2) 
= | loge —— 
y—1 y 


= B,?/(y 1) log. [11] 


[11e} 


_ fav 


¥3 


E loge + yr — x log. (1 r) [11d] 


B = yN, +1... 


Functions ¢2 and ¢; correct the combustion progress of the 
case where AV = 0 to that for which AV $0. The effect of 
omission of AV is considerable for a gas like CO when y = 1.1, 
since AV = —0.50 for this gas. However, for CH,y, AV = zero, 
and for a fuel like natural gas where AV = —0.06, the effect 
of its omission is very small. 

For convenience let 


1 
+ == X 
Ps, [er + + 


when Equation [11] may be stated as 


The left-hand side of Equation [13] represents combustion 
progress in terms of burned fraction x. The right-hand side is 
the time integral expressed by Equation [lla] where @ represents 
time in seconds. The value of X becomes infinite at x = 1.00 
but as will be seen later the value of y has a powerful influence on 
X for values of z approaching unity. The equation is applicable 
throughout the temperature range from entrance to exit of the 
gases since it contains the effective factor for collisions. For 
y = 1.00 (theoretical air) the value of X is indeterminate. For 
y < 1,00, the result for X assumes that whatever oxygen disap- 
pears in reaction completely burns such fuel constituents as 


| 
(10/1 
| 
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enter the reaction. This of course would prove to be at some con- 
siderable variance with the facts in the case when y << 1.00. 
However, should Q,, be redefined as the calorific content. based 
on the reaction as it actually occurs and values of N and f 
accordingly adjusted, then the equation should be generally 
applicable if the coefficient y is experimentally determined. These 
remarks apply also to Equation [10]. 

If x and ¢ in the preceding equations should each be unity 
they would represent either a uniform mixture or the case in 
which molecules are tossed directly into the interzone without 
interference by a thermal diffusion boundary layer adjacent. the 
interzone. It is because of the presence of this layer that x and 
¢ are each less than unity. Hence if ¥, which includes these fac- 
tors among others, is solved for, from experiment by application 
of the preceding equations to experimental results, then the values 
of y and of the factors which it contains include whatever effects 
this thermal diffusion boundary layer may have had on the reae- 
tion rate. Inclusion of this effeet specifically in the equations 
requires the equilibrium equation before mentioned, in which 
the supply rate of, say, oxygen molecules, through the thermal 
diffusion layer bounding the interzone is equal to the rate at 
which they disappear, within the interzone, into chemical reac- 
tion. This equation will be presented later. For the present, 
further clarification is best accomplished by application to a par- 
ticular fuel; this to be followed by application for a particular 
fuel toa particular furnace. 

 Resuvrs ror Naruran Gas 

In this case the fuel parameters, as taken from Trinks (4), have 
the values: Q, = 1097, N = 10.5, f = 0.918, V = —0.06. The 
combustion is at constant pressure P = P, with 7, = 530 R and 
T,, = 67, = 3180 R. Substitution of these conditions in Equa- 
tions [10] and [11] then leads to the curves shown in Figs. 3, 4, 
and5. Values are givenin Tables 2 and 3. 


TABLE 2 


y 0.15 0.30 0.40 0.50 0.60 


2.3 2.47 5.42 8.04 11.9 17.9 
1.2 2.13 5.17 7.88 11.6 15.9 
14 2.09 4.93 7.48 10.9 15.4 
2 6.95 9.7 13.5 
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VALUES OF (X = @) VERSUS (z, y) 
Natural gas, Qo = 1097, N = 10.5, f = 0.918 
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sion rate in the interzone and shows the effects of pressure and 
temperature on combustion progress Az for a given time interval 
Aé. If thermal diffusion through the boundary layer takes a 
prominent part in the reaction rate control then the true pressure 
and temperature law lies between the foregoing and that indicated 
later in Equation [30e] which applies when thermal diffusion 
dominates the reaction rate. The least satisfactory quantity in 
Equation [15] is the energy of activation 2. Unfortunately it 
occurs where any variation in its value exerts a powerful effect 
on the influence of temperature on the reaction rate. 

The difference 7x — T is discussed in the Appendix and a 
method for computing it is outlined. In this, 7x is the mean 
temperature of the interzone and T the mean temperature of the 
remainder of the concentration zone associated with the inter- 
zone. Based upon the results shown there, the mean difference 
Tx — T is about 30 deg F when the mean energy release rate of 
the reaction is 36,000 Btu/ft? hr for natural gas with air- 
fuel ratio 1.2 and mean 7 = 3180 R. This difference, as com- 
puted from the equation shown in the Appendix, would increase 
considerably with increase in energy release rate. It might be 
considered for a moment that in the high-temperature range the 
effective value of 7’x in e~ “/"7* depends toa greater extent upon 
the chemical reaction itself than it does on the temperatures 
which result by use of an equation which is based upon distribu- 
tion of reaction energy after its release. If this should be the 
case, then the difference, 7'x T = 30 deg F, is too low. 
However, the energy of activation, E, is a property of the mole- 
cules which enter into an effective collision prior to that collision 
and so must it seems, be based upon the distribution of the re- 
leased energy in the vicinity of the collision. The only conelu- 
sion possible from the latter point of view is that the energy- 
distribution equation shown in the Appendix yields results of the 
right order of magnitude for 7’x — T. 


0.70 0.80 0.90 0.93 0.96 0.99 

26.3 40.6 76.0 96.2 160.0 318.0 

24.2 38.1 68.2 85.8 120.0 214.0 

21.9 32.7 54.7 67.4 88.4 145.0 


TABLE VALUES OF Y VERSUS y) 
Natural gas, Qo = 1097, VN = 10.5, = 0.918 


0.30 0.40 0.50 0.60 0.70 0.80 0.90 0.93 0.96 0.99 
2 1 1.28 0.768 0.363 0.128 0.0764 0.0359 0.0071 
3.43 2.62 1.91 1.31 0.818 0.435 0.163 0.103 0.0524 0.0114 
2 1 1.31 0.861 0.493 0.204 0.1351 0.0720 0.0168 
2 1 | 0.812 


0.505 229 


0. 0.1561 0.0866 0.0211 


Points where « = 0.99, i.e., where the undeveloped energy in 
the gases has been reduced to 1 per cent, are indicated in the 
figures. 

The abscissas, 0, of Fig. 3 are proportional to jime @ if the 
group 


under the integral in Equation [lla] is a constant. This then is 
the scale factor between 6 and real time @. Hence for those cases 
where exact comparisons for time intervals along a curve of a 
given y, or, as between time intervals for corresponding points as 
between curves of different y, the differences in scale factor must 
be taken into account. By reference to Equation [9a] it is seen 
that 


1 
(P,/P)(T/T,)n = (P/P,)(T,/T) E/RTX. [15] 


This applies when the reaction rate is dominated by the colli- 


In Fig. 4 ordinate Y is related to the real energy release rate 
dH /dé by the scale factor 

where reference to Equation [9a] discloses the pressure tempera- 
ture effect as 
Tx(y + D B/RT x. 


(P/P.)? (T,/T)? 

The limitations o& Equation [17] are the same as those before 
noted for Equation {15}. The powerful influence shown for both 
pressure and temperature would be considerably reduced where 
the reaction rate is dominated by the thermal diffusion rate 
through the boundary layer adjacent to the interzone. 

The value of 6 to be associated with any given Y is found by 
transferring the y, x of a given Y from Fig. 4 to Fig. 3. This 
procedure leads to the curves shown in Fig. 5 where, because of 


. 
2 
bs 
QB 
1.1 7.038 5.15 
1.2 6.54 4.85 
1.4 5.74 4.35 
2.0 4.17 3.28 
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congestion, the only curves shown are those for y = 1.1 and y = 

] 2.0. The other curves fall between the two shown and their end 
points are indicated. 

In order to relate the preceding extension in © to the real time ¢@ 

and also the Y values to the real energy release rate dH /dé for any 


————{ given case, it is of course necessary to arrive at the values of the 


100 


X= 9 


Fic. Comsustion ProGress Versus 8. Natura Gas 
(Abscissa X = 6 is proportional to real time @ when y, P, and 7 each con- 


stant. 


200 


300 


preceding scale factors including particularly the value of y for 
that case. A suggested procedure for dealing with existent ex- 
perimental information on the basis of mean values for this 
purpose follows. 


ABSOLUTE VALUES OF TIME AND ENeRGY Rare 
Consider the case of ‘‘constaat pressure combustion” and let 
Ym, Tm, and 7T'xm represent mean values of ¥, 7’, and respee- 


tively, for the total reaction. These will be taken as constants 
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(Variation of Y proportional to variation in energy release rate when y, P, 
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Fic. 5 Eneroy Revease Rate Factor Y Versus 8. Naturat Gas 


(Variation of Y versus © proportional to variation of energy release rate 
versus real time @ when y, P, and 7 each constant.) 


for the process. Then identity Mquation | lla] becomes 


O = 0.21(N,/nz) ..{ 18] 


Noting now that @ = NX and solving Equation [18] for 
vm the result may be stated as 


vy, = V/0.21 [19] 


where @ is the time required to burn fraction 2 of the 
fuel, 

In solving far ¥,, any associated set of experimental 
values (y, 2, @) may of course be employed for a given 
fuel and furnace. It is possible for a rough approxima- 
tion to resort to the available information on the over- 
all or average performance. For example, suppose that 
furnaces fired with natural gas with y = 1.2 may release 
energy at an average rate of 36,000 Btu per ft® xX hr 
with a final loss in undeveloped energy of about 1 per 
cent, i.e., where x = 0.99. The given rate of energy 


36,000 Btu 
— = | 10 — -— ... [20] 
3600 ft® X sec/avg 


In order to relate this figure to time @ let q,, rep- 
resent the calorific content (Btu/ft’) of the air-gas 
mixture under mean furnace conditions bat before any 
combustion has occurred. Then if it requires @ seconds 
in the furnace to burn to fraction z the relation 


release is 


TI 


exists, But 


whence by substitution of Equations [22] and [23] in 
Equation [21] 
rQ), - 
= -(P,,/P,)(T./T,,)...... 24) 
3.(dH 

For the preceding case of natural-gas firing, the con- 
ditions are now as shown in Table 4. 

Applying these data first in Equation [24] leads t 
the result 6 = 1.83 seconds. Then applying data in 
Equation [9a] yields 7 = 0.136 * 10‘. Finally, apply- 
ing information now available in Equation [1] 


Va = (Sx%ext), = 16.48 X 10-*........ 
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TABLE 4 COMBUSTION CONDITIONS 


Pm = Po = latm y= 1.2 Qo = 1097 
To = 530R N = 10.5 f= 0.918 
Tm = 3180R Ny = 11.45 Qu = 1195 
Ty = 3250 R (see Equation [56]) 6 = 14.74 = 90,000 Btu/Ib 
mole 
ne 2.00 2.75 
X = 214 (Fig. 3, for z = 0.99, y = 1.2) 
Then with & = gy = 1.00 and ¢ = lx/l assumed as having the 
same value as xy = = = 1.00, for reasons 


which will become evident later 
va ™ and x,, = 
Refer now to the curve in Fig. 6 which results when condi- 
tions of Table 4 (except 7x = 3700 deg T for curve) are applied 


in Equation [10] with xy = 0.10. Then, in view of the fore- 
going relations, the mean ordinate of a similar curve to that 
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(For conditions not noted in legend on chart see Table 4.) 


shown in Fig. 6, but applicable to 3250 R and x,, = 0.254, should 
be equal to 0.117 X (0.254/0.10)* = 1.64 that of the curve 
shown. If y itself should be a constant, then the curve in Fig. 
§ represents about 60 per cent of the energy release rate of the 
case just calculated. Thus an increase in value of y from 0.10 
‘o 0.254 more than balances the correction required when 7'x 
lrops from 3700 to 3250 R. Variations in both factors are thus 
seen to be very powerful in their net effects. Such phases of the 
subject may be somewhat clarified by an application of the inter- 
zone equilibrium equation before referred to. 


Tue Equitiprium EqQuaTION 


For a steady state of firing, the time mean value of the fre- 
queney of effective collisions in the interzone per unit area of 
interface must have the same value, when expressed in terms 
if energy release rate as that of the diffusion of either oxygen or 
‘uel molecules per unit area of interface when expressed in the 
same terms, 


The development leading to the diffusion side of this equation 
is outlined in the Appendix and the result is 


) 
T/T»)” 
lp (T/T») 


-[26) 


(dH {d0) 4p = 0.357 X 10-* 


where exponent. n’ is brought in with the coefficient of self-diffu- 
sion for oxygen and has a value n’ = 0.75 for average furnace 
conditions according to Jeans (3). 
Equation [9] represents the collision branch of this equation. 
Equating the right-hand sides of Equations [9] and [26] 
x? 1.70 10-48(T/To)”’ 


27 
1—x (2-lx) (1 —2)lp an 


where 7 is solved for from Equation [9a]. 

This condition may be combined with either branch of the 
equilibrium equation in order to obtain the values of energy re- 
lease rate which result when all of the factors which have been 
specified as having an influence on the reaction rate are ac- 
counted for. 

In the present analysis Equation [27] will be combined with 
the collision or interzone branch of the equilibrium equation. 
The effects referred to on the energy release rate include of 
course the influence of the chemical reaction on the extension, A, 
of interface. This depends upon the way in which the reaction 
influences the concentration and depth ratios x and ¢. In order 
to investigate the trends of the variation of these factors with 
combustion progress (x), Equation [27] will be applied to a 
special set of conditions. These are so chosen as to permit of a 
numerical solution of x by means of Equation [27] while, at the 
same time, being close enough to reality so as to indicate at least 
the probable trends of variation which may actually exist. 


INTERZONE EQuILIBRiIUM CONDITIONS FOR SPECIAL CASE 


Consider the geometry of a diffusion system in which concen- 
trations C\, and C2, are proportional to the normal distances |, 
and /, from the interface. This would be closely approximated 
when /x is small compared to the total distance, 1, through the 
diffusion boundary layer. But when this is true 


Noting now that /» = | — lx and substituting in Equation [27] 
and solving 
0.85 X 10-*(7/T,)” B 


Ix? = 


On introduction of the conditions shown in Table 4 which apply 


1 
lx = 2.89 <x [28] 
x(1 — z)¢x 


Application of this equation with gy = 1.00 yields the results 
shown graphically in Fig. 7. Unfortunately, the coefficient em- 
ployed in the calculations was 2.28 instead of 2.89; hence the 
ordinate values for all curves should be multiplied by 1.27 in 
order to apply strictly to the stated conditions. This shift in 
values is of no consequence in this discussion since it is only 
trends which are under consideration. 

It is seen that for a given depth ratio ¢ = x the total depth, J, 
of the diffusion layer plus interzone increases as the fraction 
burned increases. This indicates an increase in average size of 
concentration zone with combustion progress, which is to be ex- 
pected since the smaller zones burn out first. As ¢ = x is in- 
creased the curve becomes flatter but the break at the end is 
sharper and longer delayed. 
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Fic. 8 Limitinc Extent or INTERFACE (A) VERSUS x WITH ¢x = 


= 1.00 ann ¢ = x = 0.10. Natura Gas 
(For other conditions see Table 4.) 


The limiting extent, A, of interface for the equivalent mixture 
distribution, defined in arriving at Equation [10e] is shown in 
Fig. 8 for x = 0.10 with € = gy = 1.00. This curve is a plot of 
the values A = '/:.l where the values of l are taken from the upper 
of the two curves which between them define the interzone for 
¢ =x = 0.10in Fig. 7. 

The mean ordinate under the interface curve x = 0.10 in Fig. 
8 falls at x = 0.57. The value of lx for x = 0.10 at z = 0.57 in 
Fig. 7 is seen to be 10 X 10~*ft. This locates the point /x versus x 
for x = 0.10 0n the curve in Fig. 9. Repeating this total procedure 
with respect to the x = 0.20 and x = 0.40 interzone curves of 
Fig. 7 then furnishes data (/x versus x) for two additional points, 
one at x = 0.20 and the other at x = 0.40 for the curve shown in 
Fig. 9. 

Referring back now to Equation [25a] where it was found x,, = 
0.254, for the case of natural-gas firing there investigated, and 
projecting from this value on the abscissa in Fig. 9, the mean '/, 
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depth of the interzone for that case becomes, as seen, 4.5 x 
ft. Hence l,, = lx/x, = 4.5 X 10°9/0.254 = 17.7 xX 10-3 
ft, and so 

A,, = 3/3.1,, = 28.2(ft®/ft*) for = gy = 1.00..... [29] 


The given value of A,, contains errors on a number of counts. 
First, correct values of gy would alter the curves shown in Fig. 7. 
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Fic. 9 Interzone THIcKNESS Versus x Prom Fig, 
As Descripep In Text 


But the relation between ly and x in Fig. 9 would not be affected 
much. However, since both real — and ¢y are less than unity, 
and A,, varies with and with Vey a closer value is 


Maximum Limitinc VALUES OF ENERGY Rares 
Pockets 


At the maximum limit ¢ = x = — = gy = 1.00. Under these 
conditions the diffusion boundary layer has shrunk to zero 
Then since x,, = 0.254 for the preceding case of natural-gas 
firing with a time mean energy release rate of 36,000 (Btu, ft? x 
hr), it appears that for a uniform mixture, that is, when oxygen 
and fuel are uniformly distributed, the hypothetical maximum 
limiting time mean energy release rate for the period in which the 
combustion is carried from x = 0 to « = 0.99, with conditions 
shown in Table 4; is of the order of magnitude 


X 36,000 = 2.18 X 10* Btu /ft® hr... .[30] 


Thus it is seen that the mechanism included in the equation has 
tremendous resources in so far as increasing energy release rates 
is concerned. 

On the way from x << 1.00 to x = 1.00 the interface A in- 
creases. In the limit, however, where x = 1.00, interface ceases 
to have any meaning because both fuel and oxygen molecules are 
uniformly distributed throughout the mixture. Hence each and 
every concentration zone has dissolved, as it were, into the total 
space occupied by the mixture. It is important to note* that 
even though one of the concepts, on the basis of which the equa- 
tions were developed, has ceased to have any meaning under 
these maximum limiting conditions, the equations themselves 
apply even here. 

As the mixture distribution progresses toward the state of 
uniform mixture, some portions of the gas will arrive at this 
uniform state before others do. Such portions may be called 
explosion pockets because once the reaction starts from their 
boundaries it will flash through these pockets with energy release 
rate of the order of magnitude indicated by Equation [30] if the 
air-fuel ratios and temperature conditions are favorable. Strictly 
speaking, the equations cannot apply to such a dual distribution 
wherein some portions of the mixture have uniform distribu- 
tion and others contain concentration zones. In such cases the 


value of x found from experiment will be greater than its ac- 
tual value for such portion of the total gases as were in concentra- 
tion zones rather than in explosion pockets. However, the value 
of x found will be that of an equivalent distribution yielding the 


, 
4 
+2 
3 


WOHLENBERG 


same results, Furthermore, the effect of sueh pockets on the 
time mean energy release rate should not be large if the pockets 
are small and well distributed even though they might be numer- 
ous, the fraction of the total volume oceupied by such pockets 
being probably quite small under any feasible practical operating 
conditions. Of course there is the exceptional or accidental case 
when, after an interval of time without combustion in the eavity, 
thermal diffusion results in the whole furnace volume becoming 
an explosion pocket, 
known. 


The results of this afterignition are well 


ComMPARISON OF FORM OF COMBUSTION PROGRESS FUNCTION FOR 
Couuston Versus THermMar Dirruston 

If the right-hand side of Equation [26] is multiplied by inter- 

face extension A, the product represents the energy release rate 

dH /dé in terms of the diffusion branch of the equilibrium equa- 


tion, Then noting by reference to Equation [4] that 
A/lp {30a} 
this product may be stated as 
lop 
(y — — | 30b| 


where | x would be solved for from Equation [27] for the 
general case, 

The combustion-progress equation which goes with Equation 
[306] is developed from it in the same way as Equation [11] was 
from Equation | 10} with the result 

Xp = Op [30c] 
where 


(30d) 


Xp [vip + 
) 


0, = 0.36 X 10 4(N,/ng fo do. [306] 


vn = — (30/] 

and 
vip = (Bo/B;f) loge(y — x)/y [30g] 
= AV/Bly loge(y — + z]....... [30h] 


Here gop alone corrects for volume change AV in combustion. 

Referring now to Fig. 10, the curves x and PD are for the same 
conditions. The x curve is the result of Equation [11] and the 
D curve is the result of Equation [30c]. But in the latter case 
the abscissa scale has been adjusted so that Xp = X at fraction 
burned x = 0.99. 

As x approaches zero, Y (Equation [10c]) approaches zero. 
Hence 0 and @ of Equation [lla] also approach zero. It follows 
that at the limit x = 0 the time consumed by the effective colli- 
sions in the interzone must be zero. Under the same conditions 
¥p, and hence 0p and 6 of Equation [30e] have their maximum 
values. This is the hypothetical limit in which thermal diffu- 
sion through the boundary layer takes complete control. 

At the other limit, as x approaches unity, the reverse of the 
foregoing is true. This limit exists for the ideal case either of 
a uniform mixture or when turbulence tosses molecules directly 
into the interzone. Now the diffusion layer has been eliminated. 

The diffusion branch of the equilibrium equation as taken by 
itself indicates, as shown by curve D, Fig. 10, that the curve ap- 
proaches a finite limit of Xp) = Op for y > 1.00. However, in- 
vestigation with reference to Equation [27] indicates that this 
can be true only for the hypothetical case in which x = 0. It 
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(For conditions see Table 4.) 


follows that for all real cases (X > 0) the true progress function 
extends to X = 0 = when the combustion is completed, 

The adjustments which transform the relationships existing 
for the limiting states, as represented by the x or D curves of Fig. 
10, into the final real relation between x and @, is in each case 
accomplished by the time integral. For the collision curve x this 
is O as evaluated from Equation [lla] with reference to Equa- 
tions |10g) and [27], and for the thermal diffusion curve D it is 
Op, as evaluated from Equation [30e] with reference to Equa- 
tions [30f] and [27]. 

When these transformations have been accomplished for any 
given case the development involved will have led to identically 
the same function, x versus @, and so will result in exactly the 
same curve x versus @ regardless of whether the original reference 
function, from which the transformation started, was based upon 
the collision or diffusion branches of the equilibrium equations. 
In the present analysis this starting reference was purposely 
taken as the collision branch of the equilibrium equation because 
this affords the means of presenting the subject under discussion, 
namely, influence of interface extension 
order. 


A, in its most logical 
In some cases, where fairly rough approximations only 
are in order, it may be found that the diffusion branch of this 
equation will have advantages. This would be true wherever 
it is known in advance that by far the greater resistance is in the 
thermal diffusion layer, under which condition X may be neg- 
ligible compared to unity. 

Actual evaluation of time integrals 6 or Op for any case in- 
volves of course the variation along the path of the y or yp. , It is 
not possible at this time to furnish anything very conclusive in 
this respect. This awaits further development based upon ex- 
perimental data. A few of the general aspects of this problem 
are now considered. 


VARIATION OF A, x, AND § ALONG ComBUSTION PROGRESS PATH 


Figs. 7 and 8 indicate the effect of the reaction progress alone 
on the given variables. As before noted, A increases with tur- 
bulence and, in any self-acting process free of chemical reaction, 
also with time. But as seen now the ever-increasing values of 
the depth ratio ¢ with decreasing concentration along the path 
tend to decrease A. The following statements may now be 
added to those before made concerning the behavior of A. These 
begin by again emphasizing the fact that the curves in Figs. 7 
and 8 show the influence of the combustion progress only; there- 
fore: 
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1 The curve of interface extension shown in Fig. 8 is that 
which would result if the natural tendency for A to increase did 
not exist. The true curve of interface extension for conditions 
of Fig. 8 (except constant ¢ = x) should therefore start where it 
does, but subsequent points along the real curve should fall above 
corresponding points of the curve shown, the difference increas- 
ing with increase in x, Since A = '/, l, this increase requires a 
decrease in / which with reference to Fig. 7, indicates that both 
¢ and x must increase with xz. With respect to the variation of 
¢y along the path, it is first noted that in the limit of a uniform 
mixture gy = unity. It appears therefore as though ¢, also will 
tend to increase with z, since, in general, the mixture distribution 
is tending toward the state of uniformity. The evidence pre- 
sented thus indicates that in the absence of turbulence effects, 
y itself probably tends to increase along the path. 

2 If initial turbulence is intense and later dies out with in- 
crease in x then the change in the thickness /p of the thermal 
diffusion boundary layer will be subject to the control of the 
eddies caused by turbulence rather than to that of the diffusion 
symmetry resulting from the reaction, as illustrated in Fig. 7. 
But the boundary layer may be so thin in the initial turbul- 
ent zone that both ¢-and x are forced to have higher values in this 
zone than they will have later after effects of turbulence diminish. 
Under such conditions y may at first decrease with z up to the 
point in combustion progress where the influences of the diffusion 
symmetry just balance those of turbulence. Beyond that point 
y increases with x as noted. However, in the early stages, the 
effects of the decreasing tendency of ¢ and x on y are partly com- 
pensated for by the increasing tendency of the value of the in- 
terior turbulence factor &. 

3 In view of all of the foregoing it seems probable that the 
influence of the variation of Y with x on the form of the combus- 
tion progress function is small compared to the very powerful 
influence, in such respects, of the decrease in value of the concen- 
tration product C,.C, with increase in x, particularly in the early 
stages of this progress. But in the later stages of the progress, 
the factors & and ¢y must be near unity in value. Therefore, dur- 
ing this period the principal variation in y must result from 
whatever variations occur in f and x. But here the forees which 
disturb the diffusion symmetry shown in Figs. 7 and 8 are at 
their minimum without special provisions for turbulence aug- 
mentation, ete. It seems therefore as though even here the 
influence of decrease in value of the concentration product Cy-C, 
along the path will be predominant as to the form of the combus- 
tion progress function. 

4 In any event, whether or not the previous statements are 
near the real facts in the case, y is but one of the members of a 
group shown by Equation [14] which group is the scale factor 
connecting X and 6 to real time @. It contains certain factors 
the values of which at entrance, e, to the cavity, should be a 
function of the conditions in the initial turbulent zone for any 
given case. In this connection it is first noted that y contains 
the factor A, the accumulated value of which at any point along 
the path consists of its value at entrance after passage through 
the initial turbulent zone plus the accumulation up to the point 
under consideration. The entrance condition will henceforth 
be designated by subscript e and when referred to standard con- 
ditions, by subscript oe. This sugzests that an attempt be made 
at correlation between theory and experiment for the factors 
mentioned by means of the criterion of dimensional consistency. 


CorRELATION BETWEEN THEORY AND EXPERIMENT With ReEFrER- 
ENCE TO ENTRANCS VALUES OF Cerrain Facrors IN 

For this purpose y is stated in the form A-(2lx)x?¢x, as shown 

by Equation [10c]. If x? from Equation [27] is introduced in 

this group, the result is an expression from which A //, may be 
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separated as containing the factors which on entrance would 
have their values determined primarily as a result’ of passing 
through the initial turbulent zone for a given initial condition 
of the mixture at entrance to the turbulent zone. But /,, in- 
volves also forces of the reaction whereas /, by itself does not. 
Therefore the correlation based on dimensional analysis would be 
between A//, and dimensionless groups such as Reynolds and 
Prandtl numbers. Then, since A, = 1/l, it has dimensions 17>. 
It appears thus as though the establishment of the funetion 


A, jl, @ 1/d* o,(Re, 


may be possible for some cases. Here d is a linear dimension 
defining the initial turbulence-producing system and Re and Pr 
are Reynolds and Prandtl numbers, respectively. The relation 
of the left-hand side to the value of this ratio at any pressure and 
temperature P, T is then as shown by Equation [4] for A. J. 


SUMMARY 


The analysis does not specifically include the possible influence 
of two factors. One of these is a shape factor of the concentration 
zones. The reference geometry employed in arriving at Equation 
[10e] assumes a thin extended flat slab as the shape of the con- 
centration zone. If the reference geometry had been based on 
three mutually perpendicular sets of parallel plane surfaces within 
the unit cube, then the concentration zones would have been 
cubes. If 1 in A/l may be considered as a volume hydraulic 
radius then diffusance A /l has the same value for both cubes and 
extended slabs when the interface extension is the same in both 
cases. Furthermore the interzone volume per unit of interface 
still remains the same as before because this depends only on the 
kinetics of molecular collisions in the gas volume fronting on the 
interface. It follows that the shape of the concentration zones 
should have but a negligible influence on the results provided the 
total furnace volume is large compared to the average volume of a 
single concentration zone. 

The other omission is the resistance offered to the transfer of 
molecules across the gap oceupied by interior turbulence within 
the concentration zones. Since the transfer across this gap takes 
place by eddy diffusion the resistance to such transfer should be 
very small compared to the space effect of the gap in reducing the 
mean depth of the thermal diffusion sections of the total transfer 
path. The latter effect is accounted for. .Hence the above 
omission probably involves a quite negligible error. 

In view of the foregoing remarks and the discussion preceding 
them, it appears as though this analysis provides a reasonably 
complete outline of the factors involved. It is hoped that this 
will be of value in pointing the direction of further investigation. 
The main features of the analysis should, it appears, apply to 
fuels in the vaporous as well as in the gaseous state. 
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Appendix 


The Collision Frequency From Jeans 
where 


h\m my’ 


= frequency of collisions/em’ 
vy = number of molecules/em?* 
Siz = '/2(o1 + o2) 
o = diameter of molecules 
h = '/.R'T xe Tx. = temperature, deg K 


In the egs system 


R’ = 1.372 X 10~-'* = molecular gas constant 
m,’ = 52.8 K 10> = g per molecule for oxygen 
Se = 4.00 X cm average 


Now let m’ = ym’. ‘Then with the foregoing information 
introduced, Equation [32] becomes 


= 12.94 X + 1/7).....- [33] 
Note that 
No = 2.705 X 10" molecules/cm? at P,,T, 
em?/ft? = 2.83 « 104 
= (7T'x/1.8) where 7'x = deg Rankine 


Introducing preceding conditions in Equation [33] results in 
Equation [6] for the collision frequency F2 per cubic foot. 

Relative Concentrations C,. Parameters to be employed are 
defined in the nomenclature but AV also defined there, needs 
further clarification. Thus suppose a fuel as supplied contains 
/ fraction of combustible composed of combustible constituents 
1,2... of fractions fi, fe... where 


Sitht.... 


Then if AV;, AV:.-. represent the values of AV per unit volume 
for each of the constituents 


fiAVi + fodVet+... 


AV 


* Reference (3), p. 251 


Examples of AV;, AV2...ete., are given in the following. Thus 
for a gas containing f; of CO, fo of CH,, ete. 


2—3 
2CO + O; = 2CO; AV; = (—'/2) 
CH, a 2 do = CO, + 2H,0 Al 3; = wi = 0 


Then the ratio of total gas volume to volume of original com- 
bustible in fuel gas at any point z in the combustion progress is 


1 
B= yN,+1+ ( 1) | 


where [(1/f — 1)] represents the volume of inert gas associated 
with | cu ft of combustible constituents in the fuel gas, or 


B = yN, + 1/f + 2aV = +14 2f-aV) 
Let 


This is the ratio of initial air plus gas to fuel gas itself as supplied 
since N¢f is the theoretical air-gas ratio based on the fuel gas as 
supplied. Then 

B = 1/f{B. + [39] 


At fraction burned zx the volume of 1 cu ft of original combustible 
has been reduced 1 — z and is contained in 8 cu ft of mixture 
Hence 


The volume of oxygen contained in N, cu ft of air is 0.21N,. 
Hence at fraction burned z the volume consumed is 0.21z2N; 
The volume in yN;, cu ft of air is 0.21lyN,. Hence at fraction 
burned x the volume of oxygen left in the mixture is 


0.21yN, — 0.21N,-2 = 0.21N,(y—z)........ {41} 
This also is contained in 8 cu ft of mixture. It follows 


0.21N,(y — 2) 


Co = 


[42] 


For perfect gases the right-hand sides of Equations [40] and [42] 
have the same value for any given fraction burned z regardless 
of pressure and temperature. 

Combustion Progress Equation. Let q;, represent the initial 
calorific content (before combustion) per unit volume of the air- 
gas mixture. This may be stated in terms of its value for stand- 
ard conditions as 


where q, is the initial g when P = P, and T = T,. 
During the interval dé when z increases from z to z + dz, the 
energy dH released within a unit of volume of the gas at station 

zis 
dH = —dq,, = @r........ 


Substituting, Equation [43] in Equation [44] 
where 
a = By [46] 


Transposing dé to the right-hand side of Equation [10], insert- 
ing Equation [46] in Equation [45], and then equating the right- 
hand sides of Equations [10] and [45] results in the equation 


3 
: 
= +1 = yN +1............. [38] 
q 
‘ 
) 
ix 
: 
4 
= 
2 
x : 


8B Jo (l—2x)(y— 


0 
= 0.21(N;,/n2) 
0 


[47] 


\fter integration of the left-hand side the results may be ar- 
ranged as shown by Equations [11] to [11le]. 

Diffusion Branch of Equilibrium Equation. The volume of 
oxygen (cu ft) diffusing through a unit of interface in 1 see is 


Cov — 
Lo | 


Coxep = Cr 


(dV. 


where 


Hence 


Cw Coxrp = Col x] 
and 
Co[1 
(dV2/de), = [48a] 
D 
Also 
D = ™ .. [49] 
where 


for conditions of this problem. Inserting Equation [42] for 
(., in Equations [49] and [59], and multiplying by 


[51] 


in order to convert to Btu/sec, the result is that shown by Equa- 
tion [26]. In expression [51], (Q,;/nz) is the energy released 
(Btu/ft?) of oxygen entering in the reaction at standard pressure 
and temperature P,, T,.. The whole expression thus represents 
the energy released per cubic foot of diffusing oxygen when at the 
pressure and temperature under consideration. In the expres- 
sion, nz represents the cubic feet of oxygen required per cubic 
foot of combustible in the fuel gas. 

Difference in Temperature (Tx — 1). The difference Tx — T 
at any point z in the path for a steady state of firing is caused by 
net transfer rate of energy as heat between the concentration 
zones and the colder surroundings. Temperature 7’ of the con- 
centration zone itself thus assumes such a value that the rate of 
transfer to it from hotter surroundings is equal to the transfer 
rate from it to colder surroundings. The transfer from the zone 
is mainly by radiation and that to it is a combination of radiation 
from all parts of the cavity hotter than itself plus thermal con- 
duction into it from the reaction interface which bounds it. 

In order to estimate the thermal conduction, consider the total 
interface A in a unit cube as distributed in parallel plane sheets 
all normal to a cube edge. Then the normal distance /, between 
two layers of interface is ~ 1/A since A is now equal to the num- 
ber of parallel sheets of interface. A given concentration zone 
then receives thermal conduction from both interface sheets 
bounding it, or, conversely, thermal conduction passes normally 
in both directions from an interface into the concentration zones 
bounding it. The total area of interface from which conduction 
passes into the concentration zones is thus 2A and the total 
thermal conduction per unit volume is 


(dq/d®@)cond = ZAK( AT [52] 


where AT is the total drop in temperature across normal dis- 
tance 1, between layers. Then the mean of temperatures in 
depth /, from one interface to the other is 
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The latter is taken as the radiating mean temperature of the 
zone. Inserting = 1/A and for from Equation [53] 


(dq/d®)cond = [54] 


Then, assuming that the net radiant reception in the concentra- 
tion zones is chiefly from the reaction zones, the equilibrium equa- 
tion may be stated as 


4A°%K(Tx — T) + oy — aT) = 


where u represents the fraction of released energy which is trans- 
ferred by radiation from the concentration zones to surroundings 
from volume under observation. Coefficients ay and a@ are 
respectively, absorptivities of the concentration zones per cubic 
foot of mixture, and gp» is the coefficient of black radiation. The 
equation assumes zero direct net radiant transfer between reac- 
tion zones and walls of the cavity. It will be assumed also that 
the thickness concentration value PZ of the sum of all reaction 
zones in the furnace cavity (interface zones) which radiate to a 
given concentration zone is sufficiently large so that for the wave 
lengths in which the concentration zones absorb, the radiation is 
nearly black radiation. The errors contained in the two fore- 
going assumptions tend to cancel each other. 

The transfer fraction ~ depending as it does chiefly upon con- 
centration and temperature of radiating molecules in the con- 
centration zones (for a given set of conditions as to furnace, fuel, 
air, etc.) must be relatively small at the beginning of combustion 
but increases with combustion progress because of resultant in- 
crease in concentrations of product molecules. In order to apply 
Equation [54] to points along combustion progress as burned 
fraction x increases requires a knowledge of the function uw = 
¢(r). However, a mean value (7',),, for a given 7',, based upon 
the total reaction in the furnace cavity may be determined. Then 
i,, is the furnace-absorption efficiency, i.e., the fraction of re- 
leased energy which is absorbed at walls of the furnace cavity 
and (dH /d@),, the mean energy release rate. Hquation [55!, in 
terms of mean values, is now applied to the preceding case where 
the fuel was natural gas. The data may be taken from Table 4 
with the following additions 


(dH /dé),, = 36,000 Btu hr 
i 0.215 


A,, = 28.2 (ft?/ft’) from Equation [29] 


3 
ll 


ay = a = (e for 3180 deg R) & (eco2 + en,o) = 0.08 
1.72 X 10~° 


0.07 Btu/ft? deg /ft 


Equation [55] now becomes 


223[ 7, — 3180] + 0.137[(7',/1000)4 — 102] 10° = 7720. . .[56] 


Solving T, — T = 30 deg F. At higher energy release rates this 


figure will increase. 


Discussion 


R. E. Bouz.4 One of the outstanding achievements of the 
paper is the concept of the reaction interface extension as applied 
to the combustion of gaseous-fuel constituen(s, and the clear 
model that is set up on which is based the subsequent analysis. 

As understood by the writer, the model simply presents a pic- 
ture of a combustion chamber, through which pass air and gaseous 
fuel in the form of concentration zones, islands rich in oxygen or 


4 Assistant Professor of Aeronautical Engineering, Rensselaer 
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fuel molecules, respectively. These zones are separated by the 
reaction interzones into which the fuel and air molecules diffuse 
from the concentration zones and then react according to the 
kinetics of molecular collisions. Turbulence then enters the 
situation in two ways: It causes the original large concentration 
zones to be broken up and separated into many smaller zones; 
and it creates jagged eddied interface surfaces along the combus- 
tion path. Both of these turbulent effects then result in an in- 
crease in interface extension surface or, more precisely, in an in- 
crease in reacting surface to volume ratio. In addition, the pres- 
ence of eddies on the interface surfaces lessens the thickness of the 
diffusion path through which the reacting molecules must pass on 
their way to the reaction zone, 

An additional concept injected into this condition by the author 
in the paper is that of interior turbulence. — By interior turbulence 
is meant small-scale turbulence within a concentration zone 
which influences the molecular distribution within the zone and 
has no influence upon the shape of the interface surface. This 
concept of interior turbulence, in agreement with the author, 
appears to the writer to be of negligible importance in the com- 
bustion process. It is necessarily small-scale turbulence, which 
may possibly arise at the beginning of the combustion zone where 
air enters the combustion chamber and impinges on the fuel zone, 
and, subsequently, would be dissipated very quickly because there 
is nothing to promote its continuance. From this we may con- 
clude that it could exist only during the initial combustion period. 
During the very early stages of combustion, however, before a 
concentration gradient has been established in the concentration 
zones, the diffusion effect on combustion is probably small, and 
the effect of interior turbulence toward reducing the diffusion 
path would then be negligible. Later in the combustion progress, 
when a large concentration gradient in the concentration zones is 
likely to occur and the effect of interior turbulence could be 
appreciable, this interior turbulence will, in all probability, have 
been dissipated. 

Now the over-all combustion model that the author has set up 
first enables an analytical evaluation to be made of the reaction 
rate based on the three fundamental concepts or primary varia- 
bles; molecular diffusion, kinetics of molecular collisions, and 
reaction interface area. These primary variables are then ex- 
pressed, in so far as possible, as functions of the secondary varia- 
bles; the temperature, pressure, and velocity of the gases in the 
combustion chamber, and the fuel to air ratio. The secondary 
variables are most important because they are the measured 
physical quantities. It is this second step of the general analysis 
Wherein the complexities and difficulties arise. The temperature 
and pressure first affect the density, which in turn influences the 
reaction interface area. The temperature and pressure and fuel- 
air ratio determine not simply the diffusion processes and the 
kinetics of molecular collisions and reaction as discussed in the 
paper. The gas velocity establishes the time factor for any 
particular combustion chamber and influences (in a relatively 
obscure relation) the degree and scale of turbulence, or more 
directly, the value of the reaction interface area. In addition, 
the turbulence is primarily dependent upon an external factor, 
i.e., the combustion-chamber design. In the author’s analysis, 
the effect of the gas velocity and the chamber design on turbulence 
is absorbed conveniently in the reaction interface area, A. 

The difficulty of expressing turbulence analytically in terms of 
velocity, design criteria, and the like, and the complexity of the 
expressions for diffusion and the kinetics of molecular collisions 
involving the temperature, pressure, and fuel-air ratio probably 
resigns us, for the present at least, to the hope of establishing an 
experimental factor or factors which would relate theory and ex- 
periment. Some such factor, y, should exist according to the 
author when the theory is based only upon the kineties of molecu- 


lar collisions in the reaction zone, and y then includes primarily 
the reaction interface area, A. An even more realistic link to be 
used is a factor which relates theory and experiment when the 
theory is based upon molecular diffusion as well, 

It may be realized readily from the subject paper why the de- 
velopment of combustion chambers, such as for compressor- 
turbine and ramjet engines, is a trial-and-error experimental! 
process, particularly since this type of chamber introduces fuel- 
vaporization and injection problems associated with liquid-fue! 
combustion. It is felt that the author very well points the way 
to additional thinking and analyses on the subject and discloses a 
need for critical scrutiny into the application to the combustion 
problem of diffusion and the kinetics of molecular-collision 
processes. The need also exists for careful experimental work on 
the combustion of gaseous fuel. In addition, his paper opens up 
the question of applying similar analytical thinking to the process 
of liquid-fuel combustion with possible results pointed toward 
improved high-speed high-altitude aircraft. 


R. J. Brun.’ This paper represents the type of study that 
more of the combustion work should follow, and these studies 
should be accepted as a necessary part of the solution of the 
problems dealing with combustion. The analysis presents hints 
as to which variables require closer observation and better 
evaluation than has been the practice in empirical and experi- 
mental work. One good reason why data on combustors, in- 
volving turbulence in the burning process, are not reproducible is 
that the mechanism of the energy release in the turbulent region 
is not well understood, and therefore the important variables 
actually controlling the release of energy are not the ones con- 
sidered, as they should be, when two sets of data from different 
burners are examined. Only by increasing the resolving power of 
the observations and thoughts can the discrepancies which custom- 
arily have been considered in burning processes be eliminated. 

A point nicely brought out by the author is that the chance of 
having furnace turbulence toss molecules directly into the inter- 
zone by eliminating completely the thermal-diffusion layer is so 
small as to be negligible. 


J.B. Dwyer.* The author deals with the progress of combus- 
tion in a system in which air-and-fuel gas streams are introduced 
into a furnace without premixing. A useful concept is intro- 
duced which locates the combustion reaction in an interzone or 
layer between the fuel-gas mass and the air mass. The rate of 
that reaction is shown to be dependent upon the concentrations of 
fuel and oxygen molecules in the interzone, and those concentra- 
tions in turn depend upon the concentrations in the fuel-rich zone 
and the air-rich zone. 

In arriving at the concentrations at the interzone, the author 
goes back to the initial mol fractions of oxygen and fuel in the 
gases admitted to the furnace, and the fraction of fuel burned, 
Equation [6a] of the paper. Whereas this equation is adequate 
for premix combustion (in which the interzone concept is of no 
benefit), it does not in any way fit the case of nonpremix combus- 
tion. This is apparent if one takes the initial conditions (XY = 
0), under which the concentration of fuel in the fuel-rich zone may 
be close to 1.00, no matter what the air/fuel ratio, yet Equation 
[6d] vields a low value for the fuel concentration. The error per- 
sists of course in the consequent value of fuel concentration in 
the interzone. Depending upon the fuel characteristics (and in- 
dependently of the air/fuel ratio), the initial concentration of fuel 
gas in the interzone may be 0.5 and not of the order of 0.05 for a 

5 National Advisory Committee for Aeronautics, Cleveland Air- 
port, Cleveland, Ohio. 
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fuel gas having a molecular weight of 30 and a heating value of 
20,000 Btu per Ib. 

There is also some objection to the assumption that each effec- 
tive molecular collision will liberate a fixed quantity of heat. 
Considering that the initial concentration of fuel in the interzone 
is high, partially oxidized products of combustion will diffuse both 
to air- and fuel-concentration zones. Those products taking the 
latter course will be further oxidized at a later time, hence 
the over-all picture of heat released is not adequate to describe the 
specific process which takes place. 


AUTHOR’s CLOSURE 


The author is indebted to Messrs. Bolz, Brun, and Dwyer for 
their discussions. The clear presentation by Bolz adds emphasis 
to important aspects of the problem as does that of Brun. 

Dwyer raises some points which need further discussion. He 
points out the inadequacy of concentration Equations [6d] for 
the case of nonpremix combustion. As a matter of fact, the 
equations as stated apply, strictly speaking, only to a uniform 
mixture and that, as will be shown presently, is not attainable 
even in premix combustion. However, an approximation by 
means of these equations is still possible to both premix and 
nonpremix combustion if the left-hand sides of Equations [6d] 
are designated, respectively, as and This assumes 
that the interzone equilibrium Equation [27] is satisfied when the 
value of x is such that it yields within the interzone the concen- 
trations of a uniform mixture for any burned fraction z. Asa 
matter of fact this is substantially what the numerical results, 
including curves and tables in the paper, are based on even 
though this was unwittingly accomplished by the author. Hence, 
they approximate the true solutions to within the error of the 
foregoing assumption. 

The procedure is of course exact for the case of maximum 
energy-release rates because in that case the concentration 
Equations [6d] apply throughout the mixture, under which 
condition Y = 1.00, and the result for natural gas is that shown 
by Equation [30] for the conditions of Table 4. It is of interest 
to note in passing that such maximum time mean energy-release 
rates, of which Equation [30] is an example, may be obtained 
directly on the basis of the mean ordinate under the curve in 
Fig. 5, which represents the combustion progress of the case 
under consideration. 

The foregoing approximation, that concentrations in the inter- 
zone be those of a uniform mixture even in the general case of the 
nonuniform condition for the mixture as a whole, may take far 
too much for granted. In principle this may be avoided simply 
by replacing concentration Equations [6d] with others which are 
correct in form for any case to be considered. In this procedure 
the general mathematical development, together with definitions 
and procedure, remains exactly as outlined in the paper, but 
certain details will be altered. In some cases, these altered de- 
tails will be restricted entirely to changed values of certain con- 
stants appearing in a few of the equations. Such a develop- 
ment follows after considering Dwyer’s assertion that the inter- 
zone concept has no benefits for the case, of premix combustion. 

The latter would be true if the premixing resulted in a perfect 
mixture, that is, a mixture in which the concentration zones 
have been so reduced in size as to be molecular in scale. The 
author can see no possible way of accomplishing this in the prac- 
tically feasible dimensions of a mixing tube or furnace. For 
example, this cannot be accomplished by passing the mixture 
through shock fronts or fine-mesh screens. In both cases the 


fine-scale turbulence produced as the mixture passes through 
dies out very soon after leaving the front or screen, and the 
turbulence produced in this region is of such small amplitude 
that it cannot reach across the diameters of the approaching con- 
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Therefore, it would seem that the concentra- 
tion remain large compared to molecular dimensions even with 
considerable premix and turbulence. Hence, they are funda- 
mental geometrical properties also in premix combustion and 
must be considered. It follows that the essential characteristics 
of the interzone must apply for both the premix and nonpremix 
combustion. The problem is thus to determine the proper con- 
centration equations which replace set [6d] and which should 
thus apply to both the cases of premix and that of nonpremix 
combustion. 

As an approach to this, consider now a system of fuel and air 
zones, each of which class of zones maintains its integrity with 
respect to its initial inert contents. Thisisa limiting case. While 
this integrity may be maintained in the early stages of the com- 
bustion progress, it is probable that in the later stages the inerts 
have been transferred by turbulence and diffusion between the 
two classes of zones. Hence, concentration Equations [6d] of 
the paper, which equations specify uniform distribution of inerts 
throughout the mixture, represent the opposite limiting condi- 
tion. The true combustion-progress curve should lie between 
two such curves, one based upon concentration Equations [6d], 
and the other upon the concentration equations to be developed. 
In the latter stages of the combustion, Equations [6d] may 
represent the true facts in the case more closely than do those 
to follow. This of course depends upon the particular arrange- 
ments of the fuel gas and air flow of the case. Certainly the 
combustion equations contained in the following sectign are not 
applicable when arriving at the maximum possible ies release 
rates for the uniform mixture. These must be based upon con- 
centration Equations [6d]. 


centration zones. 


CONCENTRATIONS IN FUEL AND AIR ZONES AT ANY FRACTION 
BuRNED z, BASED Upon MAINTENANCE OF INTEGRITY AS TO 
INERTS 


The inert molecules originally in air and fuel zones remain with 
their original class of zones throughout, the only interchange 
between zones being by molecules entering the reaction in the 
interzone. It is further assumed that the product molecules 
will pass into the fuel and air zones in proportion to the initial 
concentration of fuel and oxygen molecules in the respective 
zones. The symbols employed are defined as ip the nomen- 
clature at the beginning of the paper. 

The initial concentration of fuel molecules in fuel zones is f, 
and that of oxygen molecules in air zones is 0.21. 

When the fraction burned is z then f-2 of the fuel molecules 
have been consumed, and the volume of fuel plus oxygen mole- 
cules taking part in the reaction has changed by the amount 2 AV 
in forming the product molecules. Then, on the basis of the 
foregoing assumption as to transfer of product molecules, the 
fraction f/(f + 0.21) of this volume change is to be associated 
with the fuel zones, and the fraction 1 —f/(f + 0.21) = 0.21 /(f + 
0.21) with the air zones. 

Hence, volume of fuel zones at fraction burned z is 


1 ———— (cu ft/cu ft fuel gas).... 
+ F402 t/cu ft fuel gas) 


and that of air zones to be associated with these fuel zones is 
0.217 - AV 
N + ———— (cu ft/cu ft fuel hy 
(f + 0.21) (cu ft/eu uel gas) 


The volume of fuel constituents left when fraction burned is 
zis 


. [57] 


(1 — x)f (cu ft ft fuel gas)........... 


and volume of oxygen left is 
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0.21 0.21 Nu (eu ft /eu ft fuel gas). 


The concentration of fuel constituents in the fuel zones at 
burned fraction 2 now becomes 


Equation |[59| (1 — 

Rquation [57] 

f+ 0.21 
The concentration of oxygen in the air zones becomes 

Equation [60 0.21 N(y w) 

Kquation [58] 0.217 - At 

y. 
f+ 0.21 


Equations [61] and [62] would thus replace Equations {6d} in 
the development leading to the several equations in the paper 
which involve the concentrations and Tt becomes ob- 
vious at once that this procedure will not alter the form of the 
resulting equations since the only variable is burned fraction z, 
and this enters both sets of equations, ie., Equations [6d], [61], 
and [62] inexactly the same way. 

It requires merely a redefining of the quantities 8, but caution 
must be exercised in observing the origin of the 8 to be replaced, 
Le., Whether originally associated with C), or with Co,. 

Comparison of from Equations [6d] and from Equation 
[61] shows that with [61] included for 


) 
f + 0.21 


8= 3, = [63] 
and with Equation {62] included for C, 
: 0.21 -2-AV 
uN + [64] 
f+021 
and 
= [65] 


The changes required to have the equations in the paper ap- 
plicable are now outlined as follows: 


Relations [1] through [6¢] unchanged. 
Relations [6d] replaced by [61] and [62]. 
Relations [7] and [8] unchanged. 
Relation [9], 8? = 3).8 from [65]. 
Relation [10] unchanged. 
Relation [10a] 8? = 8).82 from [65]. 
Relations [106] through {1la] unchanged. 
Relation [11] replace Bo by yV. 
Relation [lle] replace by ( Sys ) 
f+ 0.21 
Relation [11d] replace (f. AV)? by ae! 
(f + 0.21)? 

Relations [lle] through [24] unchanged, noting however in 
argument of second paragraph following Equation [15] that 7x — 
T > 250 F instead of 30 F. 


Relation [25] value changes to 1.12 & 10°, 
Relation [25a] value changes to 0.104. 
Relation [26] 8 = 8. from [64]. 

Relation [27] 8 = 8. from [64]. 

Relation [27a] unchanged. 

Relation [274] 8 = 8. from |64}. 


Relation [28] numerical coefficient changes from 2.89 to 2.79. 
Otherwise unchanged. This follows because in both cases total 
air and fuel are introduced in the same way with respect to each 
other, ie., at entrance to furnace cavity. 
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Relation [29] A,, = 5.0 ft?/ft' 

Relation [30] unchanged since Equations [6d] apply to max?- 
mum conditions. 

Relation [30a] unchanged. 

Relation [306] 6 = from [64]. 

Relations [30c] through [30f/] unchanged. 

Relation [30g] replace Bo by y- NV. 

Relation [30h] repl 

felation [380A] replace AV by 1 / 

Relations [31] through [55] unchanged, noting that in ar- 
riving at [26] from [48a], Cov is taken from [62], ie., 3 in [26] 
is defined by [64]. 

Relation [56], coefficient 223, first term on left, is now 7, since 
A in [55] is now 5 instead of 28.2. This results in 7x — 7 = 250 
deg F instead of 30 deg F. 

Table 2. Values of X = © equal tabular values z(yV 5?) since 
effect of AV is negligible. 

Figs. 3and 5. Multiply abscissa Y = 0 by value of (y/o?) 
for given y-curve. 

Figs. 4 and 6. Multiply ordinate by 8?7/8,- 6. = 14.9. It 
should be noted however that for Fig. 6, multiplying factor 
(x /0.10)* will not apply for arriving at maximum energy release 
rate as concentration Equations [61] and [62] do not apply. 
Equations |6d] only are applicable to the uniform mixture. 

Thus, it is seen how the mathematical development contained 
in the paper may be adapted to apply to any given definable 
variation of concentrations of fuel and air along the combustion- 
progress path. If the modified equations and those contained in 
the paper are applied to a given fuel fired in a given furnace with 
given initial air-fuel ratio, with total air and fuel entering the 
front end in both cases, the two sets of results bound the field 
within which the real results should fall, provided all involved 
assumptions are within reasonable approximations of the true 
facts. One such assumption (constant energy-release rate, AH, 
per effective molecular collision) is objected to by Dwyer. To 
include the effect of a variable (AH) would require expressing it 
as a function of burned fraction xz. It is recognized that, as the 
subject develops, such refinements may be introduced. Even- 
tually, it may become possible to include also the effects of dif- 
ferences in the surface-volume ratios of air and fuel zones. The 
interface extension A is expressible in terms of either. Thus, it 
may be shown that 

A = A,/Bo = AsyN/Be [66] 


where 


A, (surface /volume) of mean fuel zone 
A, = (surface/volume) of mean air zone 


Actually these values also will vary along the path. By means 
of them the following relation may be introduced in the analysis 


=) (: és) Cov Di 


thus furnishing an additional condition equation applicable to the 
equilibrium in the interzone. Introduction of these refinements 
into the analysis may be of advantage later. 

Finally, the author wishes to take this opportunity to correct 
several misleading statements contained in the paper concerning 
information disclosed relative to Fig. 7. What this chart really 
shows is the relations which must necessarily exist between the 
co-ordinates there shown for any combustion progress path which 
might be assigned, provided of course that Equation [27a] and 
other involved assumptions hold. 

The combustion-progress curves pass from left to right across 
the chart. One possible assumption is that the concentration 
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ratio x and interzone depth ratios remain constant during com- 
bustion progress. In that case the curves on the chart are also 
combustion-progress curves. If this state of affairs actually 
existed, it would result in a decrease of interface extension with 
combustion progress. If this occurs, it is more likely the result 
of increasing temperature rather than because of a constant con- 
centration ratio x. Unfortunately, in discussing this the author 


mentioned early burning-out of small concentration zones in this 
Although this effect exists, it had nothing to do 


connection. 
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with the analysis which led to the result, ie., to Fig. 8. It ap- 
pears highly probable that both concentration and interzone 
depth ratios change in the direction of combustion progress. 
Under such conditions, the true combustion-progress curve 
cuts across the curves shown on the chart from left to right. 
Of course, disclosure of the true state of affairs in such respects 
requires further investigation. For the present, it is important 
to note that charts of this type may be useful in the further study 
of the subject. 
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High-Output Combustion of Ethyl 
Alcohol and Air 


By A. H. SHAPIRO,! D. RUSH,? W. A. REED,* D. G. JORDAN,? ann G. FARNELL‘ 


Test results, obtained under sponsorship of the Bureau 
of Ordnance, are reported for the combustion at 475 psia 
of air with a mixture of 92.5 per cent ethyl alcohol and 
7.5 per cent water by mass. The exit-gas temperature 
was varied between 1350 F and 2050 F and was controlled 
through the introduction of excess fuel. A combustor 
design which gave combustion intensities up to 11 x 10° 
Btu hr ft® atm was employed. The experimental rela- 
tions between gas temperature, fuel-air ratio, isentropic 
enthalpy drop obtainable from the combustion gas, gas 
composition, and thermodynamic properties of the com- 
bustion gas are given in detail. Theoretical results based 
upon the assumption of chemical equilibrium at the tem- 
p@rature of adiabatic combustion are in moderately good 
agreement with the measured results. It is inferred from 
the data that a condition approximating ‘‘frozen’’ equilib- 
rium sets in at about 2500 F. Two methods of evaluating 
isentropic enthalpy drop were used and compared, one 
based principally upon the measurement of thrust, and 
the other based principally upon gas analyses. Small 
variations in combustor size and design were investigated. 
A discussion of the principles underlying the thrust 
method is given in an Appendix. 


INTRODUCTION 
r NHE work reported herein was initiated by the Navy De- 


partment, Bureau of Ordnance, and was carried out during 
1944 and 1945 at the Massachusetts Institute of Tech- 
nology under the sponsorship first of the Office of Scientific 
Research and Development and later of the Bureau of Ordnance. 

Thermodynamic System. The particular system under in- 
vestigation employs air as an oxidant, and for fuel, a mixture 
of 92.5 per cent ethyl alcohol and 7.5 per cent water (by mass). 
For convenience, this mixture will henceforth be called fuel. 
The stoichiometric fuel-air ratio for this mixture is 0.120. 

Unlike most combustion systems, the requirements in this case 
were such that the exit temperature was controlled through the 
supply of excess fuel, rather than through the more common 
practice of supplying excess air. 

In these experiments the total rate at which gas was generated 
was about 0.7 lb per sec, the combustor pressure was about 475 
psia, and the exit-gas temperature was varied between 1350 F 
and 2050 F. 
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of Chemical Engineering, 


Object. The general objectives were as follows: 

1 To develop and compare test procedures. 

2 To determine the thermodynamic characteristics of the 
fuel-air svstem, and to compare the measured results with theo- 
retical results based upon the assumption of chemical equilibrium 
at the temperature of adiabatic combustion. 

3 To determine the effects of combustor design on item 2. 
From a thermodynamic view- 
point, the fuel-air system and the combustor design are here 
judged on the basis of the maximum amount of work which could 
be extracted in an engine from the generated gases. 


Evaluation of Performance. 


The measure 
of effectiveness is taken to be the isentropic enthalpy drop of the 
generated gas for an isentropic expansion from the measured 
temperature and a pressure of 475 psia to a pressure of 14.7 psia. 
Two methods of estimating the isentropic enthalpy drop are em- 
ployed, as follows: 

1 Through measurements of the total flow rate of reactants 
and of the reaction thrust from a nozzle through which the 

ases are discharged (reaction-stand method). 

2 Through measurements of gas composition, exit-gas tem- 
perature, and flow rates of the individual reactants, together 
with the use of published data on the specific heats of the con- 
stituent gases (gas-analysis method). 


APPARATUS 

Combustor. Fig. 1 shows the design of the combustor, while 
Fig. 2 shows the details of the fuel atomizer. 

It will be noticed that the regenerative principle is used, with 
the fuel flowing in a jacket countercurrently to the combustion 
gas. This scheme permits a thin inner shell of high-temperature 
alloy to be used with an outer shell whose function is merely to 
withstand pressure differences. Temperature measurements 
made after the combustors had been fabricated indicated that the 
outer shell could well have been made of a low-temperature 
material, e.g., aluminum. 

After passing through a metering orifice, the fuel is distributed 
from a manifold into the annular cooling jacket via eight ports 
in the shell. After collection in a manifold at the upstream end 
of the combustor, the fuel is delivered through an external tube 
to the atomizer. Two thirds of the fuel passes through eight in- 
jection tubes arranged around the circumference of the atomizer, 
while one third passes through a relatively large central tube. 
The fuel streams are atomized by streams of high-velocity pri- 
mary air which flow parallel to the liquid streams. This type 
of dispersion and mixing is called air atomization and is effected 
through the shearing action of a high-velocity air stream on a 
low-velocity liquid stream. 

About two thirds of the air supply is used for atomization 
(primary air). The remaining one third (secondary air) passes 
through four metering orifices and thence at low velocity through 
a double distributing baffle into the combustion space. The 
function of the secondary air is to provide a region of low-velocity 
air which produces a pilot flame to stabilize burning in the core 
of the combustion space. Without secondary air it is difficult 
to obtain stable combustion. 

The important ratios and velocities for average conditions of 
operation are given in Table 1. 
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CONDITIONS 
Fuel jets: : z 
Primary-air jets: 
Secondary-air jets: 
Total air: 


It may be noted that the fuel-air ratio for the side jets is about 
50 per cent smaller than for the central jet. Therefore the side 
jets tend to atomize more rapidly, and, since fuel is in excess, to 
produce a relatively short high-temperature flame. The central 
jet, on the other hand, tends to atomize more slowly and in coarser 
fashion, and probably furnishes the major fraction of diluent fuel. 

Two sizes of combustor were used having internal volumes of 
76 and* 56 cu in., respectively. The larger, called Model I, is 
shown to scale in Fig. 1. The smaller, called Model II, is similar 
except that the cylindrical portion is 2 in. shorter than in the 
Model I combustor. 

An additional volume for combustion of about 8 cu in. was 
supplied by the hot-gas pipe connecting the combustor and 
thrust nozzle. This pipe was 1 in. ID, 10 in. long, and had one 
45-deg bend. 

Flow Systems. Because of the large flow rate, continuous 
operation was not practicable. Therefore air was stored in a 
bottle of 6 cu ft capacity at 3000 psi and was supplied to the com- 
bustor through a regulating valve. Fuel was stored in a tank 
and pumped to the combustor by means of high-pressure air 
acting on top of the fuel in the tank. The flow rate of fuel was 
controlled by the pressure of the displacing air and also by a 
metering orifice in the combustor. With this system, runs of 3 
min duration were possible. 

The gas generated by the combustor passed directly to the 
thrust nozzle by way of the hot-gas pipe, and thence to the 
atmosphere. 

Thrust System. The combustor and hot-gas pipe were fastened 
inside a cubical steel tank (Z, Fig. 3) while the thrust nozzle 
(A, Fig. 3; A, Fig. 4) was fastened to the outside of the tank. 
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Three flexible-wire cables (D, Fig. 3), each 72 in. long, were used 
for suspending the tank from the ceiling. 

To counterbalance moments on the tank caused by slight mis- 
alignments of the jet, the front and back ends of the tank were 
fastened to constraining wires (H, Fig. 3) which were aligned in 
tension in a direction normal to the axis of the jet. 

The air and fuel pipes (C, Fig. 3) were rigidly fastened to the 
side of the tank, with their axes perpendicular to that of the 
thrust nozzle, so that no momentum effects were associated 
with the incoming streams. 
as flexible as possible. ; 

A lever system (J, Fig. 3) with instrument-type ball bearings, 
transmitted the nozzle thrust to a Toledo scale (AK, Fig. 3). A 
captive free-rolling ball (L, Fig. 3) at the end of the lever svstem 
permitted free motion of the scale platform. : 

A calibration system using known weights was employed for 
determining directly the ratio between thrust force and scale 
reading. 

Differences between the lever-arm ratio and the actual ratio by 
calibration of thrust force to scale reading might be accounted 
for by the following: 


Furthermore, these pipes were made 


1 Bearing friction. 

2 Resistance of constraining wires to motion of tank. 

3 Resistance of piping to motion of tank. 

4 Horizontal components in suspension cables of gravity 
force on tank. 


Frictional effects were not detectable, using the customary as- 
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(A, thrust nozzle; B, combustor; C, inlet-air and fuel pipes: D, suspension 

cables; tank: F, fixed termin: . for constraining wires; G, fastening be- 

tween tank and constraining wire; H, constraining wires, on both sides of 

tank; J, lever system; AK, Toledo scale; L, free-rolling captive ball; M, 
hot-gas pipe.) 


ReacTION STAND 
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(A, thrust nozzle, 0.445-in-diam throat, 0.890-in-diam exit, 6-deg included 
angle in diverging cone; B, thermocouple probes, 2 in all; C, static 
pressure tap; D, gas-sampling tube; Z, tank wall; F, hot-gas pipe.) 


cending and descending calibrations. Items 2 to 4 are propor- 
tional to the motion of the tank. Through careful design, this 
motion was kept to about 0.030 in. In any event, the direct 
calibration under operating conditions eliminated errors due to 
items 2, 3, and 4. With a lever-arm ratio of 8.003, the calibra- 
tion ratio was found to be 8.08, and was reproducible to about 
0.1 per cent. 

The thrust nozzle, Fig. 4, had an area ratio of 4 and a total in- 
cluded angle of 6 deg in the divergent portion. In the Appendix 
is a discussion of the reasoning underlying the choice of area ratio 
for this nozzle. 

Gas Analysis. A gas sample was drawn continuously through 
a stainless-steel tube from a location just upstream of the thrust 
nozzle (D, Fig. 4). Since the temperature was found to be uni- 
form at this section, it seems fair to assume that the gas com- 
position was also uniform and that a representative sample was 
drawn. The rate of sampling was of the order of 0.01 per cent 
of the total flow rate. 

After having condensables remoye d at —70 C, the dry sample 
was analyzed over mercury in ‘a precision Orsat apparatus. 
Facilities were present for measuring directly carbon dioxide, 
unsaturated hydrocarbons, oxygen, carbon monoxide, hydrogen, 
methane, ethane, and, by the remainder method, nitrogen. 

In order to estimate the amounts of water, ethyl alcohol, and 


163 


free carbon in the exit gas, it was first assumed that (a) aldehydes 
were absent (confirmed by absence of characteristic odors) and 
(b) unsaturated hydrocarbons were in the form of ethylene. A 
nitrogen balance on the incoming and outgoing materials was 
then employed for relating the amounts of incoming air and fuel 
to the amount of each component in the dry-gas analysis. The 
introduction of three equations representing carbon, hydrogen, 
and oxygen balances, respectively, then permitted a solution 
for the proportions of three unknown components, namely, water, 
ethyl alcohol, and free carbon. 

Instrumentation. The rate of air flow was found to about 0.5 
per cent accuracy from simultaneous photographs, at intervals 
of 5 see, of a clock and of a Toledo scale on which the air-storage 
bottle was flexibly mounted. 

The thrust force was obtained to about 0.75 per cent accu- 
racy, using the measuring system described previously. 

The combustor pressure was measured to about 0.5 per cent 
accuracy directly upstream of the thrust nozzle (C, Fig. 4) with 
a calibrated Bourdon gage. 

The temperature of the exit gas leaving the combustor was 
measured just upstream of the thrust nozzle (B, Fig. 4) by means 
of three chromel-alumel thermocouples connected to Brown 
automatically balancing electronic potentiometers. Special pre- 
cautions were necessary to avoid radiation errors. Fortunately, 
the flow near the thermocouple beads was at high pressure and 
high velocity. Because of space limitations, radiation shields 
were impracticable and the problem of radiation was solved by 
using bare thermocouples of small size. By comparing the read- 
ings of thermocouples of different wire size but at symmetrical 
locations in the same cross section it was found that, under the 
test conditions, the use of wires as small as 14 gage would make 
radiation errors negligible. For the most part the thermo- 
couples were made either of 14 or 20-gage wire. Comparisons 
of the readings of thermocouples of identical construction and 
located at different radii of the same cross section showed that 
variations in temperature across the stream were less than the 
errors of measurement. Variations between the temperature 
indications of the three thermocouples were of the order of 10 
to 20 F. It is estimated that .the reported temperatures, 
based upon an average of the three probes, have a probable error 
of about 10 F and a maximum error of 20 F. 

The temperature of the air entering the combustor was found 
with a copper-constantan thermocouple. 

The temperature of the fuel leaving the cooling jacket and 
entering the atomizer was found with a chromel-alumel thermo- 
couple placed directly in the stream of fuel entering the head of 
the combustor. 

All instruments were frequently calibrated. Readings were 
taken at 5-sec intervals and were carefully averaged. The data 
for the initial “warm-up” portion of the run were excluded 
from the results. 


DEFINITIONS AND Repucrion oF DaTA 


Fuel-Air Ratio. The ratio of mass rate of flow of fuel to 
that of air, where fuel is defined as a mixture of 92.5 per cent 
ethyl alcohol and 7.5 per cent water, by mass. 

Exit-Gas Temperature. The average temperature recorded 
by three thermocouples located downstream of the combustor 
and just upstream of the thrust nozzle (Fig. 4). 

Jet Kinetic Energy, Based on Thrust. The value of V*/2go, 
where go is the standard acceleration of gravity, and V is the exit 
velocity from the nozzle when the latter is supplied with gas at 
475 psia, and the nozzle area ratio is such that the nozzle exit- 
plane pressure is 14.7 psia. 

To find the velécity V for the measured nozzle pressure, we 
write 
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where F denotes the nozzle thrust force and w the mass rate of 
flow of reactants (fuel and air). In the Appendix is a justifica- 
tion for the use of this equation when the exit-plane pressure is not 
atmospheric. With this expression we obtain for the uncor- 
rected jet kinetic energy 


All reported values of jet kinetic energy were corrected to a 
pressure of 475 psia by assuming that V?/2g0 is very nearly the 
isentropic enthalpy drop, and that the latter is affected by pres- 
sure (for a fixed gas temperature) in proportion to the quantity 
(1)5 


This correction factor, which produced not more than a 1 per 
cent change, was applied to the previously computed values of 
jet kinetic energy to obtain the values reported here. The ratio 
of specific heats k, was for this purpose assumed to be 1.275. 

Gas Composition. This is described in terms of the number of 
mols of each constituent of the generated gas in a sample which 
contains 100 mols of components in the gas phase, i.e., it is the 
molal percentage in a carbon-free sample. 


Molecular Weight. ‘This is the average molecular weight of the 
generated gas, not including free carbon or unevaporated liquid. 
It is computed with the expression (2) 


M, = AB] 


where M, is the average molecular. weight, M; the molecular 
weight of a gaseous component, and n; the number of mols of 
that component. F 

Average Specific Heat for Isentropic Expansion. This is the 
average specific heat at constant pressure of the combustion 
gas over the temperature range given by isentropic expansion 
from 475 psia and the measured gas temperature to a pressure 
of 14.7 psia. It is found from the expression (3) 


where ¢, is the average specific heat per unit mass of generated 
gas, and ¢,; is the average specific heat per unit mass of a gaseous 
constituent over the temperature range described. 

To simplify the computations without appreciable sacrifice 
of accuracy, the values of c,; were selected at the arithmetic 
mean of the temperatures before and after isentropic expansion. 

The values of ¢,, were taken from references (4) through (11). 

Tsentropic Enthalpy Drop, Based on Gas Analysis. The change 
in enthalpy per unit mass of reactants for an isentropic expansion 
from 475 psia and the measured gas temperature to a pressure 
of 14.7 psia. It is found from the expression (1) 


yg T'o [1 — (14.7/475)*/ Mee" vo} 


n, M, 


(4h), = 


where (Ah), is the isentropic enthalpy drop per unit mass of 


* Numbers in parentheses refer to the Bibliography at the end of 
the paper. 
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reactants; mand M denote number of mols and molecular weight, 
respectively; the subscripts c¢ and g denote free carbon and 
gas, respectively, in the exhaust stream; F° is the universal gas 


constant; and 7’p is the measured gas temperature.  Further- 
more 
T; 
Sha 
T T's 
T. my 
‘Cp 
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where 7’) and 7 are the upper and lower temperature limits, 
respectively, of the isentropic expansion, and c¢,, is the average 


pe 
specific heat of the gas phase at the local temperature, 7. We 
compute ¢,, from the relation 

where ¢,, is the local specific heat at temperature 7’ of each con- 
stituent. 

References (4) through (11) were used for obtaining the values 
of 


Exit Temperature From Energy Balance. Using the first law 
of thermodynamics, we may compute the exit-gas temperature 
from measurements of the incoming reactants and the outgoing 
products, asin Equation [8 ] 


+ 


where t, denotes the computed gas temperature, ¢* an arbitrary 
base temperature, n the number of mols, h* the heat of forma- 
tion per mol at temperature ¢*, c, the average specific heat with 
respect to temperature over the range from ¢* to ¢,, Q the heat 
loss from the combustor per mol of generated gas, and A, B, etc., 
denote species entering the combustor while R, S, etc., denote 
species leaving the combustor. 

Heats of formation were taken from reference (12), specific 
heats from references (4) through (11) and Q, which was rela- 
tively small, was estimated from simple heat-transfer considera- 
tions. 

RESULTS 


Jet Kinetic Energy and Isentropic Enthalpy Drop. Referring 
to Fig. 5, we see that the curves of jet kinetic energy and of isen- 
tropic enthalpy drop versus temperature lie very close to each 
other, the isentropic enthalpy drop being about 4.5 per cent 
greater than the jet kinetic energy. This difference is the con- 
sequence principally of friction jn the thrust nozzle, together with 
other effects to be discussed later. 

Both curves vary approximately linearly with the absolute 
gas temperature, indicating that the gas may as a first approxi- 
mation be treated with the perfect-gas laws. For temperatures 
below 1800 F, the increase in (Ah), with temperature is more 
rapid than would be indicated by the perfect-gas laws, while for 
greater temperatures the rate of increase is less than that corre- 
sponding to the perfect-gas laws. It is evident that operation 
with high gas temperatures is of advantage from a thermody- 
namic standpoint. ° 

Gas Composition. Fig. 6(a) indicates that the constituent 
gases may be divided into two groups; (a) those whose molal 
percentages are virtually independent of gas temperature, and 
(b) a group comprising only ethyl alcohol and nitrogen, whose 
molal percentages depend seriously upon temperature. The pro- 
portion of alcohol decreases from 10 per cent to 0 per cent as the 
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corresponding to chemical equilibrium at temperature of adiabatic com- 
bustion.) 


temperature is changed from 1350 F to 2050 F, while for the 
same temperature variation, nitrogen increases from 44 per cent 
to5l percent. Surprisingly, the amount of water vapor is nearly 
constant. 

These results are in qualitative accord with the theory that at 
high temperatures chemical equilibrium subsists among the 
various components, but that at lower tempera- 
tures, say, below 2500 F, the reaction rate is so 
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Measurep Gas Composition Versus Exit-Gas Tem- 
PERATURE 


an increase in gas temperature from 1350 F to 2050 F. 

These figures may be compared with the temperature of 
adiabatic combustion of about 3500 F for chemical equilibrium 
at the stoichiometric fuel-air ratio of 0.12. 


Fig. 7(b) shows a comparison between the curve representing 


small that the reaction is virtually “frozen,” i.e., no 


ADIABATIC EQUILIBRIUM 


further chemical reactions occur. If this descrip- 


tion truly represented the state of affairs, we would 
expect that all alcohol injected at high tempera- 


MEASURED COMPOSITION 


Lo 


tures would either burn with oxygen or would be 
decomposed into simpler compounds. After enough 


alcohol had been introduced to reduce the tem- 


perature to the “freezing’’ condition, additional 


alcohol injected would merely evaporate without de- 


composition and without causing a change in the 
relative proportions of the other constituents. 


100 MOLS OF GAS PHASE 


Several of the constituents, namely, ethane, ethyl- 


ene, methane, oxygen, and free carbon, are present 


C,H; OH H,0 


in amounts less than 5 per cent. The principal 
components are therefore nitrogen, water, hydro- 


gen, carbon monoxide, ethyl aleohol, and carbon I 


dioxide, named in the order of decreasing magnitude. 
The amount of oxygen in the generated gas is 


so small as to indicate the combustor to be satis- 


Ne 


factory in the utilization of the searcest ingredient 
of the reaction, 
Nitrogen comprises nearly one half of the en- 
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tire amount of generated gas. It is about as effec- 


tive as the excess fuel with respect to the dilution 


-——-. 
~ 


| 
0.4 06 os 
FUEL—AIR RATIO 


Gas Composition Versus Fuvet-Air Ratio 


35 
0.8 1.0 


04 
FUEL—AIR RATIO 
Fia. 


(Comparson between measured results and theoretical results corresponding to chemi- 


0.6 Q2 


and reduction in temperature of the gas. 
Fuel-Air Ratio. Fig. 7(a) shows that in the 


range of these tests the curve of fuel-air ratio ver- 
sus temperature is almost a straight line, with 
the fuel-air ratio changing from 0.65 to 0.32 for 


cal equilibrium at temperature of adiabatic combustion. Dashed curve represents average 
measured results found by combining data in Fig. 6(a) with “average curve” 
in Fig. 7(a).) 
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{Comparison between measured exit-gas temperature (curve) and tem- 
perature computed from energy balance (plotted points). 


the measured results of Fig. 7(a), and the gas temperature com- 
puted from the gas composition and the first law of thermody- 
namics. This comparison provides a severe check on the re- 
liability of the gas analyses, since, because the computed gas 
temperature involves the taking of small differences between 
large numbers, slight errors in gas composition may be reflected 
as very large errors in the calculated gas temperature. Taking 
this into consideration, the results seem very satisfactory, as 
Fig. 7(b) shows the maximum deviation in the calculated tem- 
perature to be less than 100 deg F, while the average deviation 
is only 40 deg F in the absolute sense and —20 deg F in the alge- 
braic sense. 

Thermodynamic Properties of Combustion Gas. From Fig. 8 
we see that the molecular weight is diminished from about 27 to 
24 as the gas temperature is increased from 1300 F to 1900 F. 
Further increases in temperature appear to produce a slight but 
noticeable increase in molecular weight. 

The large change in molecular weight in the range of moderate 
temperatures is the consequence principally of a large reduction in 
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the proportion of alcohol vapor, since the latter is the constit- 
uent with the greatest molecular weight. 

The average specific heat for isentropic expansion, according to 
Fig. 9, is reduced as the gas temperature is increased. This 
change may be thought of as the algebraic sum of two opposing 


- effects. On the one hand we have a decrease in the percentage 


of alcohol, the constituent with the greatest specific heat. On 
the other hand, we observe that all the constituent gases have 
specific heats which increase with temperature, so that, the com- 
position remaining unchanged, the average specific heat would 
change in the same direction as the temperature. It appears 
from Fig. 9 that the first of these effects is the stronger. 
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In Table 2 the molecular weight and average specific heat for 
isentropic expansion are summarized for three temperatures, to- 
gether with the corresponding ratio of specific heats, k, where 


TABLE 2 ISENTROPIC EXPANSION DATA 


Temperature, deg F....... 1350 1700 2050 

Molecular weight......... 26.8 24.9 24.7 

1 
k M-, 

Equation [5] may be rewritten approximately as 

(4h), — [10] 


Therefore the slope of the curve of (Ah), versus 7’ is increased 
by an increase in either cp or k. With this in mind it is easy to 
see how the data in Table 2 are reflected in the results of Fig. 5. 

Comparison Between Results Based on Nozzle Thrust and Re- 
sults Based on Gas Analysis. Systematic differences between the 
jet kinetic energy and the isentropic enthalpy drop, assuming the 
measurements are reliable, may be attributed to (a) nozzle fric- 
tion, (b) errors in data on specific heats, and (c) unevaporated 
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liquid in the gas stream. 
most influential. 

In the Appendix it is shown through a comparison of the 
measured thrust with the thrust for a frictionless nozzle that the 
effect of nozzle friction in these tests was to reduce the jet kinetic 
energy by 4.8 per cent. If no other effects were present this 
figure would represent the difference between the isentropic 
enthalpy drop and the jet kinetic energy. Since the average 
difference between these quantities, from Fig. 5, is about 4.5 per 
cent, it seems fair to conclude that in the present tests the net 
effects of errors in specific heats and of unevaporated liquid are 
negligible. 

From a more general viewpoint we may enumerate the ad- 
vantages and disadvantages of the thrust method as follows: 


Of these, nozzle friction is probably the 


(a) Operation is virtually trouble-free when once the equip- 
ment has been set up and calibrated. 

(b) Interpretation of results is dependent upon nozzle design 
and nozzle friction. 

(c) Despite (6), good accuracy is usually obtainable. , 


The gas-analysis method, on the other hand, may be appraised 
as follows: 


(a) Operation has many pitfalls and requires considerable 
skill. 

(b) Unevaporated liquid in gas stream cannot easily be dis- 
covered or taken account’of. 

(c) Representative sampling sometimes may be difficult. 

(d) Chemical reactions may proceed in sampling line. 

(«) Results are subject to errors in specific-heat data. 

(f) Results provide an insight into the mechanism of the 
process. 


In the tests reported here it is felt that the two methods were 
equally reliable. In general, the methods may be regarded as 
complementary to each other. 

Comparison Between Measured Results and Results Based on 
Assumption of Chemical Equilibrium at Temperature of Adiabatic 
Combustion. The theoretical computations of Goff (13) for the 
fuel-air system of these tests were made for entering air and fuel 
conditions which approximate closely those of this report. In 
Figs. 5, 6(b), 7(a), and 8, the curves representing these theoretical 
results are compared with average curves representing the experi- 
mental results. 

We see from Fig. 6(b) that the agreement as to gas composition 
is fairly good in the case of ethylene, nitrogen, oxygen, carbon 
dioxide, and free carbon, particularly at low fuel-air ratios (or 
high temperatures). Deviations of about twofold exist, how- 
ever, in the proportions of methane, ethyl alcohol, hydrogen, 
carbon monoxide, and water. The agreement is better at high 
than at low temperatures. Extrapolation of the curves seems 
to indicate that the agreement would be quite good in all respects 
at a fuel-air ratio corresponding to a gas temperature of 2500 F. 
These considerations are in accord with the concept of frozen 
equilibrium and seem to indicate that in these tests the freez- 
ing temperature was in the neighborhood of 2500 F. 

Fig. 8 shows that the deviation in the theoretical molecular 
weight is about 10 per cent in the range of these tests. Here 
again, the agreement is relatively better at high temperatures, 
with an indication that near 2500 F the difference would be very 
small. 

From Fig. 7(a) we see that the assumption of chemical equilib- 
rium leads to poor results with respect to a prediction of the gas 
temperature corresponding to a given fuel-air ratio. The large 


discrepancy in temperature is accounted for by the fact that even 
small errors in the estimated gas composition can, by virtue of the 
large heats of formation of most. of the components, act to alter 
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the theoretical temperature by relatively large amounts. A 
curious consequence of this is illustrated in Fig. 7(a), where we 
find that the agreement in fuel-air ratio is best at low tempera- 
tures, contrary to the fact that the agreement in gas composition 
is best at high temperatures. 

According to Fig. 5, the assumption of chemical equilibrium 
leads to an error in the isentropic enthalpy drop of 13 per cent 
at a gas temperature of 1350 F, while for a temperature of 2050 F 
the error is only 4 per cent. It seems reasonable to suppose that 
at higher temperatures the error would be further reduced and 
might in fact be negligible. 

Temperature of Fuel at Atomizer. It is interesting to note 
from Fig. 10 that the fuel leaving the cooling jacket remained 
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below 250 F even for exit-gas temperature greater than 2000 F. 
It appears that with this design there is little danger of boiling 
and vapor-binding in the jacket,® and, moreover, that a low- 
temperature metal would be adequate for the outside shell. 

Effect of Combustor Size. By comparing the results for the 
Model I and Model II combustors, as shown in Figs. 5, 6(a), 
7(a), 8, and 9, it is evident that for the flow rates of these tests 
the two sizes of combustor produce equivalent results. Except 
for heat-loss effects, therefore, an increase in combustor size, 
it seems reaSonable to suppose, would net have an appreciable 
effect on performance. Decreases in size would necessarily lead 
ultimately to adverse effects on thermodynamic performance. 

Based upon the total amount of ethyl alcohol used in these tests, 
the Model II combustor had a combustion intensity at 1500 F 
of the order of 11 X 10° Btu/hr ft? atm. On the basis of the 
amount of ethyl alcohol which could be oxidized by the oxygen 
present, the combustion intensity was about 2.4 < 10 Btu/hr 
ft? atm. Because of the necessity for vaporization and de- 
composition of most of the excess fuel, the first figure is perhaps 
more nearly representative of the performance. Table 3 com- 
pares these figures with fepresentative results for other types of 
combustors (14). 

Effect of Combustor Design. A number of variations in com- 
bustor design were tested, the combustion volume in all cases 
being about the same as for the Model I combustor of the tests 
reported herein. 

The effects investigated included the following: 

1 The use of air atomization with the fuel injected at right 
angles rather than parallel to the air stream. 


TABLE 3 COMPARISON Ae VARIOUS COMBUSTOR 


Combustion intensity, 
. Combustor Btu/hr atm 
Model II of poe tests, at 1500 F (total aleohol)............. 
Model II of present test, at 1500 F (stoichiometric 


Four-stroke aircraft engine 


Elliott marine gas-turbine (reference 18)................... 0. 


* At 475 psia the boiling temperature of ethyl alcohol is about 
400 F. 
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2 The use of pressure atomization with a whirl-type spray. 

3 The introduction of the fuel in two streams, one stream near 
the entrance to the combustor and the other stream, comprising 
diluent fuel, near the middle of the combustor. 

4 The introduction of a baffle near the middle of the com- 
bustion volume. 

5 The introduction of all the air through the atomizer. 


The effects of items 1 through 4 were either imperceptible or 
of minor significance with respect to thermodynamic perform- 
ance. As to item 5, it was not possible to maintain stable com- 
bustion without the introduction of secondary.air at low velocity 
around the main stream of air and atomized fuel. 
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Appendix 
or Turust Nozze 


Fundamental Equations. Considering the one-dimensional flow 
of a perfect gas through a frictionless, adiabatic nozzle, we may 
write the following well-known expressions (15) 


V. = \i- ke... 
k—1 Po 
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Fic. 11 CHARACTERISTICS OF FRICTIONLESS THRUST NOZZLE 


where FR is the gas constant, A the cross-sectional area, the sub- 
scripts 0, e, and ¢ the corresponding cross sections in Fig. 11, and 
the remaining symbols are as defined previously. 

Assuming zero momentum flux in the jet direction of the 
streams entering the tank, Fig. 3, and that atmospheric pres- 
sure is exerted on all external surfaces of the nozzle and of the 
tank to which it is attached, we may write for the thrust delivered 
to the lever system 

F = wV,/g + (Pe — Pa) 

Dividing through by p,A,, and introducing Equations [11], 

[12], and [13], we may re-form Equation [14] as follows 


om = 

PA, k 1 k + 1 

Po Po A, 


Design. Using Equations [12] and [15], Fig. 11 shows how 
F/p,A, varies with A,/A, for pg = 14.7 psia, and for several com- 
binations of p, and k. 

As the area ratio is increased from unity, the thrust increases 
toa maximum. At the same time, the first term (representing 
momentum flux) on the right-hand side of Equation [15] in- 
creases, while the second term (representing a pressure-area 
force) decreases. At the maximum value of F'/p,A,, the pres- 
sure in the exit plane is atmospheric, the second term vanishes, 
and the thrust is then equivalent to the leaving momentum flux. 

Fig. 11 shows that the curve of F'/p,A, is extremely flat in the 
neighborhood of its maximum value. For area ratios not too 
greatly different from that corresponding to the total thrust, 
therefore, the total thrust may be taken as virtually equivalent 
to the momentum component of thrust if the nozzle were to ex- 
pand the stream to atmospheric pressure. Under these condi- 
tions we may write Equation |1] with good accuracy. 

Taking into consideration the value of p, which was to be used 
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(475 psia), the anticipated value of & (about 1.3), and the results 
of Fig. 11, a nozzle area ratio of 4 was chosen for these tests. 
Results. 
in substantial agreement with the experimental results reported 
by Kisenko (16). 
Using Equation [13] and the measured values of p,, 7',, k, w, Ay, 


The analytical conclusions illustrated in Fig. 11 are 


and R, the discharge coefficient of the nozzle was found to be 
0.980. 


By comparing the measured value of F/p,.A, with the friction- 
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less value from a curve similar to those in Fig. 11, but correspond- 
ing to the average p, and k values of the tests, the jet velocity 
computed from Equation [1] was found to be 2.4 per cent less 
than the value corresponding to frictionless expansion. From 
this it follows that the isentropic enthalpy drop should be about 
4.8 per cent greater than the jet kinetic energy, which compares 
favorably with the data in Fig. 5. 

These results for the discharge and velocity coefficients of the 
nozzle are in accord with published data, in so far as the latter 
are available (17). 
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Economies in Power-Plant Design 


By EDWIN HOLMES KRIEG,' NEW YORK, N. Y. 


The primary objective of power-plant design is to secure 
the highest over-all return on the investment in the 
plant. This means that the design attempts to attain 
the best combination or balance between: (a) lowest fixed 
charges through low first cost and high availability, and 
(6) lowest operating charges through low fuel, labor, and 
maintenance costs. True, this is not the whole story, for 
it presumes adequate system planning which analyzes 
the ‘‘need”’ for the station. In other words, when is 
the plant needed; where is the plant needed; and how 
large a plant is needed? An outline of these elements is 
covered by long strokes with a wide brush in the Appendix, 
as plant design is the main point of discussion. Further- 
more, the cost of fuel, the lifetime load factor of the 
plant, and other considerations such as cost cycles (1)? 
influence the selection of the plant heat cycle and equip- 
ment (2). This paper outlines a few examples of econo- 
mies in the design of public-utility power plants mostly 
along the lines of first cost and availability. 


Prant Design ror Lowest Cost 


Design for Low Investment Cost and Availability. In designing 
a plant for optimum financial return, there may be some temp- 
tation to hold first cost and operating expense the sole crite- 
ria. But for a system having a high load factor of 70 per cent, 
first cost and availability go hand in hand, for the longer that a 
plant is out of service for repairs and overhaul, the more invest- 
ment is required in reserve capacity. A system needing 10 
boilers to insure carrying the average vearly load can save the 
cost of one by improving annual availability by 10 per cent. 
Neither low first cost nor fuel economy means anything to a plant 
that is shut down. 

It may be argued that high availability is important only for 
a system having the high annual load factor of 70 per cent. But 
this is not necessarily the case, for in one industrial plant on a 
one-shift basis with a 26 per cent load factor, it was most difficult 
to secure the needed three consecutive weeks for a turbine or 
boiler overhaul. The low load factor prevailed almost every 
day, so that high-availability equipment was most essential 
since major repairs cannot be made during the offshifts. 

High availability does not mean keeping equipment in service 
come what may and regardless of loss in efficiency; it is note- 
worthy that those units having high availability often maintain 
their efficiency better than low-availability units. This recalls 
to mind the fact that an efficient plant is often characterized by 
good housekeeping. The operating attitude which values good 
housekeeping, values efficiency; the design and operating atti- 
tude which values availability, also values the maintenance of 
efficiency. 

Because it is somewhat difficult to classify separately the 
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economies stemming from first cost and availability, the dis- 
cussion will center around economies possible in major plant 
equipment, whether such economies derive either from lower 
first cost or improved availability. 

Boilers. One of the really major economies in first cost is 
adoption of the single-boiler single-turbine combination, pro- 
vided that special attention is given to availability and reserve 
capacity. It is true that a few boiler availabilities on the author’s 
and other systems have been brought up to about 95 per cent, 
but naturally this cannot be done year after year unless the de- 
sign in even its earliest stages is pointed toward that objective. 
Designing for high availability costs more; the lower heat-trans- 
fer rates in the boiler require more surface and more liberal 
proportioning of the equipment. However, such extra costs for 
single-boiler-turbine units are, in most cases, well justified by 
such savings as the following: 


1 Improved availability permits a decrease in reserve capac- 
ity. 

2 The unit cost of equipment generally decreases with size. 

3 Building and foundation costs decrease materially with the 


single boiler. 

4 Operating labor costs decrease; usually no more labor is in- 
volved to run a 600,000-Ib per hr boiler than one of 300,000 Ib 
per hr. 

Maintenance costs are usually less as the size increases. 


When the 1,000,000-lb per hr Logan boiler (3) was purchased, 
it was a step in the right direction. However, unforeseen circu- 
lation difficulties, resulting in oxygen formation and corrosion 
at, Logan, together with some early difficulties with large boilers 
at Windsor and Twin Branch No. 3, made it advisable to return 
to two boilers per turbine at Philo and several subsequent sta- 
tions, to insure availability. However, the difficulties at Logan, 
Windsor, and Twin Branch were finally understood and solved, 
bringing yearly boiler availability to over 90 per cent and making 
it desirable to return to the one-boiler one-turbine combination. 

For the three most recent extensions authorized, single boilers 
will serve single turbines as listed in Table 1. 


5 


TABLE 1 PLANTS WITH SINGLE-BOILER, SINGLE-TURBINE 
COMBINATION 

Temp 

Turbine, Boiler, Pres- deg F 
Plant name and — gross Ib sure, boiler/ Approximate 
unit no. cw per hr psi reheater starting date 
fy 115000 950000 1300 925 Fall, 1948 
Twin Branch No.5 145000 945000 2000 1050/1000 Spring, 1949 
Philip Sporn No. 1 145000 945000 2000 1050/1000 Summer, 1949 
Philip Sporn No. 2. 145000 945000 2000 1050/1000 Summer, 1950 


Turbine Generators. One means of economizing on turbine- 
generator cost in sizes from 11,500 kw, up to and including 60,000 
kw, is to use the preferred sizes listed in the ASME-AITEEF Pre- 
ferred Standards for Large 3600-Rpm, 3-Phase, 60-Cycle Con- 
densing-Steam-Turbine Generators. The preferred sizes built to 
the standard characteristics listed will run as high as 7 per cent 
lower in cost than nonstandard turbines. 

To obtain the lowest over-all cost of turbines, particularly in 
sizes above 60,000 kw, a more thorough study of the various 
types available is warranted, e.g., a generalization cannot be made 
that the improved efficiency of a cross-compound turbine is 
worth the higher cost over a single-casing type. Sometimes it 
may be worth more, but not for all fuel costs and load factors. 
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One means of reducing the cost of turbine generators is by 
improving their availability. In 1930 the service-demand availa- 
bility for all turbines of 1000 psi or higher pressure in the United 
States was only 82.68 per cent, which advanced to 89.75 per cent 
(5) by 1935. The average for 55 such turbines throughout the 
country during 1943 was 93.45 per cent (6), and 95 per cent or 
higher is the present objective. 

Various features were developed to improve the reliability and 
safety of turbines on the American Gas and Electric System, 
some of which are described in the Appendix. 

Circulating-W ater System. The novel cireulating-water system 
at Philo was developed to obtain the economies, both in first cost 
and fuel cost, derived from being able to use a plant site that ap- 
parently had been completely developed. A study in 1939-1940, 
showed that the Philo plant offered unusual advantages for 
adding some 190,000 kw of capacity. It was near the load center, 
coal costs were lower than at many other sites, no new trans- 
mission lines were needed, and first cost would be a minimum, 
since many existing facilities were already installed, e.g., coal 
storage and handling, railroad tracks, intake canal, ete. How- 
ever, insufficient river water, even for the existing 245,000-kw 
capacity, actually had caused curtailment of load in previcus 
“dry” vears, although the entire Muskingum River was being 
passed through the four plant condensers, Nos. 1, 2, 3-1, and 3-3. 
It would be costly to build spray ponds or cooling towers for 
190,000 kw because of the extremely low use factor of such equip- 
ment, periods of insufficient water lasting only from 1 to 30 
days per year. Although there was no known precedent for 
placing large condensers (of 95,000-kw units) in series, there 
seemed no simpler nor more economical means of practically 
doubling the capacity of the river for condensing purposes at low 
river flows, 

Fig. 1 shows in light lines the basic equipment needed for units 
Nos. 3-3 (installed 1930) and 95,000-kw unit No.4 (installed 1942). 
The heavy line indicates the simple and relatively inexpensive 
additional piping which made it possible to add two 95,000-kw 
units at just the location on the system where they were needed. 
Similar piping not shown is installed for old condenser No. 3-1 
and new condenser No. 5 Condensers Nos. 3-1 and 3-3 serve 
the twe low-pressure turbines of a 165,000-kw triple-cross-com- 
pound turbine. This has a 600-psi, 53,000-kw noncondensing 
turbine whose reheated exhaust goes to two condensing, 125-psi, 
56,000-kw, low-pressure turbines, (4). Ordinarily a 9-ft dam 
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provides circulating water without using pumps, but for Hood 
conditions when the dam offers no head, pumps are required. 

The heavy line shows the small amount of additional piping 
needed to almost double the condensing capacity of the Muskin- 
gum River, and Figs. 2 to 6, inclusive, show how the system oper- 
ates. Ancillary advantages make the scheme still more attractive, 
e.g., the ability to de-ice the intake canal for all 5 units, shown by 
Fig. 6. 

The obvious alternative of recirculating water from the con- 
denser-discharge tunnels back to the intake canal, Fig. 7, would 
not suffice at this particular site, having the following serious 
disadvantages: 

1 A limited and insufficient amount of water would reach the 
suctions of the recirculating pumps since: 

(a) The river bed between condenser discharges and recireu- 
lation pumps slopes too much when the lower pool level drops 
during extremely low water. 
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This doubles the amount of plant capacity possible on the Muskinguim 
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(Such past difficulties are eliminated by pumping some warmed water from 
units Nos. 3-1 and 4 condensers back into intake that serves five units totaling 
435,000 kw.) 


(b¥ The flashboards may be damaged or removed from the 
Jdownstredim dam, lowering the pool level. 

2 The installation cost for positive recirculation would be 
much more than the piping layout shown in Fig. 1. A deep 
enough channel from the condenser discharges back to the re- 
circulating-pump house to insure water at all times would be very 
costly because of the rock river bed. However, a partial recir- 
culation system was installed for the following reasons: 


(a) An emergency circulating water supply is needed to back- 
up series circulation during the occasional insufficiency of river 
flow for full load, perhaps twice in a decade. 

(b) Cool water leaking through the dam and locks is recircu- 
lated during hot summer weather. This is preferred to drawing 
water upstream from condenser-discharge tunnels, 

(c) Acts as reserve for the unit No. 3 circulating-water pumps 
during low water, and gives opportunity for rebuilding the flood 
pumps of units Nos. 4 and 5, Fig. 3, which was done in late 1946 
and 1947, 
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the intake canal, together with such flow that may go upstream to the pump 
suctions. These pumps can handle three of the five units.) 


(d) Can be used to help keep the river channel for coal barges 
free from ice in winter by drawing some water upstream from 
the condenser-discharge tunnels. 


Logan (3) was another example where additional capacity 
was badly needed but where river flow was hardly sufficient at 
times to supply spray-pond make-up. Situated in the heart of 
an excellent coal district and enjoying a 13-cent per ton freight 
rate, it was a natural location for a plant. However, the stream 
flow often barely met spray-pond make-up needs, and a larger 
spray pond would only require still more make-up water. In ad- 
dition, there was little ground area, the site being hemmed in by 
a mountain, the river ravine, railroad, and county road. 

By superposing, the capacity was raised from 36,000 to 90,000 
kw, without enlarging the original spray pond nor requiring more 
spray-pond make-up, Fig. 8. The spray pond was built right 
over the river bed as space was so limited. An unusual fea- 
ture is downward spraying to induce air flow into the sprayed 
water as the nozzles are some 25 ft above low-water level. 

Condensers. At Atlantie City and Scranton, it was possible 
to hang the condensers directly to the exhaust of 25,000-kw tur- 
bines, saving the cost of springs or expansion joints, and con- 
denser foundation. Tie-rods take the twist caused by changes in 
circulating-water flow so that load is not transmitted to the 
turbine. 

In large units, an expansion joint between the turbine and 
condenser is favored to afford more certain relief from strains 
on the turbine. At least one case of turbine vibration has been 
cured on the Central System by breaking the turbine-to-condenser 
joint and correcting unequal loading on springs that loaded the 
turbine eccentrically. During hydrostatic testing, much of the 
weight of a spring-supported condenser and the testing water 
within the steam space may be thrown on the turbine: 


(a) If blocks are not placed to take the load off the springs. 

(b) Cool water for a hydrostatic test will contract a warm 
condenser shell and neck and may lift it off the blocks. 

(c) The foregoing may or may not result in serious damage to 
the turbine if the top exhaust hood is bolted on, and quite cer- 
tainly if not bolted. 


Condenser costs are reduced by using long condenser tubes; 
24 ft 11 in. is a good length at which to stop, as tube prices in- 
crease not only at 25 ft, but also for longer lengths. It is usually 
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cheaper to manufacture the longer shell with decreased diameter. 
Tube length is limited by the withdrawal space needed for re- 
tubing; also more vertical height is needed for a transition piece 
to insure proper distribution of exhaust steam to the longer 
tubes. 

Deaerator. General experience has shown that the deaerator 
can be placed anywhere in the evele and still do a good job; there- 
fore there is no advantage in making other than a minimum-cost 
installation. 

A subatmospheric-pressure deaerator costs more because of the 
large steam volume to be handled by the deaerator head. At 
lower temperatures increased water surface tension and lower 
water viscosity require more trays to obtain longer contact time 
between the water and steam. Thus a larger shell and more air- 
relieving surface are needed. Steam-jet air pumps are needed 
involving extra operating cost for steam. 

There is a middle ground from about 15 to 70 psig, which is 
usually the most economical. With such pressures it is possible 
to place the deaerator at a reasonable height above the boiler 
feed pumps (about 40 to 60 ft) to preclude flashing therein. 

Evaporator. Unlike a deaerator, the choice of an economical 
evaporator shell pressure covers a wider range: 


(a) A subatmospheric-pressure evaporator costs more than 
an atmospheric evaporator because the physical size is much larger 
to handle the larger steam volumes; larger shells, piping, and 
separator are required. A blowdown pump is also needed to re- 
move the concentrated liquor, either periodically or continuously, 
which may call for some automatic control. 

(b) However, high shell pressures increase the cost of shell, 
piping, valves, and accessories such as feed pumps. 


As in the case of the deaerator, it probably is most economical 
to place the evaporator within the same pressure range, i.e., shell 
pressures from 15 to 70 psig, supplying it with steam from the 
same source used for the deaerator. 

Heater Drip Pumps. Since the 1936 Logan design, duplicate 


25 Feer Apove River Bep 


heater drip pumps have not been used. Instead of a duplicate 
pump, a loop seal back to the condenser is less expensive, having 
the advantage of operating automatically and without attention 
in case of drip-pump failure. In giving excellent turbine pro- 
tection in case of high water level in the heater, it has unique 
safety as well as low-cost advantages. The few hours per vear 
that a duplicate would operate during the overhaul of the other 
pump, cannot justify the extra cost of pump, motor, and motor 
control. 

Piping and Valves. The design of 2300-psi Twin Branch unit 
No. 3 was highlighted by the desire to economize in piping and 
valves. Although there was no precedent, the boiler stop valve 
was omitted between the boiler and the turbine emergency stop 
valve, although the need for such a stop valve in a single-boiler 
single-turbine installation had apparently not been previously 
challenged. To eliminate the usual gate valve between boiler 
and turbine, it was necessary to consider whether the turbine 
emergency stop valve would permit a satisfactory hydrostatic 
test on the boiler. Practical operating experience has, confirmed 
that conclusion. 

The cost of main steam piping may often be reduced by plac- 
ing it in torsion as well as in bending. For a given pipe size, 
piping shaped as a coiled spring gives a low end reaction with 
less fiber stress for a given deflection than most other shapes, the 
reason being that the modulus of elasticity in torsion is much 
lower than in bending. Thus to use less pipe material to suit 
given conditions, the entire system can often be designed to place 
the major portion of it in torsion, somewhat like a huge spring 
coil. 

To facilitate both design and erection, anchored emergency 
stop valves were first used on a 60,000-kw topping turbine for 
Windsor in 1938, and on all subsequent turbines. By so doing, 
the piping design can be started earlier without waiting for tur- 
bine outline prints to give the location, expansion movements, 
and allowable thrust on the emergency stop valve. There is more 
freedom in locating the valve, and the turbine manufacturer 
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has the sole responsibility for the loads placed on the turbine by: 


the piping. This is advantageous. 

At Logan (3) in 1936, and at subsequent stations, a large saving 
was made by providing only one boiler feed line from the boiler 
feed pumps to boilers, although it had been previous standard 
practice on the central system to install an ‘auxiliary’ boiler 
feed line, often with a ‘raw’ feed supply in addition to conden- 
sate. 

Maintenance of valves also involves outages of the equip- 
ment served, i.e., boilers, turbines, pumps, and the like. Few 
contributions to valve design did so much to reduce maintenance 
as welded-in seats and disks which are stellite-faced. These 
improvements have been standard in all company plants since 
1936, although the development? was started in 1927-1928. 

Valve costs are materially lowered by using one size smaller 
than the pipe, e.g., a 6-in. valve in an 8-in. line, having 8-in. ends, 
Table 2. 

TABLE 2 APPROXIMATE VALVE COSTS—1250 PSI, 950 F 


Valve of Valve of 1 pipe 


Pipe size pipe size size smaller Saving per valve 
$5100 $3900 $1200 
OR 3900 2700 1200 

2700 2120 580 
eee 2120 900¢ 1220 
9004 5602 840 


4 No motor operator for 5 in. and under, 


It is not thrifty to purchase valves merely to meet a given 
pipe size. Valves cost so very much more than does pipe that a 
higher pressure drop through the more expensive equipment 
can well be tolerated, using less pressure drop through the larger 
and cheaper piping. 

The bottom outlet on the condenser-discharge water box that 
was developed for Twin Branch 3, Fig. 9, saves expensive out- 


Fic.9 Recent Stincie-Pass Conpensers Have a Borrom Ovrt- 
LET ON THE DiscHARGE WATER Box TO SAVE CIRCULATING-WATER 
Piping AND Hyprautic Heap Loss 


let cireulating-water piping. The outlet water box with an elbow 
is identical with the inlet; this departs from the usual practice 
of having the outlet on the top of the discharge water box. When 
the flow of circulating water is established, experience shows that 
there is no lack of water in the uppermost condenser tubes be- 
cause of the bottom outlet, and the performance of the hydraulic 
circuit in its entirety has come up fully to expectations. There 
is also less friction loss. Eight condensers having bottom out- 
lets have been installed during the last decade on American Gas 
and Electric Company turbines totaling 750,000 kw, and four 
more have been purchased to serve an additional 550,000 kw of 
turbine capacity. 

Piping cross-connections between one-boiler one-turbine 
units were found uneconomical, besides introducing operating 
complications. 

Building and Plant Layout. One means of lowering building 
costs is the outdoor plant which has been well described in the 


’ By E. T. Davis of Indiana & Michigan Electric Company. 
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technical press. In smaller-sized plants having units around 
25,000 kw, the savings may be appreciable, but the saving is pro- 
portionately less for 100,000-kw units. 

The condenser pits for plants on rivers having wide variations 
in level between high and low water are often made deeper than 
need be. The level duration curve for the Ohio River near one 
of the company’s central system plants, shows that for 4 to 7 
days a year, the pool level maintained by a dam may be lowered 
some 9 ft when the locks and flashboards are opened to permit 
ice or trash to run out. Normally the depth of the condenser 
pit is set by placing the highest portion of the condenser-dis- 
charge water box about 27 ft above the minimum tail water, so 
the siphon would not be broken. However, in this case, the 
“high spot” of the condenser was placed 36 ft above minimum 
tail water, and two-speed motors obtained for the circulating- 
water pumps. For the few days a year that the pool level may be 
9 ft low, the higher speed will be used at which the pumps will 
have enough capacity to maintain full load at the higher head. 
A condenser-discharge valve (as well as stop logs) are available 
if needed to prevent loss of the 36-ft siphon leg if it tends to 
“break.”’ The extra cost of the two-speed motors and higher 
pumping cost for a few days is far cheaper than investing in a 
pit 9 ft deeper. 

For plants where circulating-water temperatures do not ex- 
ceed 85 F, building costs may sometimes be lowered by using a 
little more than the usual 25 ft between the condenser high 
spot and tail water; for example, adding the friction drop be- 
tween the condenser outlet and the river which may be 2 ft 
would make 27 ft. 


For Low FueEt Cost 


Fuel or thermal economy is worthy of patient search, but only 
within the limits of financial economy. It should not be mere Btu 
chasing. 

The efforts made by the author’s company to minimize the 
fuel costs of electricity through pressures up to 2300 psi and tem- 
peratures of 1000 F, as well as improved cycles (such as reheat) 
are well known, having been reported elsewhere (3, 4, 7-11). 

A most important element of fuel cost is incremental schedul- 
ing of loads, not only between the units in a particular plant, but 
also between all the individual units on the system (not merely 
one plant as against another plant). But this subject is too ex- 
tensive and complex other than to mention its great significance 
(12). 

Proper incremental loading of units is also a factor influencing 
the type of equipment, e.g., low loads cannot ordinarily be car- 
ried on ‘“‘wet-bottom” boilers. The type of furnace bottom of 
pulverized-coal-fired boilers must be selected to suit the range 
of coals that is available to the plant, as well as the range of load. 
A wet bottom is ideal for low-fusion-ash coals and a high load 
factor that will keep the furnace hot. But if the coal changes to 
a high-fusion-ash type and loads of less than half-rating must be 
carried for long intervals, the ash will not melt and run out, and 
may possibly build up to several feet in depth, until it is necessary 
to shut down and drill or dig it out. 

Low fuel cost also requires an awareness of the trend of future 
fuel costs. It is not enough, in a depression year when fuel costs 
are low, to select an inefficient, 250-psi, 750 F plant cycle to save 
the small extra cost of a more efficient plant cycle. For when 
fuel costs again swing back, that plant may be saddled with a 
high fuel cost which makes it obsolete. 

For units of 85,000 kw and over with throttle conditions of 
1300 psi, 925 F, cross-compound turbines are more efficient than 
single-casing units. Eight cross-compound units have been 
selected since 1938. However, two 100,000-kw units were made 
single-casing only at request of the War Production Board (9). 
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(The compact arrangement gives high kilowatts per square foot of building area. 


Evaporators. Single-unit plants need two evaporators, in 
case one is out of service. At-Atlantic City and at Tidd, the two 
evaporators were arranged for either (a) parallel operation as 
single-effect for high make-up capacity, or (6) when thermal 
efficiency is the objective, they are operated double-effect. This 
is better than other expedients of increasing evaporator capacity, 
e.g., cutting back on the next lower bleed heater to increase 
terminal temperature difference on the vapor condenser. 

Fuel Cost and Availability. Just as investment cost and availa- 
bility go hand in hand, there is likewise a close relationship 
between fuel cost and availability. Toa plant that is shut down, 
Btu efficiency means little. It is only by keeping running that 
the efficient plant has the advantage over an inefficient plant. 

Naturally the unavailability that increases fuel costs also 
increases maintenance costs, but the fuel costs are usually much 
the larger. 


Desian FoR Low MAINTENANCE Cost 


In designing for low maintenance and high availability, the 
needs of the plant maintenance men are analyzed. It is a fore- 
gone conclusion that certain equipment wil] be dismantled rela- 
tively frequently, i.e., induced-draft fans on pulverized-coal 
boilers, and pulverizer mills. Over each piece of such equipment, 
motor-operated hoists on monorails are available to facilitate 
quick week-end jobs. Other equipment comes apart less often, 
boiler feed pumps, evaporator heads, etc. For these, only an 
I-beam with perhaps a trolley and hook is sufficient, facilitating 
transferring a motor-operated hoist from another location. 

No hot drains are flashed in the heaters or deaerator; separate 
flash tanks are provided so only flashed steam goes to the steam 


The condenser is hung from turbine with no spring supports.) 


space of the heater, drips going to the hot well. Among reasons 
for doing this are the following: 


1 Save heater maintenance caused by erosive action of flash- 
ing mixture on shells, tube sheets, and tubes. 

2 Better control of drainage system through more area at 
water line. 

3 Good level control precludes steam by-passing to next 
lower heater, also prevents dangerous flooding. 


Bends in piping such as boiler-feed-pump labyrinth and emer- 
gency leak-off lines where flashing frequently occurs, were found 
to wear rapidly. These bends were replaced by tees with one 
run connection blanked; this gives a water cushion, as the water 
outlet uses the side connection. 

The coal bunker at Tidd is completely sealed by the concrete 
floor over it; the slots through which the coal tripper discharges 
are covered by belting which is raised automatically by the 
tripper to discharge coal. This reduces maintenance cost as the 
plant stays much cleaner. 

Boiler Feed Pumps. In 1935, when designing the Logan plant, 
the need for maintaining the close clearances in boiler feed pumps 
became evident, so single-tyfpe strainers were permanently in- 
stalled in each feed-pump suction line to catch small welding 
beads, bits of welding rod, and other metallic objects. The 
monel-metal baskets have '/;-in-diam perforations whose area 
equals 2.5 times the pipe area. These were most successful in 
catching foreign material, and similar strainers have been used 
before all boiler feed pumps installed since 1936. 

To check the condition of boiler feed pumps, test orifices are 
installed in the balancing drum and labyrinth leak-off lines to 
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check when pumps require overhaul. These, together with a 
flowmeter in the pump suction, and measurement of the motor 
input, are most valuable indications of pump condition. 

Likewise, test orifices are placed in the main-turbine gland- 
‘seal leak-off to check whether glands may require renewal. 


MAINTENANCE AND AVAILABILITY 


As was previously mentioned, poor availability increases in- 
vestment costs to protect against outage; also poor availability 
increases fuel costs because less efficient units are used to carry 
the load. Likewise, poor availability increases maintenance 
costs, because the equipment causing the outage must be re- 
paired, costing both material and labor. 


EPILOGUE 


In deciding to prepare this paper around some specific cases 
of plant economies, it was known that. the comment could be 
made: ‘Well, you solved your problems, but how about ours?” 
There are many books which cover the generalizations of power- 
plant design and the few cases cited herein are naturally limited 
in scope and cover less ground. But how the other engineer 
worked out his problems often has the human interest of “well, 
I certainly could have done better than that.’? And that is 
stimulating. 
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Appendix 


The complete picture of power-plant economies includes the 
vital function of system planning. The following is a partial out- 
line of the factors involved: 

When Is the Plant Needed. Need for capacity; forecast system 
peaks and load factor by various t¥pes of curves, e.g., growth of 
yearly peak loads, monthly peaks, load duration, etc. (2). Es- 
pecially important, as it now takes 3.5 years to build a plant. 

Need for savings; sometimes a plant can pay for itself by re- 
ducing system operating costs by more than the amount of fixed 
charges (3): 

Effect of cost and business cycles (1). 

Comparisons with national averages. 

Fitting in with extension plans of interconnected utilities. 
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Canvass of industrial and large commercial customers as to 
their future plans. 

System-load flow diagrams. 

Where Is the Plant Needed. Plant location relative to future 
load center. 

Plant location relative to transmission system and intercon- 
nections: 

Water supply. 

Range of water level of condensing water. 

Cost of flood protection. 

Cost of fuel at various possible sites, 

Transportation costs of coal or electricity. 

Foundation conditions. 

Cost of site improvements: railroad, roads, ete. 

Operators’ housing facilities. 

Alternate sources of fuel supply over 40 to 60 year period. 

Extension of existing plant versts new site. 

Cost of purchasing power from others. 

Life of fuel field to be used; early exhaustion may prematurely 
antiquate a plant. 

How Large a Plant Is Needed. Among the elements entering 
into sizing a unit are the following: 

Ratio of size of system to size of unit may be 10:1 for a large 
system, or 3:1 for a small system having interconnections. 

Load forecasts on rate or growth—how many years of growth 
should be handled by the proposed unit. ‘ 

Relation between unit size, firm capacity during outage, spin- 
ning reserve. 

Large units give economies in investment, better turbine 
efficiency, lower maintenance, and lower operating labor. 

Availability: To enjoy the benefits of large-sized units, high 
availability is needed. Availability is a function of engineering 
attitude and skill in the design and selection of equipment. A 
meticulous attitude toward details is often developed if the de- 
signer is also responsible for working out operating problems. 
Whether equipment is purchased on a “‘first-cost’’ basis, or 
“quality is cheapest in the long run” basis greatly affects 
availability. 


TURBINE AVAILABILITY 


Some means of improving turbine availability are described 
herewith. 

Initial-Pressure Regulator. Protection against sudden tem- 
perature changes is afforded by an initial-pressure regulator which 
closes the turbine control valves in case of a drop in steam pres- 
sure and maintains throttle pressure. The boiler is protected 
against sudden loss of pressure and resulting carry-over from 
“swell,” the thermal shock to superheater, and thick drum from 
sudden temperature change. High-pressure boilers have small 
storage capacity, hence drum pressure drops rapidly on sudden 
load demand or change in firing rate. 

Benefits to turbine: preclude water slugs from boiler on account 
of ‘“‘swell,”’ thermal shock. 

Underspeed Release, First developed for Atlantic City tur- 
bine 7 as a result of loss of the station load in the preceding year 
during a system disturbance. When an efficient turbine is con- 
nected to a large system, it often is economical to carry a fixed 
load on it by positioning the control valves by handwheel so they 
will not respond to the normal minor changes in frequency. 
However, in a system disturbance, the turbine cannot maintain 
its speed, and frequency may decrease to an extent that the sta- 
tion load is dropped. The underspeed release permits the gov- 
ernor automatically to revert to speed-governor control in case 
of abnormal frequency swings. 

Protection Against Excessive Starting Speeds. Main operating 
governors have a motor-operated handwheel for starting con- 
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trol. A recent innovation, first used in Tidd in 1945, is a two- 
speed moior for normal speed opening of the control valves but 
which permits fast closing. 

The amount of steam “‘to break the turbine free’’ when starting 
up, is more than needed to keep it rolling at low speed. After 
“breaking loose,” the turbine accelerates too rapidly, and some- 
what excessive speeds are often reached as the usual motor on the 
starting handwheel is too slow in the ‘‘to close’’ position. The 
new two-speed motor permits closing the starting handwheel 
rapidly to prevent excessive speeds during the starting operation. 
The '/s-hp motor has a solenoid brake to minimize coasting and 
to position the handwheel accurately from the remote-control 
board when starting and bringing the turbine to speed. 

Availability and Turbine Deposits. Most recent high-pressure 
high-temperature turbines have had more or less difficulty with 
turbine deposits, ysually during the first year of operation before 
treatment of feedwater has become a stabilized and routine 
matter. To minimize the amount of outage during the washing 
period, several different methods have been devised. At Twin 
Branch, turbine-washing while under full load was developed, 
using an attemperator between two portions of the superheater 
to drop throttle temperature about 150 F which was sufficient 
to get saturated steam at the location of the deposits and effect 
cleaning. 

For Atlantic City turbine No. 6, facilities were provided to 
wash it as quickly and conveniently as possible, using 200-psi 
steam from the old boilers, especially since washing was dictated 
by deposits. 

Lubricating and Control Oil System Reliability. In the past, 
turbines which have an oil tank on the basement floor about 25 
ft below, had their availability somewhat impaired. Trouble 
sometimes occurred with misalignment of the long shaft from 
which the gear-type oil pumps in the oil tank were driven from 
the driving gears on the main turbine shaft. This and other 
difficulties prompted the development of independently driven 
oil pumps with no shaft-driven pump. The Glen Lyn turbine was 
probably the first to have its bearing and control oil pumps en- 
tirely separated. 

Automatic Steam-Seal Regulator and Unloading Valve. The 
new steam sea] and unloading valve, developed for Tidd, are de- 
signed to maintain 1 psig in the high-pressure seal before the 
water seal has become effective. As the turbine begins to pick 
up load, steam is dumped from the leak-off line to the gland. steam 
condenser until the leak-off pressure has dropped back to 1 psig, 
which is maintained during normal operation. 

The foregoing equipment protects against the following: . 

(a) Loss of water in water seal during sudden load changes 
which would result in steam and water being blown along shaft 
into adjacent bearing causing oil contamination. 

(b) Precluding vacuum in steam seal especially while at low 
speed before water seal is effective, which would pull in cold air 
and distort the first-stage wheel. 

Water Sealing System. An operating convenience to facilitate 
a quick restart after a shutdown, is remote indication and con- 
trol of the water seals on the high- and low-pressure shaft pack- 
ings. Sealing water can be turned on and off from the control 
room from where its pressure and temperature may be adjusted. 

Bearings. Each bearing is protected by a remote-indicating 
thermometer, and all thermometers are equipped with tem- 
perature alarms connected to an annunciator. The operator in 
the control room has an oil-temperature indicator and control of 
water to the coolers by a motorized valve to assure proper oil 
temperature to the bearings. 

Nonreturn Valves. A new type of positive-closing extraction- 
line nonreturn valve was developed to prevent overspeeding of 
unloaded turbines. Sufficient leakage of steam into an unloaded 
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turbine (such as one whose load has just tripped off) may cause 
dangerous overspeeding. If turbine extraction check valves 
should stick open or fail to close when a turbine is tripped, the 
stored hot water in bleed heaters and particularly deaerators 
would flash into steam and could run the turbine at dangerously 
high speeds. Sufficient potential danger exists in bleed lines 
where sufficient heat energy may be stored to warrant positive 
closing of the check valves. 

Increasing Availability of Cross-Compound Units. When 
starting the design for the 95,000-kw units, Philo 4 and 5, the 
war suddenly made the system peak increase rapidly. Needing 
capacity badly, No. 4 was scheduled to start March, 1942, and 
No. 5 August, 1942; it was early seen that good delivery was pos- 
sible on the low-pressure turbines, but it was not so early on the 
high-pressure turbines and boilers? An arrangement was pro- 
vided to operate the 125-psi low-presssure turbine from surplus 
capacity in the existing 600-psi boiler room. With no pressure- 
reducing system except a system of orifices, the first low-pressure 
turbine ran 4!/. months, and the second 2 months at around half 
load. The 600-psi boilers were fixed up beforehand so the low- 
pressure turbines could be used to the best advantage. The value 
of capacity was then very high and the several months of emer- 
gency operation fully justified the extra cost of the cross-com- 
pound turbines, even without the much higher thermal efficiency. 

Another noteworthy feature of the five 95,000-kw cross-com- 
pound units at Philo, Cabin Creek, and Twin Branch, is the 
ability to run the low-pressure elements from the high-pressure 
boilers when the high-pressure-turbine element is out of service. 


Discussion 


SaBiIn Crocker.’ The subject of this paper is timely and 
in keeping with the need for balancing first cost against availa- 
bility particularly during the present period of high prices.. The 
author’s comment in the ‘‘Epilogue”’ about citing a few cases as a 
stimulant for other engineers to tell how they could have done 
better is a friendly challenge. At the risk of disappointing the 
author, however, the opposite course is being taken of mentioning 
the following instances wherein Detroit Edison, working inde- 
pendently, has adopted similar measures for reducing costs or 
increasing availability. 

Choice of Large Turbine Generators. Detroit Edison experience 
with the over-all cost of turbine generators of 50,000 kw and 
larger confirms the author’s observation that the economic choice 
of unit size, steam conditions, number of cylinders, etc., varies 
from time to time, depending upon system peak, load factor, first 
cost, and fuel price. Availability also is a factor in that both unit 
size and reliability affect reserve requirements. Table 3 of this 
discussion, giving the choice of new units for the Detroit Edison 
system over a period of some 20 years, shows the trend to larger 
and more efficient units as dictated by system load growth and 
changing fuel prices. 

An interesting break in the trend is the drop to 14-stage tur- 
bines installed during the depression years of the 1930’s when fuel 
was cheap. This choice still:seems economically sound because 
these units will soon be relegated to peaking service when a 100- 
mw unit now on order is installed and takes over the base load at 
that plant. 

Another interesting point brought out by the table is the num- 
ber of identical units installed (ten 50’s, three 60’s, and five 75’s) 
on the system, thus making it possible to increase availability at 
relatively small cost by keeping a spare turbine rotor on hand. 

Initial-Pressure-Regulator Switch on Steam Load to Turbine 
Which Activates the Governor to Reduce Load on Turbine in Case 


4Senior Engineer, Design Engineering Staff, Ebasco Services, 
Inc., New York, N. Y. Mem. ASME. 
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Steam Pressure Falls Off. This device, which serves to prevent 
excessive flashing in the boiler with attendant carry-over to the 
turbine, is considered to afford worth-while protection and has 
been installed on both Detroit Edison turbines delivered since 
1942. 

Piping and Valves. Detroit Edison experience with valves and 
piping corroborates that reported by the author. The use of 
welded-in seat rings with stellite facing has been found to give 
valves a degree of reliability that has permitted using welded- 
bonnet construction with entire satisfaction. The use of valves 
one size smaller than the pipe also has been tried and adopted as a 
worth-while economy measure. 

Evaporators and Heater Drains. Here again Detroit Edison 
practice verifies, in general, that recommended by the author. 
Single heater-drain pumps with loop seals to function in case of 
high water level have been found adequate and economical. A 
further step has been the substitution of orifice control of heater 
drains in lieu of float-operated drainers.' The orifices are less 
expensive, more trouble-free, and can be placed near the low- 
pressure end of the line so as to protect it from erosion due to 
flashing. The need for an impingement fitting or fiash chamber 
for receiving discharge from the orifice is recognized, and several 
different arrangements have been tried. 

So much for the instances where experience in the writer’s 
company verifies the author’s recommendations. 

Another important factor in increasing turbine availability, in 
the Great Lakes region at least, which seems to have escaped 
mention is the chlorination of circulating water. Several specific 
examples that the author has cited are associated with special 
conditions obtaining with central controi rooms or in plants 
located on small rivers or in coal-mining regions. With these the 
writer has no firsthand knowledge and is not in a position to 
comment. Atleast one instance remains, however, where advan- 
tage can be taken of the invitation to argue for an alternate solu- 
tion. 

Deaeration of Condensate. In discussing the location of deaer- 
ators, the author ignored the attractive possibility of omitting 
them entirely and accomplishing deaeration in the main conden- 
ser. This not only eliminates an entire piece of equipment, but 
it also obviates the pumpage complications and hydraulic losses 
associated with any open heater. Ever since the regenerative 
feed-heating cycle was adopted for Trenton Channel over 20 
years ago, Detroit Edison has made a practice of deaerating con- 
densate and make-up water in the main condenser. 

To accomplish deaeration in the main condenser, make-up 
water is introduced through a header extending the length of the 
steam space and equipped at definite intervals with spray nozzles. 
Atmospheric-pressure head has been found adequate for good 
dispersion of water through the nozzles with sufficient spray ac- 
tion to insure effective deaeration. Spray falls back onto a baffle 
over the air cooler, down which it flows in a thin sheet which 
facilitates further release of entrained air and gases for removal 
through the cooler. Where deaeration is accomplished in the 
main condenser, reciprocating or rotary dry-vacuum pumps have 
proved superior to steam-jet air ejectors through better elimi- 
nation of ammonia, carbon dioxide, and oxygen, at less over-all 
cost ‘and with less outage for maintenance. Average values for 
dissolved oxygen can be kept below '/10 ppm, while any re- 
maining trace of ammonia or carbon dioxide is too small to 
measure. 


’See (a) “The Flow of Saturated Water Through Throttling 
Orifices,” by M. W. Benjamin and J. G. Miller, Trans. ASME, 
vol. 63, 1941, pp. 419-429. 

(b) “The Flow of a Flashing Mixture of Water and Steam Through 
Pipes,”” by M. W. Benjamin and J. G. Miller, Trans. ASME, vol. 
64, 1942, pp. 657-664. 


APRIL, 1948 


QUESTIONS ON SysteM 


Without intending to be in any way critical of this excellent 
paper, the writer would like to take advantage of this opportunity 
to ask questions about points where supporting data would be 
particularly useful to others working on such problems. Any 
existing factual data would be of great help in reducing the pos- 
sibilities of the boiler-turbine-unit system to a dollars and cents 
basis. Interest in the unit system is bound to increase because of 
its application in the reheat cycle that is becoming more attrac- 
tive, owing to increasing fuel prices, coupled with diminishing 
returns from further pressure-temperature increases in the 
straight regenerative cycle. Hence the author’s ideas are sought 
concerning the following questions associated with unit-system 
design and operation: 


1 Means for increasing turbine availability are discussed at 
some length in the paper. What equivalent measures would the 
author suggest for increasing boiler availability? 

2 To what extent was two- and three-shift maintenance work 
used in bringing boiler availabilities up to 95 per cent and at 
what percentage increase in cost? 

3 What is the combined availability of such a boiler-turbine 
unit and how does this compare with the availability of (a) the 
two-boiler one-turbine unit system; and (b) the boiler-battery 
system with crossovers? 

4 What are the bases for the statement that “Piping cross- 
connections for one-boiler one-turbine units were found uneco- 
nomical besides introducing operating complications’’? 

5 How does the unit system behave when relegated to peak- 
load service? 


FurtHer MEAsuRES FOR RepuCcING PLANT Costs 


The author has mentioned several measures for reducing over- 
all costs, to which the following possibilities might be added for 
consideration: 

Stack Support. The choice between using self-supporting 
stacks as against supporting them on the building steel involves 
several considerations which seem worth studying. With self- 
supporting stacks, the boiler fans can be placed at grade level 
where they can be tended by operators who look after other 
rotary equipment. This arrangement also shortens the piping 
required for cooling water and drains for the induced-draft-fan 
bearings and speed-reducing couplings, if used. Should it ulti- 
mately become necessary to wash the stack gases to eliminate 
sulphur as well as dirt, this could be done to much better advan- 
sage at grade level instead of at the top of the building. Where 
desirable, either the fans or washing equipment, or both, can be 
placed outside the building proper. 

These considerations are in addition to the basic one of whether 
it costs more to support a stack‘on top of the building structure or 
to build it independently from the ground up. The illustrations 
accompanying the paper show that the author’s company has 
experience with constructing stacks both ways. Hence he may 
be in a position to contribute helpful data on the economic merits 
of these alternate methods. 

Simplifications in Building Structure. As an alternative to the 
“outdoor” (or “semi-outdoor”’) plants mentioned by the author, 
less drastic simplifications in building structure are possible. 
Economies can sometimes be made in items of a more or less 
optional nature such as omitting an auxiliary bay or the wall 
separating the boiler room from the turbine room. The outlay on 
certain other items can be reduced at some sacrifice in appearance 
and maintenance expense. Glazed tile brick, for instance, will 
save on cleaning and painting, but at increased first cost. 

As @ war-emergency measure, at least one Pacific Coast plant 
was built without windows, the primary purpose in this case being 


hoa 
t 
t 
ts 
n 
ef 
of 
te 
Ww 
a] 
th 
20 
pr 
reg 
siz 
pe 
bir 
SOr 
wil 
: is |, 
ind 
tur 
cal 
I 
are 
pla 
so t 
bili 
‘ 
Pan 


KRIEG—ECONOMIES IN POWER-PLANT DESIGN i81 
TABLE 3 DESCRIPTION OF MAIN TURBINE GENERATORS INSTALLED ON DETROIT 
EDISON SYSTEM SINCE 1924 
Annual 
Throttle Number of heat rate, 
Number and steam turbine Number and arrangement Btu per 
Period size of units Rpm conditions stages of turbine cylinders net kwhr 
1924-1930 Ten— 50 mw 1200 375 psig 700 F* 21 Single 14000 
1936-1939 Three—60 mw* 1800 600 psig 825 F 14 Single 12200 
1938-1947 Five— 75 mw 1800 850 psig 900 F 17 Single 113006 
1949 Two—100 mw 1800 1300 psig 950 F 23 Tandem compound, double- 10400¢ 
flow exhaust 
1950 One—100 mw 1800 1300 psig 950 F 564 Tandem compound, double- 10500¢ 


flow exhaust 


* Omitting from consideration three 30-mw units at Connors Creek where the size was selected to utilize 


existing generators and condensers. 


+ Estimated figure only owing to mixed operation of plants. 


¢ Estimated from manufacturers’ proposals. 


4 Impulse-reaction type, whereas all others are straight impulse. 
¢ Includes one similar unit actually operated at 300 psig. 


to facilitate blackout and to eliminate hazard from shattered 
glass. There are certain other advantages, however, which tend 
to offset the loss of daylight, among which are reduced first cost 
and the elimination of window washing. 

Extension of Existing Plant Versus New Site. In the Appendix 
this topic is listed under the heading ‘‘Where is the Plant 
Needed?” Assuming that added capacity can be used to advan- 
tage at an existing plant site, there are several reasons why it may 
be more economical to extend an existing plant than to start a 
new one, among which are the following: 

(a) In any one plant a certain amount of new and highly 
efficient equipment usually is desirable for base-load purposes in 
conjunction with older equipment that can be used for peaking 
service. 

(b) The coal-handling facilities, canals, etc., of the old plant 
can often be made to serve the new equipment for less cost than 
wholly new facilities could be provided. Likewise, the existing 
offices, repair shops, and warehouses may be adequate for the ex- 
tended plant. 

(c) The increase in pay roll for a given increase in system 
capacity in plant extensions may be only one third to one half 
what it would be in a new plant. 

(d) It is reasonable to expect that the transmission facilities for 
a plant extension would cost considerably less than for equivalent 
generating capacity at a new site. 


G. A. Orrok, Jr.6 One of the most important matters which 
the author mentions is the great increase in cost of building and in 
the cost of switching facilities which has occurred during the past 
20 years. Although, by and large, stations are built today at the 
same over-all costs per kilowatt that they were 50 years ago, the 
proportionate cost of these two items is much greater. For this 
reason the writer is inclined to differ with the author, who does 
not believe the outdoor-type construction can be used for large- 
size units. It has always seemed to the writer that the waste 
space, particularly in the turbine room, and the cost of the tur- 
bine-room crane are increasing with modern design. Surely 
some better and cheaper means of constructing turbine rooms 
will be developed. 

Although the cost of the switch house and electrical equipment 
is largely an elettrical problem, the mounting costs of these items 
indicate that something must be done about them. The struc- 
tural costs of the building and of the cell work in the switch house 
call for radical revision in design. 

In this regard the costs of foundation and other site limitations 
are often controlling. To minimize this difficulty, the power- 
plant designer should be consulted early in the power-plant study 
so that the most advantageous site may be selected. 

The paper throughout stresses the importance of the availa- 
bility of the units, and maintenance considerations. Much 


‘ Assistant Superintendent of Engineering, Boston Edison Com- 
pany, Boston, Mass. Mem. ASME. 


more can be done by our operating departments to develop main- 
tenance figures properly segregated so that they can be used in 
the design studies in selecting the different types of equipment. 
However, many of these maintenance costs will remain un- 


. measured and can be evaluated only by judgment, particularly in 


studying new types of equipment. It is therefore necessary in 
making selections or comparing bids not to let financial pressure 
force the selection of the low bid blindly. A substantial margin— 
10 per cent is not too great—should be reserved to reflect the 
combined judgment of the operators and the designer as to the 
merits of the alternate in regard to unevaluated availability and 
maintenance costs. 


J. A. Poweuu.?” Ata time when the index of construction cost 
and the index of electric-plant cost are making new all-time highs, 
this paper, pointing out many ways to reduce the capital cost of 
steam-power stations, is particularly timely. Many of the de- 
signs here described are boldly original, and the multiple use of 
condenser circulating water at Philo is a stroke of genius. Like 
most manifestations of genius it is so simple and even obvious, 
one wonders why it had not been developed years ago on many 
sites when the water supply is deficient. 

It would have been interesting if the author had given some 
operating data regarding the vacuums obtained with the series-con- 
denser operation, and the effects on fuel consumption. It would 
no doubt amaze us to find how small an annual expenditure for 
fuel was required to effect the enormous savings in plant cost 
which this plan made possible. 

Although there is no compromise with capacity or reliability, 
the economies that the author reports are all obtained at some 
sacrifice of operating convenience, flexibility, or thermal effi- 
ciency. For 30 years we have been able to combat rising costs 
of material, equipment, and labor by use of larger units, and by 
improved design of plant and equipment, but the designers are 
approaching the end of their resources. Further efforts to hold 
plant costs within reason will involve sacrifices of this sort, and 
the author appears to have had the complete co-operation of his 
operating organization in the acceptance of these features of de- 
sign. These economies will be particularly gratifying to the 
stockholders and customers of his company if we ever again ex- 
perience the conditions prevailing in 1932, when the over-all load 
factor on the steam stations of the United States dropped to less 
than 25 per cent. We are deeply indebted to the author for this 
stimulating report on the achievements of his organization in its 
efforts to solve today’s number one problem of the electrical in- 
dustry—cost of plant. 


AuTHOR’s CLOSURE 


Mr. Sabin Crocker’s comment on the value of chlorinating 
circulating water to increase turbine availability is well taken. 


7 Chief Mechanical Engineer, Stone & Webster Engineering Cor- 
poration, Boston, Mass. Mem. ASME. 
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In 1934, studies made on several plants led to the conclusion that 
chlorination would easily pay for itself as a fuel-economy meas- 
ure, since cleaner condensers mean better vacuum. However, a 
concomitant advantage was the elimination of a great deal of 
manual condenser cleaning, particularly at the Deepwater Station 
where trouble with algae formation required frequent shooting 
with plugs. Since then all new and most old condensers have 
been equipped with chlorinating equipment 

As regards omitting deaerators, many studies were made on 
what savings might be possible. The conclusion reached was 
that the safety factor that a deaerator affords in precluding oxy- 
gen corrosion in the boilers and consequent loss of availability was 
well worth the incremental cost, particularly since mechanical 
deaeration is believed to be inherently safer than chemical de- 
aeration. But there are many engineers who take the opposite 
view. 

Mr. Crocker raises several points on the single-boiler single- 
turbine combination: 


1 Measures for increasing boiler availability are largely a 


function of close co-operation between purchaser and user in dis- 
cussing the details of boiler design, particularly such factors as: 


(a) Insuring continuous flow of coal from bunkers to mills by 
using flared drop pipes from coal bunker to mill feeders. 

(b) Minimizing sharp turns and corners in the gas passages 
which tend to concentrate fly ash and cause cutting of boiler 
tubes; boiler availability apparently is helped by low draft loss 
in boilers which means less erosion and less fan trouble. 

(c) Protecting pressure-part surfaces from soot-blower im- 
pingement. 

(d) Using conservative heat-transfer and furnace factors so 
that boiler is not pushed too hard. 

(e) Providing for adequate circulation of boiler water, espe- 
cially to waterwall tubes. 


(f) Precluding plugging of boiler gas passages by analyzing 


proper relation between ash-fusion temperature, gas temperature, 
and gas velocity, especially of gas entering the first-row boiler 
tubes and the superheater tubes. 

(g) Checking the relation between ash-fusion temperature, re- 
quired minimum rating on the boiler, and whether furnace should 
have a wet or dry bottom. 


In other words, increasing boiler availability involves studying 
in detail the types of boiler outages that have occurred under 
similar fuel and operating conditions and designing to eliminate 
them, or, at least, designing so that the outages can be scheduled 
rather than tolerate emergency outages that compel a sudden 
shutdown. 

2 It is difficult to summarize the extent of multishift mainte- 
nance work as it is frequently necessary to use overtime on one or 
possibly two shifts, as normally not enough maintenance men are 
available to staff three shifts. One plant even organized a 
round-the-clock maintenance job when economics warranted 
taking on temporary employees. On large units whose operating 
costs are considerably lower than for small inefficient units, there 
is no question but that multishift maintenance work as well as 
overtime are easier to justify from an economic standpoint. 
Shortage of capacity during an outage has frequently required 
overtime or multishift work regardless of economics. 

3 The combined availability of one single-boiler-turbine unit 
has averaged 92 per cent over six years, but of the 8 per cent out- 
age time, only 1.38 per cent was emergency outage. The objec- 
tive of the design is to avoid emergency outages and endeavor to 
schedule outages at such times when the capacity can be spared. 
It was shown in an EEI Prime Movers’ Committee Study 
(October, 1947, not published), that 39 boilers had 93 per cent 
availability for 1946. Of the 7 per cent outage time, 5.66 per 
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cent was due to all other causes. This means that by having 
several boilers, a turbine could gain only 1.34 per cent availability 
and no more. With only such a small improvement in availa- 
bility possible, it is indeed difficult to prove out the economics of 
installing more than one boiler per turbine. 

4 The reason, it is believed, that pipe cross-connections be- 
tween single-boiler single-turbine units are found uneconomical is 
for the same reason given in paragraph 3 viz.: (1) Emergency 
outages are such a small per cent (1 to 2 per cent) of the total 
operaiing time and both turbine and boiler are overhauled during 
the longer scheduled outages; (2) this 1 to 2 per cent of outage 
time wou!'d ordinarily not occur simultaneously with full load on 
the system, which may not be more than 10 per cent of the time; 
(3) the number of hours per year that necessitate such a cross- 
connection do not justify the cost. 

Isolating valves in cross-connections between units were found 
to make for unavailability rather than improved availability. 
Time and again in multiboiler installations, the valve at the inter- 
connection has been found to leak which necessitated taking two 
boilers out of service instead of one, and involved a valve repair 
as well. This happened many times with Philo unit No. 3 which 
is a 165,000-kw unit served by eight boilers, truly a multiboiler 
installation. 

5 It is true that the unit system may possibly give trouble 
when relegated to peak-load service if an attempt is made to 
carry low loads of less than 40 to 45 per cent capacity on the 
boiler instead of shutting it down. But few units are regulated 
to solely peak-load service. Most plants are interconnected 
with others and since it is usually more economical to shut down a 
unit completely rather than run it much below half load, it is only 
occasionally that inability to operate satisfactorily at less than 
half load becomes a serious factor. Low-load operation of wet- 
bottom furnaces can give just as much trouble when there are 
several boilers per unit as when there is a single boiler. 

Mr. Crocker has contributed several worth-while suggestions in 
making savings in plant design and these emphasize the need for 
making an economic evaluation of each detail of design, it being 
almost impossible to make broad generalizations when costs are 
varying so rapidly. 

Mr. Orrok does have a point that space is frequently wasted, 
particularly in the turbine room. However, compactness of de- 
sign is just as possible in an enclosed station as in an outdoor sta- 
tion. It does seem that the matter of compactness would be 
advanced by modeling a new station after one that has managed 
to operate successfully with a compact arrangement. A plant 
design that wastes space is sometimes the result of requests by the 
operating organization for such space, particularly an organiza- 
tion that has operated a plant which has been too cramped in 
working space around equipment requiring occasional over- 
haul. Waste space is not so oftén the result of seeking architec- 
tural effects that are not necessarily functional as it is lack of 
generating an economy-minded attitude throughout the designing 
organization. 

Mr. J. A. Powell is correct in appreciating that the 10-deg F 
higher water temperature to condensers 4 and 5 at Philo, when 
operating in series and taking water discharged from the unit-3 
condensers, has relatively little effect on plant operating costs 
when compared to the savings in investment. 

For a 95,000-kw unit the extra annual fuel cost is estimated at 
only around $3000 at current fuel prices, whereas the savings in 
first cost alone were something over $800,000 per unit. Among 
the reasons why the extra fuel cost is smaller than might be ex- 
pected at first glance, are: (1) The river flow is low enough to 
require recirculation only about 30 days per year; (2) 10-deg F 
higher circulating-water temperature worsens the vacuum by 0.3 
to 0.5 in. Hg (corresponding to 60 F and 75 F water temp); (3). 
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The average load is 75 per cent of capacity or about 71,000 kw, 
and has less effect than at full load. 

The expected condenser performance with clean tubes is shown 
in Fig. 12. When operating in series with the unit-3 condensers, 
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the circulating water reaches condensers 4 and 5 some 10 deg F 
warmer. These curves show clearly the loss of vacuum with the 
warm water. 
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As Mr. Powell states, designers of plants have explored most 
trails that may lead to further economies in over-all generating 
costs: larger units, stripped plants with little spare equipment, 
single-boiler-turbine combinations, higher pressures and tem- 
peratures and reheat. More intensive efforts than ever are called 
for in the attempt to balance increased labor costs by techno- 
logical improvements, not to reduce first cost, but to obtain the 
lowest sum of first cost and operating costs. The examples given 
herein are only the first blazes on new trails; others will surely 
cut new blazes to advance those trails or start new and better 
trails. 

That the power industry is aware of its responsibility in holding 
the cost of generating power to a minimum is evidenced by the 
efforts being made by so many plant engineers who are making 
every effort to reduce such costs by technologica] developments. 
The work that has been done and is being done by designers must 
be implemented by careful attention to operation, keeping in 
mind that, on a system having an output of 10 billion kwhr per yr. 


1/,in. Hg low vacuum may cost $200,000 per year 
25 F low superheat may cost $150,000 per year 
1 cent per ton of coal extra for mill mainte- 

nance $50,000 per year 
25 F higher temperature of flue gases $125,000 per year 


leaving the stack 
The author is deeply grateful for the stimulating comments of 
the discussers, feeling the paper worth while for having called 
forth such useful observations. ‘ 
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An Investigation of Boiler-Drum Steel 
After Forty Years of Service 


By H. S. BLUMBERG! anp G. V. SMITH? 


Examination of materials from seven riveted boiler drums 
removed from service after forty years’ operation at a 
temperature and pressure of 388 F and 200 psi has revealed 
no evidence of deterioration in the properties of the steel 
from which they were made. 


INTRODUCTION 


ROM time to time in recent years there have been proposals 

that boiler-inspection codes be modified to require an arbi- 

trary derating of drums after some thirty years’ service. In 
each case it was proposed that the derating be made, even though 
careful inspection might have failed to disclose any significant 
loss in thickness of the metal or any observable deterioration of 
joints. Therefore it is implied in such proposals that the metal 
itself undergoes a deterioration in properties. 

There are numerous different kinds of changes which may occur 
in metals during service. The extent to which these changes take 
place in any specific instance depends upon the service conditions 
of temperature, time, stress, and medium to which they are sub- 
jected. Consideration of the possible changes which might occur 
in boiler-drum steel, such as that investigated here, during service 
at the comparatively low maximum temperature of 400 F indicate 
that only so-called strain-aging embrittlement and caustic embrit- 
tlement appear to be of any concern. Caustic embrittlement re- 
sults from localized corrosive attack, while strain-aging embrittle- 
ment occurs in certain steels during “aging’’ after being plastic- 
ally deformed. The latter type of embrittlement occurs during 
service at temperatures ranging from slightly below atmospheric 
up to some 500 F to 600 F. The embrittlement, which, in terms 
of mechanical-property changes, involves an increase in yield and 
tensile strengths, and a decrease in ductility, and particularly in 
notch impact strength, results from a precipitation phenomenon, 
and develops more rapidly with increasing temperature. How- 
ever, at the higher temperatures the embrittlement attains a 
maximum degree and then ‘‘overages’’ toward the initial unaged 
condition. 

An extensive search of related technical literature’ failed to 
uncover any reports of a comprehensive investigation of this 
problem. Records of operating experience with boilers provided 
some measure of support of the theory that deterioration was not 
great, but the evidence was not conclusive. There was also a 
wealth of material based on experience with bridges and similar 
structures, but the applicability ’of such data, although not with- 
out logic, might be questioned, owing to differences in tempera- 
ture and other conditions. Accordingly, when it was found that 


1 Chief Metallurgist, The M. W. Kellogg Company, Jersey City, 


2 Research Metallurgist, United States Steel Corporation Research 
Laboratory, Kearny, N. J 

3C. A. Zapffe (Trans. ASME, vol. 66, 1944, pp. 81 to 126) has made 
a very complete review of the literature of boiler embrittlement. 

Contributed by the Power Division and presented at the Semi- 
Annual Meeting, Chicago, Lll., June 16-19, 1947, of Tae AMERICAN 
Society or MrecHANICAL ENGINEERS. 

Nore: Statements and opinions advanced in papers are to be 
understood as individual expressions of their authors and not those of 
the Society. 


a considerable amount of suitable material would be available 
from a group of boiler drums which had been in service since 1902, 
the present investigation was undertaken in an effort to determine 
the extent of metal deterioration. 

The materials were examined visually before and after shot- 
blasting. Representative sections were tested to destruction to 
determine chemical analyses and the mechanical properties, 
strength, ductility, and notch toughness. Additional tests were 
made, including macroscopic and microscopic examinations, 
magnaflux and hardness tests. Finally, “strain-aging” tests were 
made on plate materials to determine the susceptibility of the 
steels to strain-aging embrittlement. From these data it was 
possible to determine whether there was any evidence of metal 
deterioration. A comparison was also made between properties 
of the materials in these forty-year-old drums and those of present- 
day manufacture and processing. 


DESCRIPTION OF MATERIALS INVESTIGATED 


The materials investigated consisted of one complete boiler 
drum (No. 3) and six separate specimen plates from a group of 
drums (Nos. 5, 6, 8, 9, 10, and 19) that were being removed from 
Waterside No. 1 Station of the Consolidated Edison Company of 
New York, Inc., in order to provide space for new boilers of higher 
pressure and larger capacity. 

The boiler drums were part of a group of fifty-six that were 
placed in service during 1901 and 1902. They were of the 
“‘Cahall” type, manufactured by Aultman and Taylor Machinery 
Company, Mansfield, Ohio, and were rated 650 hp, at a working 
pressure of 200 psi. Fig. 1 shows the arrangement of the boilers 
after they had been modified by the installation of superheaters 
(in 1904), and by underfeed stokers instead of hand-fired grates 
(in 1910-1911). 

Each drum had a nominal outside diameter of 42 in. and a 
length (straight portion) of 22 ft. The straight portion was made 
in three sections from °/;.-in. plate with longitudinal seams butt- 
strapped with !/;-in. plate and triple-riveted. Girth seams were 
double-riveted. All rivets were 1 in. in diam. The drum heads 
were formed from !/j.-in. plate. Fig. 2, which has been redrawn 
from the manufacturer’s original blueprint, shows the general 
constructional details. 

A search of records of the manufacturer (now the property of 
the Babcock and Wilcox Company) disclosed evidence that test 
coupons were removed from the plate materials and that the tests 
met specification requirements. However, the test records could 
not be found and there is some doubt as to the exact specification 
requirements. 

Until 1904 the boilers supplied saturated steam to reciprocat- 
ing engines at 175 psi. The condensate was too contaminated by 
oil to permit use as boiler feedwater and consequently, during 
this period, the feed consisted entirely of raw water from the New 
York City water supply. Chemical analyses of the water are not 
available, but on the basis of analyses made on present supplies 
from the same source, it is probable that the “hardness” was about 
45 ppm, and the total solids about 90 ppm. During the life of the 
boilers the oxygen content of the water ranged from 1!/2 to 3 
ppm. 

As turbines began to replace the reciprocating engines in 1904, 
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the amount of usable condensate increased and raw water make- 
up decreased. The last of the engines was removed in 1918. 

The hand-fired grates were replaced by underfeed stokers in 
1910 and 1911, and after that the boilers were often operated for 
long periods of time at 200 per cent or more of rating, at 200 psi 
pressure. 

Until 1924 the feedwater was treated with sal soda (NagCO;). 
In 1924 the plant began furnishing steam to the district heating 
system of the New York Steam Corporation. As no condensate 
was returned, the quantity of make-up increased correspondingly. 
This emphasized the problems of chemical water treatment, and 
advantage was taken of advances in the art to change to a com- 
bination of caustic soda (NaOH) and trisodium phosphate 
(Na;PQ,), which was continued with slight modification during 
the further service of the boilers. The principal change, which 
was a result of the installation of high-pressure topping units at 
Waterside Station No. 2, was made in 1937, when a zeolite system 
was installed and water thus treated became available for much of 
the make-up. 

From the time of their initial installation until the last few years 
of their life, these boilers were taken out of service once every 
year for an annual overhaul. During these overhauls the boiler 
drums were carefully scraped and wire-brushed until they were 
metal clean. The inner walls of the drums were then painted 
with a gray lead-oxide paint and, in addition, the surface below 
the water line was painted with a mixture of graphite and fish oil. 
The tubes were all carefully turbined, all caps and cap seats 
cleaned, all tube headers and mud drums carefully cleaned and 
washed down. This careful maintenance program resulted in 
the very good operating condition of these boilers up to the time 
when they were retired from service. 


PROCEDURE 
Visual Examination As-Received: Drum No. 3. The outer 
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surface of drum No. 3 as-received for study was covered on the 
upper half with a loosely adhering gray-colored powder which 
resulted from insulation adherence. The lower half of the drum 
surface was discolored with a thin red-brown oxide. No defects 
were observed on the outer surface. Fig. 3 shows the drum as 
received, 

Six plates were removed from each of boilers Nos. 5, 6, 8, 9, 10, 
and 19. These six plates removed from six separate drums con- 
sisted entirely of base metal with no rivets or riveted joints pres- 
ent. Each plate was 24 in. X 24 in. X °/jsin. thick. The outer 
and inner surfaces were covered with a light-gray deposit which 
was easily brushed away from the material. No defects in any of 
the metal surfaces were observed. Table 1 gives pertinent de- 
tails. 


TABLE 1 SAMPLE-PLATE DATA 
Location From front 

with or back 

Plate MWK _ Boiler _ respect to Drum section 

mark mark no. water line description of drum 
5-WEF A 5 Below End drum Front 
6-WCB B 6 Below Center drum Back 
9-WCF D 9 Below Center drum Front 
8-SCB Cc 8 Above Center drum Back 
10-SEB E 10 Above End drum Back 
19-SCE F 19 Above Center drum Front 


Visual Examination of Drum No. 8 After Shotblast. Both 
heads of drum No. 3 were separated from the unit by acetylene- 
torch-cutting at a location in the shell several inches beyond the 
circular riveted seam joining the heads to the shells. 

A thorough visual inspection of the inner drum surfaces was 
made. A thin light-gray deposit which was probably the paint 
coating was observed adhering uniformly to the entire inner shell 
and head surfaces. No visual defects were observed. 

The entire inner surfaces of the head and shell sections were 
lightly shot-blasted so as to expose bare metal. In addition, 
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outer metal surfaces were shotblasted in the vicinity of all rivets. 
Photographs were taken to show the typical surface condition at 
various locations, as well as to illustrate freedom from visual de- 
fects. A typical view of rivets in longitudinal and circumferen- 
tial seams after shotblasting, from drum No. 3, is given in Fig. 4. 

Inspection of Drum No. 3 by The M. W. Kellogg Company Shop- 
Inspection Division. In addition to the visual examinations made 
as part of the metallurgical investigation, several inspections of 
the riveted drum were carried out by two senior shop inspectors, 
each of whom has had over fifteen years of experience in the inspec- 
tion and fabrication of drums and vessels for power-plant and oil- 
refinery services. 

The plate surfaces had no indication of pitting or wasting away 
of metal at any location. Rivets and rivet-joint surfaces ap- 
peared to be in the same condition as must have existed when the 
drum was fabricated and no defects were reported. The very 
good operating condition of the riveted drum is evidently at- 
tributable to the careful maintenance program followed as de- 
scribed previously. 

Metallurgical Study. In planning the metallurgical study, 
drum No. 3 was considered in terms of three essential compo- 
nents, namely, plate material, rivets, and riveted joints. The six* 
separate plates consisted wholly of plate material. 

The term ‘‘plate’”’ material refers to those parts of the drums 
formed from rolled steel plates. Five such units were present in 
the complete drum submitted for study (drum No. 3), consisting 
of the three straight sections and the two heads; six separate 
plates from as many boilers were also received. Therefore there 
was available for this study a total of eleven plate materials 
from seven separate drums. In testing, consideration was given 
to mechanical properties of each of the plate sections in the 
‘Jongitudinal” and “‘cireumferential” directions and also to loca- 
tion above or below the water line during service operation. 

Longitudinal direction refers to the long axis of the drum, 
while circumferential denotes the direction of the circular 
periphery of the drum. These terms do not have any signifi- 
cance as to the direction of rolling of the plate in the steel mill. 
In selecting specimens from the two heads of the complete drum, 
two directions were chosen, horizontal and vertical. 

Drum No. 3 contained seven riveted seams, three of these 
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Fic. 4 Rivers 1n LoNnGirupDINAL AND CIRCUMFERENTIAL SEAMS 


APTER SHOTBLASTING; Drum No. 3 


longitudinal and four circumferential. The former occurred 
only in straight sections and were located entirely above the 
water line, whereas the circumferential seams joined straight as 
well as head sections and were partly above and partly below the 
water line in service. Representative selections of material were 
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made in testing rivets and riveted joints; these selections are 
shown in detail in Table 2. Locations of specimens are given in 
Fig. 5. 

The chemical composition and mechanical properties of each of 
the plate sections were determined so that a comparison could be 
made with the requirements of present-day materials as stand- 
ardized in current ASTM specifications. In addition, other data 
not required by standard specifications were obtained, so that a 
more complete evaluation of the condition of these materials after 
forty years of service could be developed. 


ANALYSES ON TESTS 
Chemical Analyses. Drillings from each of the shell and head 


TABLE 2 RESUME OF TESTS MADE 


189 


plates and from one rivet of drum No. 3, as well as from each of 
the six separate plates were analyzed as indicated in Table 2, for 
the five common elements, carbon, manganese, phosphorus, 
sulphur, and silicon. The results are reported in Tables 3 and 4. 

Tension Tests. Two types of tension tests were made, conven- 
tional full-thickness specimens from each of the eleven plate 
materials, and specially prepared riveted-joint specimens from 
drum No. 3. 

The test bars, consisting wholly of plate material, were obtained 
from each of the straight and head sections composing drum No. 
3 and also from each of the six separate plate sections available 
for this investigation. Standard rectangular tension test speci- 
mens with 8-in. gage length were prepared in accordance with 


AND LOCATIONS FROM DRUM NO. 3 


PLATE MATERIALS 
— RIVETS RIVETED JOINTS 
HEADS 
MATERIALS Three circular sections, Two head sections, Longitudina: | Circumferential | Longitudinal | Circumferential 
pe e each canposed of one plate. each composed of one plate Seams* Seams Seems* Seams 
LOCATIONS Above water line. Below water line Above water line Below water line 
Above Shove | Below Above Above | Below 
Longitudinal | Circumferential | Longitudinal | Circumferential In direction In_direction water water | water water water | water 
direction direction direction direction Hor i zontal [Vertical Hor izontal | Vertical Vine, lime, line, line. line. Vine. 
CHEMISTRY From each section. Fram each section From each head From each head Fram one Rivet WOME 
Fram each From each Fram each Fram each From | Fram From From 
TEMSION TESTS ti ti each each each each 
section section section section ied head head head 
F From From From From 
Bene TESTS rom each From each rom each rm cot ‘aah pr 
section section section section head head head head 
As From each Fram each 
CHARPY Received sect lon section 
2 
Sik After (200° F From each From each WOME 
S| woren) |. 
tress Relief section section NONE WONE 
S 1700 As From each Fram each 
Received section section 
2/2) (vee 
noTCK) After 1200° F Fram each From each 
o Stress Re! ief section section 
. From From From 
Fram each From each From each Fron each 
MARONESS TESTS section section section section 
head heat head head 
MACROSCOPIC EXAMINATION Fram each section Fram each section Fram each head From each head 
FROM FROM 
MICROSCOPIC EXAMINATION Fram each section ra Fram each section From each head Fram each head REPRESENTATIVE REPRESENTATIVE 
SECTIONS SECTIONS 
MAGNAFLUX EXAMINATION NONE NOME MONE 
STRAIN AGING TESTS FROM SELECTED SECTIONS WONE 
REMARKS * Longitudinal Seams al! above water line. 
T-3 
T-1 ,T-2 , T-3 CIRCUMFERENTIAL RIVETED JOINT SPECIMENS 
LONGITUDINAL RIVETED JOINT SPECIMENS 
P72) PLATE MATERIAL 
MECHANICAL 
“22 | PROPERTY 
TEST 
HEAD MATERIAL 
MECHAN 
P-15 PROPERTY 
Test 
Fie. 5 Location or Test Specimens 
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TABLE 3 RESULTS OF CHEMICAL AND MECHANICAL TESTS FROM DRUM NO. 3 
APPENDIX Pace 23 __ 
meee THREE CIRCULAR SHELL SECTIONS EACH COMPOSED OF ONE PLATE TWO HEAD SECTIONS EACH COMPOSED OF ONE PLATE 
and ABOVE WATER LINE BELOW WATER LINE ABOVE WATER LINE BELOW WATER LINE 
LOCATIONS. LONGITUDINAL CIRCUMFERENTIAL LONGITUDINAL CIRCUMFERENTIAL | HORIZONTAL VERTICAL =| HORIZONTAL VERTICAL 
DIRECTION DIR ol DIRECT 
W. W. MARK Tit 12t Tie | | | | 2ic | 22¢ | 23¢ | isa J 
CHEMICAL | 437 | 20 | | | 
-009 | .010 | .009 .009 | .009 
ANALYSES —— SEE —— SEE 
083] .038 | .032 | 
Si nul nil_ | nil nut | nil | aul aul 
T.S. (p.s.t.) | 57, 60,500 | | 60,000 | 
Test | 33,800 83,900 |37,000 | 34,000 | 126.500 41.700 
ESTS Elongation 8" | 28.0 | 28.3 | 25.5 | 29.6 | 25.6 | 27.6 | 25.5| 90.5 | 25.6 | 26.0 | 24.4 | 26.8 | 26.9 | 26.0 
Reduction Area | 55.7 | 53.2 | Si.7 | 5¥.2 | 52.0 | 55.0 | 40.0] 41.0 | 39.0) 51.7 | 48.8 | 47.5 | 47.7 | 48.2 | $0.2 | 52.7 | 53.0 | $1.2 | 20.8 
BEND Bent to 180° | 180° | 180° | 180° | 180° | 1a0° | 180°] 190° | 180° | 180° | 180° | 190° ° © | ia0° | sao? | 180° | 180° | 180° 
TESTS = Elongation 36.0 | 39.0 | 40.0 | 39.0 | 39.0 | 40.0 | 40.0] 41.0] 39.0] 40.0 | 38.0 | 39.0 | 47.0 | 44.0 | 46.0 | 45.0 | 36.0 | 43.0 | 43.0 
Remarks No Def. Def. |No Def. |No Def. [No Def. |No Def. | Mo Def] No. Def! Mo Def.| No Def. |No Def. |No Def. | No Def.| No Def.|No Def. |No Def. Def. |No Def. | No Def. No Def. 
i Actual N.5 | 22,0 | 2.5 | 23.0 | 23.0 | 23.5 
Ft. Lbs. 23.5 | 23.5 | | 24.5 | 22.0 | 24.0 
. Values 22.0 | 23.0 | 23.0 | 20.5 | 23.0 | 24.5 
= Average 22.8 | 22.8 | 24.0 | 22.7_ | 22.7_| 28.0 . 
= a. Actual 22.2 | 22.0 | 26.0 | 23.5 | 22.5 | 25.5 
Ft. the 25.0 | 23.0 | 25.5 | 27.5 | 23.0 | 26.5 
£ S. &. Valves 22.5 | 25.5 | 26.0 | 27.0 | 23.0 | Lost 
Aver age 23.2 | 23.5 | 25.8 | 26.0 | 23.0 | 26.0 | 
3 As Actual 28.3 | 20.0 | 31.0 |27.5 | 32.0 | 29.5 
= mee Ft. Lbs. 20.0 | 27.3 | 28.5 | 28.0 | 27.0 | 20.8 
‘ Values 27.5 | 20.5 | 15.5 | 13.5 | 13.0 | 17.8 
e Aver age 25.2 | 22.6 | 25.0 |21.7_| 28.0 | 22.7 
= caste Actwal 28.0 | 30.3 | 34.0-| 34.3 | 31.5 | 33.5 
Ft. Lbs. 38.5 | 18.5 | 34.5 | 31.0 | 33.8 | 33.3 
R. Valves 28.3 | 17.5 | 34.5 | 35.8 | 38.0 | $2.0- 
Average 30.2 | 22.1 | 30,8 | 32.9 
WARONESS (Br ine!}) ize | 190 | 131 [ize | | 198 [190 | wo [tsa [ise [is [iss [190 wo | 138 
* "Def" refers to “defects”. 
TABLE 4 RESULTS OF CHEMICAL AND MECHANICAL TESTS FROM DRUMS NOS. 5, 6, 8, 9, 10, AND 19 L 
M. W. KELLOGG CO. MARK A 8 0 c F 
LOCATION OF PLATE WITH 
RESPECT TO WATER LINE IN DRUM, BELOW BELOW BELOW ABOVE ABOVE sore 
DIRECTION OF TEST SPECIMENS. LONG. cure, tonc. —_CiRC. onc. LONG. 
CARBON 0.23 0.22 0.26 0.20 0.22 0.22 
cmuee MANGANESE 0.81 0.32 0.35 0.% 0.38 0.37 
ANALYSES PHOSPHORUS 0.011 0.013 0.009 0.010 0.017 ___ 0,009 
SULFUR 0.083 0.038 0.038 0.0% 0.031 ©.032 
SILICON Trace Ir Trace Trace Trace Trace 
T. $. (p. i-) 60,200 61, 100 58,400 59,700 60,000 59,000 56 ,000 57,500 63,900 68,200 59,000 |_ 60,200 
TENSION TESTS Y. P. 35,800 37,600 32,200 34, 100 36,700 34,800 32.600 33,000 _| 34,000 34,800 34,900 
% ELONGATION 26.4 23.0 27.0 25.6 25.0 26.8 6.4 25.2 2.6 26.8 2.0 
% REDUCTION 53.6 53.9 52.0 2.6 56.0 83 Not Obtained $0.2 49.6 
SENT TO igo? 130° 1g0° ia? igo? 1g0° ig0° igo? 180° 
SEND TESTS % ELONGATION 2.0 45.0 45.0 45.0 49.0 42.0 45.0 48.0 49.0 4.0 33.0 H.0 
REMARKS Wo defects No defects No defects No defects No defects No defects No defects No. defects | No. defects No. defects | No. defects | No defects 
ACTUAL 21.0 20.5 28.0 0.0 
od VALUES 15.0 21.0 28.0 30.0 
RECEIVED FT. LBs. 18.0 23.0 2.5 
AVERAGE 19.3 21.5 27.2 38.0 
= 
ACTUAL 21.0 23.0 31.0 29.5 
120° VALUES 22.5 20.5 33.0 27.0 
AVERAGE 2.6 22.7 NOME WOME 3.5 2.5 
ACTUAL 20.5 31.3 2.5 
= VALUES 2.8 3.0 40.0 i2.5 
RECEIVED FT. LBS. 26.5 9.8 31.0 25.5 
AVERAGE 11.2 Bl 19.5 
~ 
ACTUAL 3.0 23.3 20.5 2.3 
VALUES 18.0 1.5 12.5 32.8 
S. FT. LBS. 15.3 30.6 25.5 32.6 
AVERAGE 18.7 21.6 19.5 31.2 


ASTM Designation E-8-42, except in the case of specimens taken 
in the vertical direction from the heads, where the length of speci- 


men was adequate for a gage length of only 2 in. 


removed from the plate surfaces. 


Specimens were 
prepared in both longitudinal and circumferential directions, 
above and below the water line. In no case was there any metal 


Twenty specimens from drum No. 3 and twelve specimens from 
the plates from the other drums were tested in a 100,000-Ib tensile 
testing machine with an accuracy within 1/2 per cent as recently 
calibrated. Tensile strength, yield point (by beam drop) elonga- 
tion, and reduction of area were determined. Careful visual 
observation of each test bar was made to ascertain whether any 
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LONGITUDINAL SPECIMENS evidence of metal deterioration was present which was not dis- 
E_0 = closed by test data. Results obtained in testing these specimens 
will be found in Tables 3 and 4. 

One full-thickness tension specimen was prepared from each 
NH of the three longitudinal and the four circumferential riveted 
seams of the whole drum (No. 3), after consultation with the 
Mechanical Testing Division of Columbia University. Each 
test specimen contained the riveted joint in the center and was 
prepared in accordance with sketch shown in Fig. 6. Because 


ALL DIMENSIONS IN INCHES 
LOCATION | SPECIMEN N® A 8 


ABOVE L-i 3.650 | 548 the longitudinal specimens from the girth seams were approxi- 
WATER LINE ["L-12 3.780 | .560 


mately flat no shaping other than machining of the sides was 
WATER LINE |. 35 > 70 1 560 necessary. The circumferential specimens from the longitudinal 
seams, however, were purposely hot-shaped at their end portions 
CIRCUMFERENTIAL SPECIMENS so that they could be properly gripped in the jaws of the 600,000- 
cf lb-ecapacity machine at Columbia University. Typical longi- 
tudinal specimens after testing are shown in Fig. 7, and typical 
circumferential test specimens in Fig. 8. In testing, the speci- 
mens were gripped and slowly loaded until maximum load was 
reached and failure produced. The maximum load at failure 
was recorded and each broken bar was studied for mode of fail- 
ure. Results are given in Table 5. 
Bend Tests. Specimens were prepared from plate materials of 
drum No. 3 and the six other plates at locations adjacent to the 
iia tension specimens previously described (see Tables 2, 3, and 4, 
respectively). Full-thickness specimens were machined to a 
SPECIMENN® | A olelrelcln width of 1 in. with no metal removed from either surface of the 


T-1 555 3.5/3.3 [2.1/3.1 [1 is | i steel. Two lines 1 i rere acrihe > cente h 

4 -5 13.3 | 2.1 | 115 steel. wo lines 1 in. apart were scribed at the center of eac 

T-2 3551 Tis I 5 

T-3 5551 ssissli2ziisslolstel specimen on the surface of the test bar corresponding to the inner 
ALL ABOVE WATER LINE drum surface which was tested as the outer fiber of the bend 


Fic. 6 Rtverep -Jornt SpecIMEN DETAILS specimen. Bending was carried out in accordance with the Stand- 


LonaiTuDINAL RiveTep-JOINT SPECIMENS AFTER Fie. 8 CrrcuMFERENTIAL Rtvetep-Jornt SpectmeENS AFTER 
TESTING TESTING 
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TABLE 5 RESULTS OF RIVETED-JOINT TENSION TESTS 
SPECIMEN MAXIMUM TYPE REF. 
N | LOCATION LOAD oF | PHOTO REMARKS 
| IN BOILER | POUNDS | FAILURE | Ne. 
FIG. FALE 
1 FIG. 1 | SHEARED CLEANLY THRU 
emecseam | 7*°°° | Two Rivers 
2 FIG. 1) | FAILED THRU ONE RIVET 
mn ACROSS 73900 | | NET. |APPRIS| HOLE IN EACH PLATE 
. FIG. IL | SHEARED CLEANLY THRU 
L-22 | 70000 | SIWET TWO RIVETS 
ACROSS 127000 NET FIG.12 Tay 
LONG SEAM TENSION SINGLE 
across '| 135000 | NET NOMS TURE 
a LONG. SEAM TENSION | “"'" | AT RIRST SINGLE RIVET 
12 
across | 82500 NET AT FIRST SINGLE RIVET 
TS | LONG SEAM TENSION APPPIS) L PLATE 
REMAINING HAL SUSTAINED 
LBS. 


1 ABOVE WATER LINE 
2 BELOW WATER LINE 


ard Method of Bend Testing for Ductility of Metals, ASTM 
Designation E-16-39. Testing was continued until 180 deg was 
reached. Results will be found in Tables 3 and 4. 

Notch-Impact Tests. A considerable amount of notch-impact 
testing was done (see Tables 2, 3, and 4, respectively). Speci- 
mens were prepared from the center of the plate thickness of the 
three straight sections of drum No. 3 and from two of the six 
separate plates, with the long axes of the test bars, respectively, 
longitudinal and circumferential. No notch-impact specimens 
were obtained from head material. 

Two types of standard notch-impact specimens were made, 
Charpy keyhole notch and Izod vee notch, in accordance with 
ASTM Designation E-23-41T, with the notch perpendicular to 
the plate surface. Test bars were made from plate material as- 
received for study and also after stress relief at 1200 F for 1 hr, 
followed by furnace-cooling. Three test specimens of each type 
were prepared for each condition described. The Charpy speci- 
mens were tested in an Amsler machine with a 75-ft-lb blow and 
simple beam loading, and the Izod bars in a Sonntag Universal 
testing machine with a 60-ft-lb blow and cantilever loading. All 
tests were made at room temperature. The results of tests upon 
seventy-two bars are reported in foot-pounds (absorbed) at room 
temperature in Tables 3 and 4. 

Hardness Tests. Hardness was measured by means of a Brinell 
hardness machine, using the standard 3000-kg load. One reading 
was obtained upon one end of each tension specimen from plate 
material. 

Macroscopic Examinations. Specimens were sectioned from 
each of the plate materials and from representative rivets and 
longitudinal and circumferential riveted joints. Samples were 
selected from above and below the water line and these were deep- 
etched in 1-1 HC1 for 20 min at 140 Fto 160 F. ° 
« Microscopic Examinations. Specimens were prepared from 
each of the plate materials from drum No. 3 and the six separate 
plates. These were carefully mounted in thermoplastic medium 
to insure that microscopic study could be made of the full cross 
sections, especially at the plate surfaces. Examinations were 
made before and after etching and representative photomicro- 
graphs were taken. 

Cross sections through several riveted joints were also prepared 
for microscopic study. These were taken from both longitudinal 
and circumferential joints. Careful examination was made for 
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evidence of metal deterioration and representative photomicro- 
graphs were taken. 

Magnaflux Examinations. This type of testing was done on 
each riveted-joint specimen selected for both the macroscopic and 
microscopic studies, before the latter tests were made. The 
samples represented the cross sections through riveted joints at 
the long centers of rivets and were taken from longitudinal and 
circumferential joints, at locations above and below the water line. 
Cross sections through six separate rivets and contiguous plate 
from one nozzle of the riveted drum were also prepared. Magna- 
fluxing was done by the “wet” method, with 300-amp current ap- 
plied continuously for 30 sec. No indication of defects was 
found in any of these specimens. 

Strain-Aging Tests. In addition to the quality tests of the 
material in drum No. 3, the strain-aging characteristics of the 
material were investigated, and a comparison was made with ma- 
terial currently supplied under ASTM A-70 Specification for Car- 
bon-Steel Plates for Stationary Boilers and Other Pressure Ves- 
sels. 

This test was made in accordance with a procedure first pro- 
posed by Graham and Work.‘ Essentially it consists of cold- 
working a tapered round specimen by drawing it through a cold- 
draw die and then notching at convenient intervals of known re- 
duction of area along the cold-drawn bar. The material is then 
aged at a suitable temperature (in this case 2 hr at 450 F) and 
broken at room temperature as an impact test at each notch as in 
the Izod test. 


Test REsuLTs AND D1IscussION 


Chemical Analyses; Plate Material. Results are summarized 
in Tables 3and 4. A number of ASTM plate-steel specifications 
are used today as a basis for choosing materials for boiler drums. 
ASTM Designation A-70 has been selected as typifying such plate 
material. Table 6 offers a basis for judging the chemistry of the 
plate material in the seven riveted drums, in comparison with 
specification requirements, and with a summary of 100 random 
heats from recent records of A-70 steel. 

The chemical analyses of the eleven plate materials from the 
seven drums compare very favorably with those of present-day 
steels. All eleven plates easily conform to the composition re- 
quired for “flange’’ steel requirements of Specification A-70. Ten 
of the plates would be acceptable for ‘‘firebox’’ quality. The 
other plate (10-SEB) would not be acceptable as firebox, but 
only because the carbon content (0.32 per cent) exceeded the 
permissible limit. 

Rivets. The chemical analysis of the one rivet so examined 
follows: C—0.12; Mn—0.33; P—0.011; S—0.032; Si—none. 

Tension Tests; Plate Material. The results of the thirty-two 
tests are given in Tables 3 and 4. For comparison, these data are 
summarized in Table 6, together with the mechanical-property 
requirements of ASTM A-70 and the results of tests recently made 
on one hundred rolled plates of A-70 steel of similar thickness. 

The data charted in Tables 3 and 4 have been made the basis of 
the graphic presentation in Fig. 8, in which comparison is made 
with chemical analyses and with specification requirements. The 
chemical] analyses are recorded in terms of an index number which 
is the sum of the manganese content and five times the carbon 
content. This is logical since it represents the approximate quan- 
titative effect of each element on strength properties. Tensile 
strength is given in 1000 psi, yield point as percentage of 
tensile strength (elastic ratio), and percentage elongation as a 
ratio to the minimum requirement in A-70 flange-quality steel. 

It is apparent that except for the one plate containing higher 


4 ‘A Work Brittleness Test for Steel,’’ by H. W. Graham and H. K. 
Work, Proceedings of the ASTM, vol. 39, 1939, pp. 571-582. 
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TABLE 6 COMPARISON OF CHEMICAL pad MECHANICAL PROPERTIES OF BOILER-DRUM STEELS, 100 RECENTLY MADE A-70 


STEELS, AND CURRENT A-70 REQUIREMENTS 


CHEMICAL COMPOSITION 
ASTM A-70 PLATE FROM onal 100 ‘RANDOMLY 
R REMENTS SEVEN (7) DRUMS SELEC R' 
— ) ROLLED STEEL PLATES (A - 70) 
FLANGE | FIREBOX 
QUALITY | QUALITY AVERAGE] MAX. MIN. AVERAGE MAX. MIN. 
|-25 MAX .235 32 19 .206 26 
Mn(*) | go MAX. | 80 MAX. 355 30 5S .32 
P W%) | 04 MAX. | .O35MAX. 017 .008 O17 .040 
(%) | MAX. | .04 MAX, .0%6 .043 .031 .032 .040 .025 
# PLATE FROM ORUM *10, FOR ALL OTHERS 0.26 % CARBON MAX. 
MECHANIC AL PROPERTIES 
ASTM A-70 PLATE MATERIALS FROM MECHANICAL PROPERTIES oF 
REQUIRE MENTS SEVEN(7) DRUMS 100 RANDOMLY SELECTED RECENTLY 
MADE ROLLED STEEL PLATES (A-70) 
FLANGE FIREBOX 
QUALITY QUALITY ||AVERAGE | MAX. MIN. AVERAGE MAX. MIN. 
BA $5000 - 65000 60500 68200**| $9000 65000 55000 
P's imm| 0-5 TENSILESTRENGTH]| 31300 41200 29200 37200 40000 35000 
ONG. 26.6 30.5 23.0 31.8 36.0 28.0 
R.A(%)| NOT REQUIRED $0.0 56.0 30.0 
mw PLATE FROM DRUM “10; FOR ALL OTHERS 62,200 


carbon content (10-SEB, 0.32 per cent), the tensile strengths all 
fall within the range required in A-70, that is, 55,000 psi to 65,000 
psi. Elastic ratio is below 0.5 in two out of the eleven plates 
(head plates marked 14 and 15 from drum No. 3), but this defi- 
ciency is not great and is true only for specimens prepared in the 
longitudinal direction from these plates. Elongation require- 
ments are satisfactorily met in all plate materials from drum No. 
3, but are slightly below formula minimum in three plate materials 
from the six separate drums. 

Reduction of area, which is not required in ordinary plate steel 
specifications, was measured in each specimen. The results 
which vary from 39 to 55.7 per cent indicate excellent ductility. 


The plate materials in the seven drums therefore compare 
favorably in tensile properties with present-day steels used for 
boiler-drum service. 


Riveted Joints. 


The results of tests are given in Table 5 for the 


four longitudinal and the three circumferential riveted-joint speci- 


mens. 


Fig. 7 shows the four longitudinal specimens after testing. 
will be observed in specimens L-12 and L-22 that the rivets failed, 


whereas in specimens L-11 and L-21 the plates fractured. 


It 


Table 


7 gives stresses which are calculated as having existed at the time 
of failure at the various critical sections of the riveted joint. 
Fig. 8 shows the three circumferential specimens after tésting. 
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Fic. 9 COMPARISON OF CHEMICAL AND MECHANICAL PROPERTIES 
oF PLATE MATERIALS AND PRESENT-Day A-70 REQUIREMENTS 


In each case fracture took place through the plate at the line of 
the first single rivet. Due to the curvature of these specimens, 
they were subjected both to tensile stress and to a bending mo- 
ment in testing. The failure occurred at the point of minimum sec- 
tion modulus. An inspection of these specimens after failure 
indicated that the plate, which was not reinforced by the butt 
straps, straightened out almost entirely, but that the section rein- 
forced by the butt straps retained its original curvature. It is 
highly probable that at the instant of failure even more straight- 
ening occurred than that which was observed after failure, and 
correspondingly reduced the bending moment which existed on 
the section when it failed. It was not considered practical to 
make a calculation of the stress ¢xisting at the time of failure in 
these circumferential specimens owing to the uncertainties of the 
actual bending moment. The variable nature of the bending 
moment is reflected in the variance of the loads recorded at the 
time of failure of these specimens. The nonductile type of failure 
observed is not surprising in view of the complex state of stress. 

These riveted-joint test results indicate the suitability of the 
joints for continued service. Although the strength of the joints 
as originally made is unknown, it seems quite improbable, in view 
of the calculation listed in Table 7, that they could have been 
significantly greater than now observed. 

Bend Tests. Results of bend tests are given in Tables 3 and 4. 
In each case the inside fibers of the drums were bent in tension to 
180 deg without any signs of defects on any of the surfaces. 
Elongations in 1 in. ranged from 36 to 46 per cént, indicative of 
satisfactory ductility onthe inner surfaces, after forty years’ service. 

Notch-Impact Tests. The results obtained for test specimens 
in both plate directions at room temperature are given in Tables 
3and4. Both Charpy and Izod testing was carried out in order 
to explore fully any data which might reveal change of properties 
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resulting from service. ‘Tests were made in plates “as-received” 
to obtain results of these materials after forty years of service, 
Tests were also made in the laboratory stress-relieved condition 
after such service to determine whether strain-aging embrittle- 
ment had occurred, since heating to 1200 F may be expected to 
return the metal to its original condition as regards this embrittle- 
ment. <A basis of reference is thus provided for these materials, 
which is not otherwise available, since none of the original material 
isathand. , 

The notched-bar impact values of the plate materials after forty 
years are typical of results to be expected of present-day materials 
of this quality even before entering service. Thus eighteen 
Charpy specimens taken in two directions from the three straight 
sections from drum No. 3 varied from 21.5 to 24.5 ft-lb. As 
would be expected, Izod values were less consistent ,5 but averages 
varied from 21.7 to 25.2 ft-lb for both directions, which is quite 
consistent with the Charpy values. Generally, similar data were 
obtained for the two plates selected for noteh-impact testing from 
drums Nos. 5 and 8, except that greater inconsistencies were 
found. 

Stress-relieving at 1200 F had but slight effeet upon the Charpy 
values of the plate materials tested since they are quite similar to 
results after removal from service. However, stress relief has re- 
sulted in variable effect of notch-impact Izod values, some sets of 
values being improved and some being made worse, in an appar- 
ently random manner. 

The Charpy tests indicate that either strain-aging has been 
inappreciable or that “overaging’’ has occurred during the forty 
years of service of the plates examined. The variability of the, 


5 It is not unlikely that the transition-temperature range between 
“ductile” and ‘brittle’? behavior is near room temperature for the 
vee-notch specimens and that this explains the variability of these 
results and sensitivity to test conditions. 
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Izod values is not believed to be evidence of strain-aging embrit- 
tlement in view of their random character, but this appears to be 
rather inherent in the test, owing particularly to the type of notch 
and to the relatively high transition temperature of material then 
and now employed in the manufacture of boiler drums. 

Hardness Tests. The Brinell values, listed in Table 3, are typi- 
cal of the stecis under consideration. 

Macroscopic Examinations. All plate materials showed etch 
patterns consistent with present-day rolled open-hearth steels of 
low carbon content. There was only very slight difference be- 
tween the etch patterns of longitudinal and circumferential direc- 
tions. Some few stringers were found in the etched cross sections 
but these were comparable to present-day steel practice. 

Deep-etched cross sections were prepared through the riveted 
joints, representing the longitudinal seams, present only above 
the waterline. In addition, several cross sections were prepared 
through rivets from a nozzle opening. No defects were disclosed 
by careful examination of the sections under a low-power micro- 
scope. No difference was noted between specimens taken from 
above and below the water line. Fig. 10 shows the deep-etched 
pattern of a typical cross section through the circumferential 
riveted lap joint, and also of a typical longitudinal joint. No 
defects were noted in these rivets or in adjacent plate material. 

All macrospecimens disclosed that rivet holes had been 
punched without subsequent reaming or drilling of such holes; 
this differs from best practice of today. The lack of true plate 
alignment and the severe local distortion of rivets near their 
centers are apparent in the illustration. 

Microscopic. Examinations. Specimens were examined from 
all plate materials from drum No. 3, with particular observation 
of the microstructure at the outer and inner surfaces. Typical 
photomicrographs are shown in Fig. 11. The plate materials 
were quite clean and reasonably free of nonmetallic inclusions; 
microstructures consisted of medium-size grains of pearlite and fer- 
rite, indicative of air-cooling from a temperature somewhat above 
the upper critical temperature. The slight differences between 
the microstructures are due to slight variations in finishing tem- 
peratures in hot-rolling and to small differences in carbon content. 
These are of minor significance. Slight decarburization and 
scaling at the inner surface undoubtedly resulted during heating 
and rolling ef the plate. 

Specimens were also examined from locations in riveted joints 
adjacent to samples prepared for macroscopic etching. Cross 
sections were prepared perpendicular as well as parallel to the 
plate surfaces. Microscopic examinations were made at 100 
and X 1000 in both etched and unetched conditions, with particu- 
lar reference to the rivet-plate interfaces. 

The rivet joints represent the location in the drums where pos- 
sible cracking or deterioration is most likely to occur. The 
only type of defect found was traceable to folds in the plate ma- 
terials caused in the original riveting operation. It is interesting 
to note that the lap in Fig. 12 has not progressed during service. 
The absence of any cracks at the rivet-plate interfaces during 
service indicates an absence of so-called caustic embrittlement, as 
well as an absence of detrimental strain-aging embrittlement. 

Magnaflux Examinations. All specimens prepared for macro- 
scopic and microscopic examination were magnafluxed. In addi- 
tion, one circumferential riveted joint was cut intofour parts forfur- 
ther magnafluxing. No signs of defects were observed in any case. 

Strain-Aging Tests. The results of these tests, comparing a 
sample of present-day A-70 steel, one plate from drum No. 3, and 
one plate from drum No. 6, are shown in Fig. 13 in which the 
resistance to notch impact is given for various percentages of 
cold reduction with subsequent aging at 450 F for 2 hr. It is 
apparent that the boiler-drum materials exhibit a slightly greater 
but probably insignificant degree of strain-aging than A-70 steels. 
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Fie. 13 Srrain-AGInc CHARACTERISTICS OF Drum Streets Com- 
PARED WiTH Present-Day A-70 STEEL 


SUMMARY AND CONCLUSIONS 


An investigation has been made of boiler-drum material re- 
moved by the Consolidated Edison Company to be replaced by 
modern boilers after forty years of service at 400 F and 200 psi. 

No evidence of deterioration was found. No signs of any 
general corrosion were observed. Caustic embrittlement was 
clearly absent. The mechanical properties of these materials 
after service are similar to those of present-day steels of similar 
composition. There is no indication that strain-aging has oc- 
curred as a result of service. 

It is to be noted that inspections of these drums were very thor- 
ough, since examinations were made annually upon scraped and 
brushed surfaces. The maintenance program was also of a very 
high order, consisting of painting the inner drum surfaces with 
selected coatings each year. 

The absence of over-all corrosion and caustic embrittlement 
may be attributed largely, if not entirely, to the careful mainte- 
nance program carried out annually. This is particularly true 
since feedwater was originally untreated, and the rivet holes in 
these drums were not formed by best practice of today, i.e., they 
were punched without subsequent reaming or drilling to remove 
severely cold-worked metal. 

The mechanical properties of these materials compare favorably 
with steels which would be applied today for similar service, indi- 
cating no deterioration of the properties examined. This is con- 
sistent with the results of macroscopic and microscopic studies, 
since there was no indication of structural change such as sphe- 
roidization or graphitization. 

Strain-aging embrittlement is apparently the only structural 
change or deterioration of the metal proper which requires any 
consideration in the study of these materials. The tests per- 
formed in this investigation show that the subject material is 
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susceptible to strain-aging embrittlement, but probably not 
significantly more so than steel which would today be applied to 
the same service. Therefore it seems evident that boilers manu- 
factured in the past need not necessarily be classed separately as 
regards their need of derating because of strain-aging embrittle- 
ment. 

It seems clearly evident that these boiler drums were still suita- 
ble for continued service under the temperature and pressure for 
which they were originally designed. 

It is concluded, in view of the facts, that neither corrosion, 
caustic embrittlement, loss of mechanical properties, nor strain- 
aging embrittlement was found, derating of boiler drums operat- 
ing under these particular conditions with careful inspection and 
maintenance program is not warranted. 
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Discussion 


W. F. Davipson.* There are two slight additions the writer 
wishes to make to the authors’ clear and lucid treatment of a 
complex subject. Both of the additions deal with decisions that 
were made at an early stage of the investigations before they had 
become the full responsibility of the authors. 

First should be emphasized the random selection of the sam- 
ples. The samples were not preselected to insure favorable test 
results but were as nearly representative of the 168 drums in the 
56 boilers as could be made. An arbitrary decision had to be 
made as to the number of drums to be cut up. When this had 
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been set at seven, seven boilers were designated at random from 
those then being dismantled. Then we considered the number 
of variables—above or below the water line; front end, center 
section, rear end; right, center or left drum, etc., and made up a 
schedule of locations from which the specimens should be re- 
moved. Next, and still without first looking at the drums, we 
matched the drum designations with the specimen schedules and 
sent the necessary instructions to the field to deliver the samples 
to the laboratory. Our belief that the samples are as truly repre- 
sentative as it is possible to make them is strengthened by an 
examination of the detailed data as reported in the paper. 

Then, a brief explanation is in order why hydrostatic tests 
were not used. These were considered and discarded in place 
of the tests that have been reported only after an analysis had 
indicated the results might be of doubtful value. It was known 
that the drums would withstand the routine hydrostatic test, but 
that was largely negative information. To get positive infor- 
mation it would be necessary to make very elaborate and costly 
provisions for strain measurements at many points of the drum, 
and even were this done the test might become more one of 
checking the design rather than the material. Our chief interest 
was not in checking the design or fabrication methods, which were 
out of date in many details, but in checking the steel as such. | 
The comprehensive study reported by the authors suggests that 
the decision not to make the hydrostatic test was sound. 


I. A. Rouric.?. The authors present considerable evidence to 
show that the metal of seven different boiler drums was unaffected 
by 40 years of service at 400 F and conclude that derating or 
retirement of boiler drums might more logically be determined 
by the condition of the metal rather than by the length of service 
to which it has been subjected. The following statements from 
the paper are significant: ‘There are numerous different kinds 
of changes which may occur in metals during service. The ex- 
tent to which these changes take place in any specific instance 
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View or THE SamPLe; X3.5 
depends on the service conditions of temperature, time, stress, 
and medium to which they are subjected.” 

In 1946 an examination was made of a sample removed from 
the mud drum of a boiler that had been in use for 24 vears in the 
Marysville power plant of The Detroit Edison Company.  Trans- 
verse cracking had occurred on the outer surface of the drum. 
The cracking was restricted to a band approximately 1 ft wide 
extending across the outer surface of the drum below the first 
row of tubes on the fire side as shown in Fig. 14 of this discussion. 
The drum is of riveted construction and is made of steel plate 
1'8/., in. thick, and is 27 ft long 47 in. diam. The boiler is of 
a Stirling “W” type with drums operating at 300 psig and 422 F, 
which has been in use since 1922. 

Because of the cracks on the surface of the drum, the inspector 
for the insurance company requested that a sample be removed 
and an examination made to determine the depth and character 
of the observed cracks. Accordingly, a sample approximately 
1 in. diam was removed from the drum so that the structure of 
the metal could be examined from the outer surface to the inner 
surface. A tapered plug was welded into the hole cut through 
the drum. : 

Examination of the sample showed that, although the cracks 
were §/,. in. deep, maximum (see Fig. 15 and 16, herewith), and 
extended 10 to 11 per cent through the wall of the drum (1! /3s in. 
thick), the metallographic strueture of the remaining thickness 
of the metal was satisfactory (see Fig. 17), and had the general 
appearance of hot-rolled boiler plate even though it had been in 
use for 24 years at approximately 422 F (saturation temperature 
at 300 psig). The cracks had been caused by temperature- 
differential stresses resulting from flame impingement on the 
surface of the drum below the first row of tubes. The height of 
the fire wall was increased to prevent further flame impingement 
and the boiler was returned to service. The suitability of the 
boiler drum for continued use was determined by its funda- 
mental condition rather than by the length of time that it had 
been in use, 


E. H. Krrea.8 This valuable paper will do much to build up a 
rational basis of understanding between boiler inspectors and 
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boiler operators. There have been cases in the past where boiler 
inspectors were inclined to derate boilers on account of age only, 
regardless of their condition, and there is real need to arrive 
at a more factual and logical basis for derating of allowable 
pressures, 

It is probable that, originally, there was so little common 
knowledge of metallurgy a “factor of ignorance” had to be ap- 
plied by the boiler inspectors to keep claims for losses within 
reasonable limits. In the light of the large amount of metal- 
lurgical data and knowledge that are available to every boiler 
inspector today, or at least to the heads of inspection bureaus, 
there is no basis for continuing a reactionary and backward 
method of derating boilers solely as a function of age. It may 
be that a boiler should be retired and eliminated because of 
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susceptible to strain-aging embrittlement, but probably not 
significantly more so than steel which would today be applied to 
the same service. Therefore it seems evident that boilers manu- 
factured in the past need not necessarily be classed separately as 
regards their need of derating because of strain-aging embrittle- 
ment. 

It seems clearly evident that these boiler drums were still suita- 
ble for continued service under the temperature and pressure for 
which they were originally designed. 

It is concluded, in view of the facts, that neither corrosion, 
caustic embrittlement, loss of mechanical properties, nor strain- 
aging embrittlement was found, derating of boiler drums operat- 
ing under these particular conditions with careful inspection and 
maintenance program is not warranted. 
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made as to the number of drums to be cut up. When this had 
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been set at seven, seven boilers were designated at random from 
those then being dismantled. Then we considered the number 
of variables—above or below the water line; front end, center 
section, rear end; right, center or left drum, etc., and made up a 
schedule of locations from which the specimens should be re- 
moved. Next, and still without first looking at the drums, we 
matched the drum designations with the specimen schedules and 
sent the necessary instructions to the field to deliver the samples 
to the laboratory. Our belief that the samples are as truly repre- 
sentative as it is possible to make them is strengthened by an 
examination of the detailed data as reported in the paper. 

Then, a brief explanation is in order why hydrostatic tests 
were not used. These were considered and discarded in place 
of the tests that have been reported only after an analysis had 
indicated the results might be of doubtful value. It was known 
that the drums would withstand the routine hydrostatic test, but 
that was largely negative information. To get positive infor- 
mation it would be necessary to make very elaborate and costly 
provisions for strain measurements at many points of the drum, 
and even were this done the test might become more one of 
checking the design rather than the material. Our chief interest 
was not in checking the design or fabrication methods, which were 
out of date in many details, but in checking the steel as such. ° 
The comprehensive study reported by the authors suggests that 
the decision not to make the hydrostatic test was sound. 


I. A. Rouric.?. The authors present considerable evidence to 
show that the metal of seven different boiler drums was unaffected 
by 40 years of service at 400 F and conclude that derating or 
retirement of boiler drums might more logically be determined 
by the condition of the metal rather than by the length of service 
to which it has been subjected. The following statements from 
the paper are significant: ‘There are numerous different kinds 
of changes which may occur in metals during service. The ex- 
tent to which these changes take place in any specific instance 
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depends on the service conditions of temperature, time, stress, 
and medium to which thev are subjected.” 

In 1946 an examination was made of a sample removed from 
the mud drum of a boiler that had been in use for 24 vears in the 
Marysville power plant of The Detroit Edison Company. Trans- 
verse cracking had occurred on the outer surface of the drum 
The cracking was restricted to a band approximately 1 ft wide 
extending across the outer surface of the drum below the first 
row of tubes on the fire side as shown in Fig. 14 of this discussion. 
The drum is of riveted construction and is made of steel plate 
in. thick, and is 27 ft long 47 in. diam. The boiler is of 
a Stirling “W” type with drums operating at 300 psig and 422 F, 
which has been in use since 1922. 

Because of the cracks on the surface of the drum, the inspector 
for the insurance company requested that a sample be removed 
and an examination made to determine the depth and character 
of the observed cracks. Accordingly, a sample approximately 
1 in. diam was removed from the drum so that the structure of 
the metal could be examined from the outer surface to the inner 
surface. A tapered plug was welded into the hole cut through 
the drum. 

Examination of the sample showed that, although the cracks 
were 5/;. in. deep, maximum (see Fig. 15 and 16, herewith), and 
extended 10 to 11 per cent through the wall of the drum (1!5/39 in. 
thick), the metallographic structure of the remaining thickness 
of the metal was satisfactory (see Fig. 17), and had the general 
appearance of hot-rolled boiler plate even though it had been in 
use for 24 years at approximately 422 F (saturation temperature 
at 300 psig). The cracks had been caused by temperature- 
differential stresses resulting from flame impingement on the 
surface of the drum below the first row of tubes. The height of 
the fire wall was increased to prevent further flame impingement 
and the boiler was returned to service. The suitability of the 
boiler drum for continued use was determined by its funda- 
mental condition rather than by the length of time that it had 
been in use. 


E. H. Krrea. This valuable paper will do much to build up a 
rational basis of understanding between boiler inspectors and 
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boiler operators. There have been cases in the past where boiler 
inspectors were inclined to derate boilers on account of age only, 
regardless of their condition, and there is real need to arrive 
at a more factual and logical basis for derating of allowable 
pressures, 

It is probable that, originally, there was so little common 
knowledge of metallurgy a ‘factor of ignorance” had to be ap- 
plied by the boiler inspectors to keep claims for losses within 
reasonable limits. In the light of the large amount of metal- 
lurgical data and knowledge that are available to every boiler 
inspector today, or at least to the heads of inspection bureaus, 
there is no basis for continuing a reactionary and backward 
method of derating boilers solely as a function of age. It may 
be that a boiler should be retired and eliminated because of 
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economic obsolescence, but such a condition is beyond the scope 
of the boiler inspector’s authority, which is limited to matters of 
safety and avoidance of insurance claims. 

This paper is the first attempt, at least for some time, to call 
attention to the problem of derating boilers, and it is hoped that 
more factual data may be forthcoming on which to arrive at a 
rational decision as to whether it is necessary to derate a boiler. 


F..X. Gite. The results of these careful and thorough tests 
on the old drums from Waterside is a welcome confirmation of 
the fact that boiler drums, made from good-quality steel, good 
workmanship, and properly taken care of over the years, do not 
deteriorate with age. During the war there were many instances 
of 30-, 40-, and even 50-year-old boilers being reset and certified 
for further use. ‘ 

The Waterside drums were fabricated in 1900. The drum 
heads, formed from !!/j.-in. plate, had the old-style short-radius 
bend where the cylindrical portion merges with the spherical 
portions of the head. The code no longer permits the short- 
radius transition, because it is known that high stresses occur in 
these areas. However, a careful examination of these heads 
showed absolutely no signs of deterioration or stress in these 

The feed, steam, and safety-valve nozzles were made from 
‘flowed steel,” a semisteel casting. They were riveted to the 
drums. The steam outlet pads on each drum were designed for a 
nominal 5-in. connection but the hole in the drum shell was 15!/2- 
in. diam being reinforced by the pad flange which was 2]-in. 
diam. The code no longer permits such large unreinforced 
openings because of the concentrated stresses around the edges 


® Application Engineer, The Babcock & Wilcox Company, Ne 
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of the holes. Here, too, a careful examination showed no evi- 
dences of deterioration or stress. 

The general good condition of these boiler drums after 40 years 
of service is due primarily to the excellent care which they re- 
ceived from the plant personnel by proper feedwater treatment, 
and the avoidance of external and internal corrosion. There are 
other cases on record from other plants where drums had to be 
replaced in considerably less time due to neglect. 

From the results of the careful examinations of these drums, it 
is believed we can safely conclude that it is not necessary arbi- 
trarily to reduce the safe operating pressure of an existing boiler 
because of age. The safe operating pressure of any boiler should 
be determined on the basis of a complete and careful inspection of 
the pressure parts. 
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wick Starting of High-Pressure 
Steam-Turbine Units 


By J. C. FALKNER,' R.S. WILLIAMS,? ann R. H. HARE,*? NEW YORK, N. Y. 


This paper describes a new method of ‘‘quick starting” 
high-pressure steam-turbine units at locations where, 
because of their light night loads, in comparison with 
heavy day loads, some of the high-pressure units must be 
shut down and started up each night. The method de- 
scribed reduces the thermal start-up stresses in the tur- 
bines and boilers, reduces the ‘‘rolling-on’’ fuel losses, 
reduces the crew personnel required, and increases the 
available reserve factor, as compared to the conventional 
start-up methods. 


OR many vears the turbines of the Consolidated Edison 
Company have been started in the conventional manner as 
prescribed by the manufacturer, which calls for approxi- 
mately 90-120 min to put the turbine on the line. As the load 
grew and the number of turbines increased, it became necessary, 
due to the load characteristic, to shut down approximately 
thirty-five turbines each night, some of which are topping tur- 
bines, and start them up again the next morning. At present 
there are six topping turbines and forty-four condensing turbines, 
with three additional topping turbines and four condensing tur- 
bines to be installed by 1951. System load and capacity data for 
minimum load conditions are given in the Appendix. 
Typical load curves and the projected curve for 1950 are shown 
in Fig. 1. Note the rapid rise between 5:00 a.m. and 9:00 a.m. 
The quick-starting idea was discussed with the General 
Electric and Westinghouse turbine engineers approximately 2 
years ago, and consists simply of admitting steam to the turbine 
at a temperature corresponding to that of the main parts of the 
turbine, such as the valve chest, heavy flanged joints, top and 
bottom of casing, ete., after a “shutdown” period up to 10 hr. 
We well appreciate that starting and stopping high-pressure 
and temperature boilers and turbines 200 or more times per year 
introduces problems not heretofore encountered. With this in 
mind, investigations were made to see what could be accomplished 
in a way that would reduce the heat stresses in both.turbine and 
boilers to a minimum and to reduce the starting cost, which in 
itself is a considerable item. As our greatest number of high- 
pressure units is at Waterside, the investigation was made at that 


WATERSIDE HIGH-PRESSURE INSTALLATION 


The present high-pressure installation at this station consists of 
four units, each made up of two boilers and one high-pressure 
turbine, the turbines exhausting into a common 200-psig header, 
which supplies steam to seven low-pressure condensing turbines 
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and to two steam mains of the New York Steam Corporation. 
The capacities of the boilers and the turbines are given in Table 1. 

Conventional Start-Ups. The manufacturers have given 
operating instructions stressing the fact that temperatures should 
not be changed rapidly in either the turbines or in the boiler 
drums, but there has been no attempt to synchronize the tem- 
peratures, although both must work as a team. 

As a first step in our investigation, thermocouples were in- 
stalled in the main leads to the turbine throttle, on the turbine 
steam chest, and at different locations on the turbine cylinder and 
flanges on all four of the Waterside high-pressure turbines. The 
location of these thermocoupies is shown diagrammatically in Figs. 
2, 3, 4, and 5, for the four units. In Table 2 the normal operat- 
ing temperatures at these locations are given. 

The temperatures found for normal start-up for two of the 
units are shown in Figs. 6 and 7, for each ot the test locations, and 


TABLE t WATERSIDE STATION; DESCRIPTION OF BOLLERS 
AND TURBINES 
BorLers 


Two boilers per unit 
Steam conditions- 


Rating each, Pressure, Temp, 
Unit no. Manufacturer Ib per hr psig deg F 
4 Combustion Engrg. 500000 1200 900 
5 Combustion Engrg. 500000 1200 900 
6 Combustion Engrg. 615000 1250 925 
7 B&W 615000 1250 925 
HiGH-PRESSURE TURBINES 
One turbine per unit 
Unit no. Manufacturer Rating, each, kw 
4 Westinghouse 53000 
5 General Electric 53000 
6 Westinghouse 65000 
7 General Eleetrie 65000 
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ou the bottom of these curves is given the turbine speed and the 
boiler output plotted at 30 min intervals. 

A study of these data revealed that the superheater and line 
drains were normally left open, so that the boiler pressure was re- 
duced to 200 to 400 psig at the beginning of the rolling period, and 
was then gradually increased to approximately 800 psig at the 
time the turbine was up to speed. It was noted that the steam 
chests with temperatures of 650 to 700 F at the start were actually 
cooled 50 F to 120 F during the first hour of the rolling period, 
due to the low initial steam temperature and the length of the 
rolling period. At the time the generator was synchronized, 
the steam-chest temperatures had been brought back to approxi- 
mately the same as at the beginning of the rolling period. 

Quick Start-Ups. Following the idea of maintaining minimum 
temperature differences between the turbine and the entering 
steam, the quick-start-up procedure was developed. It was 
determined that the boiler could be ‘‘bottled up”’ by closing the 
induced-draft-fan vanes, boiler stop valves, superheater and line 
drains, so that, after an outage of 6 or 7 hr, the boiler pressure 
was approximately 850 psig. It was also found that at low steam 
flows from the boiler, the steam temperature could be controlled 


TABLE 2 TURBINE-CASING TEMPERATURES FOR NORMAL 
OPERATION, DEG Fe 


turbine no.-— 
Location 4 5 6 7 
1 900 900 925 925 
2 900 900 910 925 
3 875 900 710 830 
4 900 900 520 840 
5 900 530 855 850 
6 720 740 790 
7 530 520 755 920 
s 685 820 835 920 
9 725 525 810 765 
10 715 785 775 765 
ll 800 790 750 525 
12 790 820 530 520 
13 830 820 530 745 
14 530 820 745 
15 820 745 
16 845 745 
17 830 
18 850 
19 825 


@ For temperature locations see Figs. 2, 3, 4, and 5, 
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readily by varying the excess air. ‘Test start-up procedures 
were then formulated for the boilers and turbines in an attempt to 
hold heat in the boiler and to eliminate the cooling effect on the 
turbine by rolling it with steam at a temperature approximately 
the same as that of the metal temperature of the turbine casing. 


Quick Srart-Up ProcepuRE 
Shutdown. 


1 When the turbine is to be shut down, maintain normal 
drum pressure on both boilers, and take one off the line in a 
normal manner. 

2 When rating is zero on the boiler taken off, open super- 
heater drain until pressure falls to 1000 psig. Then close the 
superheater drain, the fan vanes, the boiler stop, or nonreturn 
valves. 

3 Drop rating on second boiler in normal manner to 300,000 
Ib per hr, maintaining normal drum pressure. 

4 Boil@r operator shall notify the high board that boiler is at 
300,000 lb per hr rating. 

5 Both coal feeders are then tripped on this boiler. 

6 High board shall signal “load off’ at 5000 kw and 1000 
psig boiler pressure. 

7 Turbine throttle shall betripped (turbine to be kept on 
turning gear). 

8 “Bottle up” second boiler as prescribed in item 2. 

9 If during the outage period the drum pressure falls below 
700 psig on either boiler, bring pressure back to 850 psig by inter- 
mittent coal firing. : 


The procedure at shutdown is as follows: 


Starting Up. Procedtre for starting-up is as follows: 


10 When the turbine is to be started the turbine-room en- 
gineer shall note the temperature of the selected turbine-casing 
thermocouple and give this temperature to boiler-control oper- 
ator. 

11 The boiler operator shall purge one boiler furnace, crack 
open superheater drain, light ignition gas, open superheater drain 
wide, put one coal feeder in service. 

12. Boiler operator shall maintain steam temperature at 
superheater outlet as nearly as possible to that of the turbine-cas- 
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ing temperature, as given in item 10. (This regulation is obtained 
by adjusting the excess air.) 

13. The superheater by-pass damper shall be kept open. 

14 When boiler pressure has been stabilized at 800 to 850 
psig, open the turbine throttle and roll the turbine, increasing 
speed at rate of approximately 300 rpm per min. 

15 Both coal feeders shall be placed in service within 7 min 
after turbine rolls. 

16 Generator shall be synchronized within 15 min after start 
of the roll. 

17 During the entire rolling period the turbine metal and inlet 
steam temperatures shall be checked at frequent intervals. 

18 Both coal feeders shall be maintained at approximately 
minimum speed and superheater drain shall be closed. 

19 During the rolling time, the second boiler shall be lighted 
off and its pressure brought up to within 200 psig of line pressure. 

20 As soon as turbine is on the line, the second boiler shall be 
put on the line with superheater drain and by-pass damper wide 
open. The excess air shall be regulated in order to hold the steam 
temperature of the second boiler at the same temperature as the 
first. 

21 Both boilers shall be at line pressure within 20 min. 

22 Superheater by-pass damper shall be regulated to increase 
steam-inlet temperature at the rate of 100 deg F per hr. 

23 The turbine shall be loaded in normal manner. 


A complete set of start-up data, using the quick-start-up 
procedure was taken for each unit after a 5- to 7-hr shutdown. 
Figs. 8 and 9 show the metal temperature changes during this 
method of starting for two of the units. It may be noted that the 
cooling of the steam chest and heavy metal of the turbine casing 
was reduced considerably as compared with that of the normal 
start-up, and that the temperature stresses were not increased. 
For comparison between the conventional and the quick start- 
ups refer to Figs. 10, 11, 12, 13, and 14. 

Exhaust Temperature. The 200-psig turbine-exhaust fempera- 
ture charts for both types of start-up are shown in Fig. 15. 
Note the length of time the exhaust temperature remains high for 
the normal start-up, as compared with the quick start-up. 

Turbine Vibrations. Vibrations at various points on the turbine 
are better, or the same, during the quick start-up, as compared 
with the normal. With the quick method, the difficulty of bring- 
ing the unit through the critical-speed period is completely 
eliminated. 

Furbine Casing Movement. The relative movement between 
the top casing and the stationary pedestal showed no change with 
one manufacturer’s machine and a decided change on another. 
Turbines No. 5 and 7 have double casings so it is impossible to 
know the movement of the inner one, but with less chilling there 
should be less movement and strains. 

Generator Maintenance. We do not expect any increase in 
stator or field maintenance due to quick starts of the units. 
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High-Pressure Turbines (based on 24 quick starts). With the re- 
duction of starting time, the existing personne] will be sufficient to 
take care of all necessary starts By not increasing the personnel, 
and with the reduction in starting costs, there will be an appreci- 
able saving. In addition, this method will also be used at such 
times as either boilers or turbines must be taken ‘off the line 
for minor maintenance. 

Advantages attributed to the quick start-up are as follows: 


1 Reduces the thermal stresses in the turbine and boiler. 
2 Reduces fuel costs for idle rolling. 

3 Reduces additional personnel costs. 

4 Gives a better available reserve factor. 


Low-Pressure Turbines. Quick starting may be used on tur- 
bines taking steam from a main steam header, fed from any 
number of boilers and with other turbines running -from the 
header, as long as desuperheating water is injected into the steam 
used for starting the turbine, and the temperature of the inlet 
steam is held equal to the temperature of the turbine-inlet valve, 
heavy flanged parts, and turbine casing. 

With the conventional start, high-temperature steam is used to 
start a unit which may be several hundred degrees cooler, with a 
resultant quick expansion toward the generator of the turbine 
spindle, which heats up more rapidly than the casing. This re- 
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duces the clearances between stationary and rotating parts and 
may Cause serious damage. 


Appendix 


System Loap Capaciry 


The load of the Consolidated Edison Company of New York 
has almost doubled in the last 16.years, as Table 3 indicates. 


LOAD IN 1980 AND IN 1 
Net generator output 


TABLE 3 COMPARISON OF CONSOLIDATED EDISON COMPANY 
946 


Peak, gross generated, 


Year for the year, kwhr hr-kw 
1930 4,983 ,512,182 1,282,000 
1946 9,706,321,290 2,326,000 


There have been no new stations added to the system to take 
care of this load increase, but it has been accomplished by modern- 
izing the existing stations by the introduction of topping unit- 
exhausting into the low-pressure mains. 

In Fig. 1 is given the typical hourly loads for a winter day in 
1930 in comparison with 1946, and on this same curve has been 
added an estimated peak day in 1950. These curves bring out 
very well the type of system load throughout the 24 hr. There is 
no marked morning peak; the load increases rapidly at a fairly 
uniform rate from 7:00 a.m, to 10:00 a.m., levels, with a noon drop 
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of about 15 percent and then climbs from 3:00 p.m. toa peak at 
5:00 p.m. It then falls at a fairly rapid uniform rate to a low at 
4:00 a.m, 

The system is tied in with the Niagara-Hudson Corporation for 
power interchange. During periods of high run-off, we may be 
receiving hydropower up to 150,000 kw per hr which still further 
reduces the night load. When this situation arises the system 
load generation is as given in Table 4. 


TABLE 4 STATION LOADING NIGHT WATCH 
Present capacity, 

Station Night load, kw kw 
Hudson Ave. eee 80000 770000 
Sherman Creek...... 50000 221000 
Hell Gate 160000 630000 
Waterside........ 160000 438000 
Cold Street Shut down 111000 
East River Shut down 280000 
Long Island. . Shut down 89000 
Port Morris Shut down 60000 


All stations 450000 2599000 


The 89,000-kw load at the Hudson Avenue Station is the 
minimum load carried by two 160,000-kw turbines with most of 
the 32 stoker-fired boilers in a banked condition, ready to carry 
770,000-kw load by 9:00 a.m. 

The 50,000-kw load at the Sherman Creek Station is the 
minimum load on one high-pressure topping turbine, with one 
high-pressure boiler, plus the necessary low-pressure condensing 
turbines. 

The 160,000-kw load at the Hell Gate Station is the minimum 
load on one high-pressure topping turbine with two high-pressure 
boilers, plus the necessary low-pressure condensing turbines to 
carry the minimum exhaust from the high-pressure turbine and 
600,000 Ib of steam per hr from the low-pressure boilers. This 
low-pressure-boiler evaporation is necessary to supply make-up 
to the high-pressure boilers and to furnish generated load for 
regulation on the system. 

The 160,000-kw load at the Waterside Station is the minimum 
load on four high-pressure topping turbines, with seven high- 
pressure boilers, plus the necessary low-pressure condensing tur- 
bines. Two topping turbines, plus the necessary low-pressure 
condensing turbines are sufficient to carry this load and there- 
fore one, or possibly two, may be shut down. 


Discussion 


H. P. DanLsTRAND.* With the adoption of high steam pressure 
and temperature in power plants, the reliable and efficient opera- 
tion of the steam-turbine equipment has become a problem of 
great interest to operating and designing engineers. For these 
reasons this paper is of vital importance, as it covers a detailed 
report of an investigation to determine how to control the steam 
pressures and temperatures during short shutdowns and starting 
periods of large topping units. The result is a minimum variation 
in temperatures and with it a reduction of both distortions and 
thermal stresses in the turbine structure. 

Operating experience has shown that there is less chance of 
dangerous distortions during the heating than during the cooling 
period. Therefore the rate of heating can be greater than the 
rate of cooling. If the cooling rate is too great, the inside of a 
evlinder will shrink and open the horizontal joint from the inside, 
causing the joint to leak; whereas, if heating at the same rate, the 
inside of the cylinder will expand and merely increase the loading 
on the joint. The heating rate, nevertheless, must be limited to 
prevent excessive distortions and stresses. From the foregoing it 
can be seen that the method described in the authors’ paper is en- 
tirely sound, 

‘Consulting Engineer, Steam Turbine Department, Allis- 
Chalmers Manufacturing Company, Milwaukee, Wis. Mem. ASME. 
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The steam temperature at the superheat outlet is specified to be 
as nearly as possible to that of the turbine casing. If the control 
of this temperature will permit, there does not seem to be any 
objection to allowing this temperature to be from 50 to 100 deg 
higher than the casing temperature. With this higher tempera- 
ture, the starting time may be shortened and with it the rise in 
exhaust temperature decreased. The rapid increase in exhaust 
temperature is due to the fact that, during the starting period, 
only a limited amount of available energy in the steam is ab- 
sorbed in the work of bringing the turbine up to speed, but as the 
unit is loaded the temperature will decrease. 

Valuable information for the industry could be obtained if 
a similar investigation were made on large 3600-rpm condensing 
steam turbines. These units, built during the past 10 to 15 years, 
will soon be required to be shut down and started every day as 
new large turbines for higher temperatures are being added to the 
power systems. The problem is somewhat more complicated than 
on topping units because of the condenser. Control of the 
vacuum may be the deciding factor in determining the time re- 
quired. It is safe to assume that an effort should be made to 
obtain full vacuum in the shortest possible time in order to pre- 
vent too high a temperature in the exhaust. 

Up to this time, all our large topping units are operating for 
long periods without shutdowns. For this reason the required 
time for starting has not been of vital importance. In all our in- 
structions for starting and shutting down, both topping and con- 
densing turbines, the importance of gradual temperature changes 
has been emphasized. Starting after a short shutdown, it is 
specified that the steam temperature should be high enough so 
that the turbine structure will not be shortened but will start to 
expand as soon as steam is admitted. The expansion is measured 
by micrometers installed at the thrust end. The rate of ex- 
pansion during the starting period, both after a long or short 
shutdown, is determined at the initial operation of the turbine 
unit and is included in the operating instructions. 

With the use of a turning gear, the rotating parts are kept 
straight during short shutdowns and in condition to be started 
without any delay. The speed at which the turning gear operates 
the turbine spindle will have some influence in maintaining the 
cylinder straight. For small turbine structures, this speed may 
not be of any special importance, but for large units, the speed 
should be high enough to circulate the vapors evenly around the 
circumference. 


C.J. Lams.® There is ample precedent for such work as that of 
the authors in another field. While marine and naval turbines 
are generally smaller in size and weigh less per horsepower than 
do central-station turbines, for over 30 years prominent turbine 
builders and the large private and naval shipyards have been de- 
signing and building turbines, supplied with steam by marine 
water-tube boilers, to be lighted off and brought up to speed and 
load from cold in 1 hr normally, and in 15 min in an emergency. 

The worst condition, from the viewpoint of rapid temperature 
change, is that of quick reversal from full ahead to full astern 
speed, and the many rapid charges when maneuvering. Mer- 
chant and naval vessels, ranging from 450 psig 750 F to 800 psig 
850 F, reverse from full ahead to full astern in 15 to 30 sec time. 
The astern turbines are generally simple impulse wheels, located 
in the exhaust ends of the low-pressure turbines, rotating back- 
ward at a temperature corresponding to the vacuum being 
carried.- When reversing, ahead steam is shut off instantly and 
steam at designed pressure and temperature is admitted to the 
astern element, whose nozzles, blades, and wheels are at tempera- 
tures in the neighborhood of 100 F. At the same time, all of the 
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ahead blading, rotors, nozzles, and cylinders instantly are sub- 
jected to full vacuum temperature. The same changes occur 
when going ahead again. 

With respect to boilers, the latest cruisers generate steam for 
130,000 bhp in four oil-fired boilers, which have a heat release in 
the neighborhood of 500,000 Btu per cu ft of furnace volume. 
Such boilers are normally lighted off and put on the line in 1 hr, 
although in emergency this may be reduced to 15 min. 

Such practice is not new, but has prevailed practically since the 
adoption of geared turbines to propel ships, and does not affect 
turbines or boilers adversely, due mostly to the fact that the tur- 
bine and boiler builders have willingly designed equipment to 
meet the needs of such service. 

There should be no good reason why they cannot accomplish 
comparable results for the central-station industry. Beyond any 
question they have both the experience and the ability. 


G. B. WarREN.® It is to be hoped that numerous other opera- 
tors of large steam turbines will make a similar survey and study 
of the combined boiler-turbine plant shutting-down and starting 
conditions inasmuch as such information is badly needed by the 
industry. It would be desirable of course if some of these ad- 
ditional studies would include the action of condensing units as 
well as that of topping units, as covered in the present paper. 
Although the question of starting and stopping turbine-generat or 
units has been with the designers of these machines from the be- 
ginning, there is a feeling on the part of many that the conditions 
of operation imposed by present utility loads may be increasing 
the necessity of and frequency of such short-time periods of shut- 
down. 

The designing of turbine generators to meet such conditions 
has been a progressive one, and through the years we have been 
ever conscious of the necessity of taking greater precautions to 


see that we can meet the requirements imposed by changes in 
temperature, expansion, loadings, and so forth, imposed by such 


operation. The continuing increases in pressure, temperature, 
and size of units have imposed added problems, which we believe 
have been met at a rate such that, despite these conditions, our 
modern units are more capable today of meeting such conditions 
than at any time in the past. 

Where a unit is to be started and stopped frequently, it is 
highly important that a careful study and analysis of conditions 
be made and a well-developed procedure established and rigor- 
ously followed. If this is done, we believe adverse effects from 
this type of operation can be reduced greatly. During the period 
the unit is shut down, it is important that the valving be tight so 
that there is no steam leakage into the turbine. We believe the 
discovery mentioned by the authors that a quick start will re- 
duce the temperature stresses during starting may be correct and 
fundamental. It needs to be investigated by others on their in- 
stallations. Where this is true we have no objections to quicker 
starts from the turbine standpoint. 

We are inclined to the belief that frequent light-load operation 
and shutdowns of modern turbine units may involve increased 
corrosion problems which are largely the responsibility of the 
operators, and on which much study should be expended in the 
future. Existing evidence would indicate that in the efforts 
which have rightly been made to reduce turbine-blade deposits, 
steam purity may have advanced so far that the low pH value of 
the resulting condensing steam may cause-severe corrosion in the 
turbine. This has been noted in boiler feed pumps. Low-load 
operation, by increasing the moisture zone in the turbine, to- 
gether with making conditions more favorable for entry of 
oxygen, which is particularly apt to happen on shutdown, may 
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aggravate this condition. This situation is under active study by 
the writer’s company, and turbines in current production are 
being much more completely protected against these conditions 
than in the past. Probably this problem is one of mutual concern 
between manufacturers and,operators of power-plant equipment. 

With regard to the generators, we feel that operating practice 
involving frequent shutdowns—of perhaps 200 times per year— 
is very strenuous, on account of expansion and contraction 
effects, particularly in the rotor, where there will be a tendency 
for considerable wear and tear onthe insulation, and also for 
gradual distortion of the coils. Present materials, for both in- 
sulation and coils, have been developed as the best now known for 
these operating conditions, and we are confident that our newer 
generators will stand up well, giving service which will compare 
favorably with any machines available to the industry. 

Recognizing the physical behavior of the materials, however, 
we feel that the bad effects of frequent stops and starts can be 
offset to a considerable extent by giving the generators the same 
kind of warm-up treatment accorded to boilers, steam lines, and 
turbines. Therefore, on large units (say, 40,000 kw and larger), 
we recommend the practice of preheating the generator fields at 
low speed, as a means of obtaining maximum service. Observa- 
tions on the coils of generators which have had such preheating 
indicate that it is beneficial. We recommend this, however, as 4 
desirable practice, and do not consider it strictly necessary on 
recent machines with improved rotor materials. We are also 
making a study of the method of handling the generator coolers 
during frequent shutdowns and starts which we believe may have 
an appreciable effect upon this situation. 

We would like to point out that our turbines are designed to 
operate with high economy at light loads. If, in this connection, 
means can be provided to keep the temperature high and to 
obtain the higher vacuum possible with light-load operation on 
the condenser, the actual economy of the machines at light load, 
particularly hydrogen-cooled generator machines, might not be so 
bad as to warrant shutdown. We assume the operating groups are 
making such studies and would be glad to give such data as they 
may not now have upon which such studies can best be based. 

We presume of course the operating companies are also doing 
everything possible to permit their customers to make use of the 
extremely low incremental cost at which power can be produced 
during these low-load periods. If, in connection with the normal 
low costs of such periods of operation, the fact that depreciation 
on boilers, turbines, generators, and so forth, is apt to be greater 
if operated under these conditions of shutdown or extremely light 
loads is taken into consideration, it might make the cost of power 
very low at these periods and stimulate its further use during such 
time. 


C. C. Francx.? Mr. Falkner and his associates are to be com- 
mended for the excellent paper which they have prepared in con- 
nection with “Quick Starting of High-Pressure Steam-Turbine 
Units.” The careful planning of the experimental layouts and 
the painstaking efforts put forth in both the assembling and the 
analysis of the test information is evidenced by the data pre- 
sented in the paper. 

Mr. Falkner is faced with a problem of operation which will 
gain more widespread concern as time goes on. With the in- 
stallation of new and more efficient power-generating equipment, 
the present “preferred” system units will be relegated to the 
peak-power generation class. When other operators of high- 
pressure plants are confronted with the same situation, they will 


‘ find the paper of great assistance in planning their operating 


schedule. 
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Mr. Falkner’s operating problem is associated with the shutting 
down of superposed units following the evening-night peak and 
then starting the units again in the morning in time to be in a 
position to take the morning load, In terms of the steam turbine, 
the shutdown would be classified as a “short shutdown.” 

In normal operation, the throttle valve, steam chest, and 
nozzle chamber operate at full throttle temperature. The cylinder 
walls, flanges, and bolting of the horizontal joint actually operate 
at temperatures less than the inlet as a result of the gradients 
through the machine. In general, it might be concluded that at 
any given section of the turbine, the maximum temperature 
would be at the center of the turbine and a temperature gradient 
will exist from the center to the outermost portion of the casing. 
As a result of this condition, a shutdown is followed by a gradual 
readjustment of temperature resulting from the outward flow of 
the heat emanatgng from the center of the machine. The authors’ 
curves demonstrate this point and indicate that the stored-up 
heat is gradually being dissipated through the outer portions of 
the turbine. 

After a shutdown period of approximately six to eight hours, 
there is still a considerable amount of heat stored in the unit and 
any starting process which admits steam at less temperature 
than that of the turbine parts, only prolongs the start-up period, 
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since the turbine must be first cooled down and then heated up 
again, The authors’ solution to this problem is to bring steam 
of sufficiently high temperature into the turbine and eliminate 
this period of unnecessary cooling and heating. 

Even if the steam admitted to the turbine was at a temperature 
somewhat higher than the temperature of the turbine parts, no 
difficulty would be anticipated. In fact, it would be desirable to 
have the incoming steam at a slightly higher temperature in order 
to eliminate the contraction of the walls, ete., which would result 
from a drop in temperature. 

There is one very essential point which must be kept in mind 
when applying Mr. Falkner’s methods in the starting of high- 
pressure-temperature steam turbine units. This qualification is 
that the shutdown is of short duration. This is very important 
since, if the period of shutdown is sufficiently extended, the tur- 
bine parts will cool to a greater degree and any subsequent start- 
ing must be carried out in accordance with the established rules 
for starting the turbine. This word of caution is probably super- 
fluous for the experienced turbine operator but it is better to have 
mentioned the point rather'than to have an impression created 
that any high-pressure-temperature turbine, regardless of period 
of shutdown, can be started in a manner similar to that. described 
in the paper. 


4 
oy 
ty 
poy 


: 
ot 
Ay 
2 
: 
oy 
ee 


Continuous Determination of Oxygen 
Concentration Based on the Magnetic 
_ Properties of Gases 


By ROBERT D. RICHARDSON,' MICHIGAN CITY, IND. 


A new instrument for the continuous analysis of indus- 
trial gases for oxygen concentration has been developed. 
This instrument is based on the magnetic properties of 
oxygen and therefore the readings are not disturbed by 
any extraneous gases except some of the oxides of nitro- 
gen. Actual tests show that the effect of gases other than 
oxygen are less than predicted by an examination of 
published values of the magnetism of gases. The elec- 
trical impulse is picked up directly and measured on a 
recording bridge. A response of about 3 mv for one per 
cent oxygen is obtained. This instrument should prove 
to be a universal oxygen recorder for industrial gases. 


magnetic properties of gases has been developed as a 

result of a study of the best methods of continuously 
analyzing the gas. The measurement of oxygen in industrial 
gases has become increasingly important with the expansion of 
the chemical industry and the increased interest in the control 
of combustion processes. Almost every process dealing with 
heat and gas reaction can be improved by the knowledge or 
detection of oxygen at some point in the cycle. 

This instrument has been named ‘Magno-therm”’ because it 
operates by the change in paramagnetism of oxygen with tem- 
perature. This paper describes the theoretical basis for this 
analyzer and then discusses the detailed description of the final 
instrument. This is followed by a description of the operating 
characteristics and further by a discussion of the range of use- 
fulness of this instrument. 

A gas-analyzing instrument presents unusual problems to the 
instrument designers. Most instruments measure a physical 
quality such as temperature or pressure by its effect on physi- 
cal substance, for instance, temperature is measured by the expan- 
sion of liquids. Often an industrial instrument uses a principle 
of operation that is close to the fundamental standard of meas- 
urement. 

However, a gas-analyzing recorder is called upon to measure 
chemical composition where no simple fundamental standard of 
measurement is available. Precise chemical analyses are com- 
plicated and involve chemical reactions unsuitable for adaptation 
to continuous analysis. 

Most oxygen recorders depend upon a chemical reaction for the 
primary determination which introduces problems in maintenance 
because of replacement of chemicals or precise mixing of gases. 
A more ideal method of analysis would use a physical quantity 
as the measurement. This type of analyzer would be adapted to 
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continuous measurement because the chemical maintenance could 
be eliminated and the physical quantity perhaps measured with- 
out metering, mixing, or otherwise changing the gas sample and 
thereby increasing the maintenance problems. However, the 
physical quantity used should be specifie for the gas being deter- 
mined. 

Another desirable feature in industrial instruments is the 
absence of moving parts that may wear and otherwise vibrate 
and give erroneous readings. For the greatest reliability and 
freedom from unusual service, the measurement should be quickly 
transferred to an electrical quantity that can be measured by the 
highly reliable electrical null balance recorders used in industry. 


PRINCIPLES OF OPERATION 


Oxygen is unique among all other common gases in its para- 
magnetic pr8perties. As shown in Fig. 1,2 none of the more 
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Fie. 1 MacGnetic Properties or ComMMon GASES 


common industrial gases show paramagnetism but exhibit a slight 
diamagnetism. A paramagnetic gas is defined as a gas that will 
pass magnetic flux more easily than a vacuum, and a diamagnetic 
gas is one that passes a magnetic flux less easily than a vacuum. 
This property is caused by an uncompensated electron spin with- 
in the 6xygen atoms and occurs because of the arrangement in 
the O? molecule (1). As shown in Fig. 1, the only gases beside 
oxygen exhibiting this property are some of the oxides of nitro- 
gen. The common gases containing the oxygen atoms such as 
carbon dioxide and carbon monoxide do not exhibit a paramag- 
netism because of the molecular arrangement. 

The magnetic susceptibility of gases cannot be measured easily 
by direct electrical means because it is a property having a 
very small magnitude. Researchers in the field of magneto- 


2 Values given are volume susceptibility of gases connected to 20 C 
from various sources. These figures should be used for comparison 
only. 

3 Numbers in pareatheses refer to the Bibliography at the end of the 
paper. 
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chemistry have developed elaborate and very accurate apparatus 
for measuring the magnetic properties of gases. These devices 
usually consist of large electromagnets and laboratory balances 
to measure the forces involved. These methods are generally 
exclusively for the laboratory and cannot be adapted to in- 
dustrial measurements where continuous records under severe 
operating conditions are required. Smaller instruments using 
spring torsion have been developed (2) but they involve a me- 
chanical movement and are therefore subject to efrors because 
of the magnification of the small forces involved. 

The Magno-therm oxygen recorder uses a principle that was 
noticed by a colleague of Senftleben while studying the thermal 
conductivity of gases in a magnetic field (3). This effect is il- 
lustrated in Fig. 2. If a hot wire is suspended in a closed cham- 
ber containing a paramagnetic gas and a strong magnetic field is 
placed at the bottom of the wire, a magnetic convection is gene- 
rated. This convection current cools the heated wire in propor- 
tion to the paramagnetism of the sample and therefore can be 
used as a measurement of oxygen concentration. This phe- 
nomenon can be explained easily by the Curie law and the 
temperature effect on the volume susceptibility of oxygen. 

The Curie law states that the mass susceptibility of a gas is 
inversely proportional to the absolute temperature 


If the expansion of the gas because of the temperature is con- 
sidered in converting to a volume basis, the volume susceptibility 
then becomes inversely proportional to the square of the absolute 
temperature. What happens in the apparatus shown in Fig. 2 is 
explained by this relationship. The oxygen in the magnetic 
field is heated by the hot wire. It then loses its magnetism in 
proportion to the square of the temperature and becomes prac- 
tically nonmagnetic. Since the heated oxygen is no longer mag- 
netic, it is therefore forced out of the magnetic field by the 
cooler and more magnetic oxygen. The oxygen that is forced 
out of the field is eventually cooled on the sides of the chamber 
and then is recirculated into the magnetic field. A continuous 
stream of the sample gas is thereby set up whose strength and 
therefore cooling effect is proportional to the magnetism of the 
gas in the measuring cell. This cooling effect on the wire changes 
its resistance and this change in resistance is measured by an 
automatic Wheatstone bridge calibrated in per cent oxygen. 

The operation of this convection current depends upon the in- 
homogeneous magnetic field appearing at the edge of the heated 
wire. This has been proved by placing the magnetic pole pieces 
at the top of the heated wire. In this case the deflection is in 
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the opposite direction, indicating that the magnetic forces are 
bucking the normal thermal convection around the hot wire. 
However, when the oxygen content is increased sufficiently, the 
readings then reverse themselves and are in the same direction 
as when the pole pieces are at the bottom of the hot wire. For 
a good design of oxygen-measuring cell this reversal occurs below 
one per cent oxygen, indicating that the convection currents 
caused by the heating of the spiral are a small part of the con- 
vection because of the magnetic effect. 


DESCRIPTION OF INSTRUMENT 


A practical instrument built on this principle was developed 
as shown in Fig. 3. This arrangement contains two electrically 
heated elements in cylindrical chambers mounted vertically in a 
brass block. The brass gives thermal stability between the two 
chambers but the interior of the cell is lead-lined for corrosion 
resistance. One of these chambers has magnetic steel wedges 
through the brass block. At this point a powerful permanent 
magnet surrounds the measuring cell and develops about 13,000 
gausses across the measuring chamber. The magnetic convec- 
tion takes place in the chamber having the magnetic wedges; 
the second chamber is built physically identical except for the 
absence of the magnetic flux. The heated resistor in the com- 
parison cell is so placed in a Wheatstone bridge circuit that it 
opposes the resistor in the measuring cell. Since both cells con- 
tain the same gas sample, the effects of thermal convection, 
thermal conductivity of the gas, or radiation are canceled 
out, and only the magnetic effect appears as a net reading. 

The permanent magnet is so constructed that it may be swung 
out of place and the bridge circuit set to electrical zero. This 
allows for a zero check while an oxygen sample is in the instru- 
ment. This is a great practical convenience because oxygen-free 
gases are difficult to obtain in normal industrial plants. 

The heater element is of unique design. It balances out 
the magnetic forces caused by the passage of current in a strong 
magnetic field. This heating element is composed of a platinum 
conductor which carries the current down the center of the ele- 
ment, a 0.001-in-diam platinum coil bringing the current back. 
The net effect of the magnetic forces on this element is zero. 
The entire coil is encased in glass for electrical insulation and to 
prevent corrosion. 

To complete the Wheatstone bridge the balance arms are 
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placed in the upper section of the cell. This is then connected 
to a self-balancing Wheatstone bridge recorder shown in Fig. 4. 
The unbalance across the analyzer is picked up by a high gain 
amplifier and increased sufficiently to run a reversing motor. 
This motor finds a balance on the measuring slide-wire and this 
position is taken as a measure of the resistance change in the 
spiral element. The information is transferred mechanically to 
the recorder pen through a cam to take out any nonlinearity in 
calibration and obtain a linear reading in per cent oxygen. 

Referring again to Fig. 3, it will be seen that the sample gas 
passes into the measuring cell by diffusion. This system effects 
the transfer of the sample into the measuring cell without the 
sample flow disturbing the magnetic convection. This method 
of construction is commonly used in gas-analyzing cells of the 
thermal-conductivity type. When the gas composition is changed 
in the chamber marked, ‘‘Gas Passage,”’ at the bottom of the 
assembly, this change in composition is transferred to the meas- 
uring cell by the molecular movement of the gas molecules. 
Since all gas molecules are in a state of constant motion at com- 
paratively high velocity, a few molecules will get to the upper 
chambers almost instantly. These molecules are followed by 
those with a shorter free path that have more molecular collisions 
before reaching this point. This interchange of molecules works 
in both directions and will gradually slow down as the compositions 
in the gas passage and measuring cells equalize. This process 
takes about 15 sec for a 90 per cent change in composition for the 
particular design under consideration. 

The time lag up to the bottom of the cell depends upon the 
sampling system used. For the most rapid response, the sample 
must be moved to the analyzer as fast as possible in a large 
volume. However, there is a diminishing return because of the 
difficukties of conditioning the gas and the more frequent service 
and larger apparatus required for filtering systems. The sam- 
pling systems must be studied individually for each process under 
consideration for the minimum time lag. 

The reading is independent of rate of sample flow until the 
velocity becomes high enough to cause forced convection around 
the heated elements. In order to adapt the instrument to vari- 
ous sampling systems the bottom gas-passage block is made in 
two designs to eliminate large time delays when small sample rates 
are used, and forced convection when large flow rates are used. 
A gas-passage block with a maximum flow of one liter per minute 
uses '/,-in. gas passages. The design shown in Fig. 3 accomodates 
& maximum flow of about 500 liters per min. 

Between the gas-passage block and the cell block are two por- 
celain sleeves, one for the measuring cell and one for the compari- 
son cell. These porcelain sleeves are kept moist by a water re- 
servoir behind them. The nature of this porcelain allows the 
water to seep through but the surface tension does not allow the 
sample to be forced into the water reservoir. The gas, in diffusing 
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through these moist porcelain sleeves, is saturated with water 
vapor at the temperature of the block. Therefore the gas is 
measured at a constant water-vapor dilution. If this were not 
controlled, the variable amounts of water vapor would dilute 
the sample to a varying degree and thereby change the percentage 
composition of oxygen in the analyzed gas. The advantages of 
this saturator are the unlimited reservoir that may be used and 
the absence of any necessity to open the sampling line to re- 
plenish the supply. Also, only that amount of water that is 


needed to saturate the gases reaching the measuring cell is re- 
quired, thus reducing the maintenance considerably, especially 
for the very high rates of sample flow. 

To maintain stable operation of the measuring bridge and 
calibration of the cell, the entire analyzer is placed in an insulated 
This, besides 


temperature regulated case, as shown in Fig. 5. 
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maintaining a constant calibration, maintains a constant satura- 
tion and therefore water-vapor dilution. Since the reading de- 
pends on the change in magnetism with temperature, it can be 
expected that the calibration will be reduced by an increase in 
temperature. The temperature of the case is maintained at 130 
F + 2 F which keeps the error, because of this variation, below 
1/, per cent of the measure value. Of course at zero oxygen 
measurement there is no change in reading because the tempera- 
ture error is a change in calibration. 

A pressure compensator is placed in the upper center of the 
analyzing case which works into the recorder circuit to correct the 
calibration for changes in pressure. Fundamentally, this oxygen 
recorder measures the actual partial pressure of oxygen and not 
the per cent by volume as is required for general gas-analysis 
work. This change of reading with pressure is caused by the 
change in density of the oxygen. For instance, an increase in 
pressure does not change the percentage composition of an oxygen 
sample but the amount of oxygen per unit volume has increased. 
The instrument therefore would have a proportionately stronger 
magnetic force and give a proportionately higher reading. 
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In order to make the instrument read per cent by volume, 
regardless of changes by barometric pressure or changes {n proc- 
ess pressure, an electrical pressure compensator has been de- 
vised. This compensator contains a constant mass of gas in a 
closed metallic chamber under a pressure, at room temperatures, 
lower than that expected for the lowest operation of the instru- 
ment. One end of this enclosed space has a metallic diaphragm 
and electrical contacts. The metallic container is wound with 
heater wire. The contacts are so connected into the grid of a 
thyratron tube that when the pressure on the outside of the 
diaphragm is higher than the pressure within the metal con- 
tainer, the thyratron passes current through the heater coils. 
This heats up the gas.in the chamber until the internal pressure 
equalizes the external pressure and thereby opens the contacts 
and controls heat in the chamber to maintain a zero pressure 
differential. The temperature of the gas in this chamber there- 
fore becomes a measure of the absolute external pressure on the 
diaphragm. A temperature-sensitive resistor is placed in the 
heated chamber and is so connected into the recorder circuit as 
to continuously correct the calibration for pressure variations. 


OPERATING CHARACTERISTICS 


The resistance change for oxygen-nitrogen mixtures on a 65- 
ohm heater element is shown in Fig. 6. Since a 1.46-ohm change 
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in resistance is obtained with air the bridge unbalance developed 
by this gas is approximately 67 mv. The calibration is almost a 
straight line but all of this curvature is removed by the cam 
shown in Fig. 4 and therefore the graduations on the chart are 
linear. The instrument can be used for measuring up to 100 per 
cent oxygen. 

The actual deflections for 100 per cent of some of the common 
industrial gases are shown in Fig. 7. These deflections are so small 
as to be insignificant for normal industrial measurements. It will 
be noted that for both diamagnetic and paramagnetic gases the 
deflection is less than is predicted by the theory in Fig. 1. 
The deflection for water vapor is not given because 100 per cent 
of this vapor cannot be obtained in an analyzer operating at 130 
F and at atmospheric pressure. However, an experiment was run 
by measuring both the deflection because of nitrogen when it was 
saturated with 15 per cent water vapor and when it was dry. No 
change in deflection could be noted on an analyzer sensitive to 
0.01 per cent oxygen. 

The oxides of nitrogen present an interesting case. The de- 
flections are less than predicted by the table in Fig. 1. However, 
the interchange in molecular arrangements of oxides of nitrogen 
from the paramagnetic to diamagnetic form makes exact data 
difficult. The readings for NO are much smaller than expected 
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because this gas does not follow the Curie law (4). The readings 
for N2sO and NO, were taken with commercial gases in a dry condi- 
tion. Since NO was not available commercially, it was generated 
both by adding nitric acid to ferrous sulphate in dilute sulphuric 
acid and by the action of dilute nitric acid on copper. Both 
methods gave the same results. All readings for the cell are to be 
considered empirical and can be changed by physical design of the 
analyzer. 

For all practical purposes, the calibration of the analyzer is 
independent of the interfering gases. However, a decrease in 
calibration value is noted as the gases increase in thermal con- 
ductivity. Hydrogen, being the most conductive gas thermally, 
has the greatest effect. This necessitates the use of a special 
cell design for the measurement of oxygen in the presence of high 
concentrations of hydrogen. 


Discussion 


The over-all design of the Magno-Therm oxygen recorder has 
produced an instrument with a very high electrical response 
capable of good zero stability. The deflection of 3 mv for each 
one per cent oxygen gives as much electromotive force for 5 
per cent oxygen as standard platinum thermocouples over most 
of their working range. The absence of any moving parts or 
chemical replenishing minimizes the difficulties because of serv- 
icing. 

The interference of the zero point by commercial gases other 
than oxygen is less than predicted. This can be explained by 
the fact that this instrument depends not on the susceptibility 
of the oxygen but on the change of susceptibility with tempera- 
ture. Apparently, diamagnetic gases have no susceptibility 
changes with temperature (5). Therefore the only effect be- 
cause of the heating would be the expansion of the gases making 
the change in diamagnetism the first power of the temperature 
change. This would therefore reduce the reading accordingly. 

The readings of this instrument should be taken as an empirical! 
value since the actual response depends on many parameters that 
cannot be evaluated. For instance, it was found that the varia- 
tion of calibration with pressure could be altered by cell design. 
The responses shown are for the analyzer as described but this 
may be altered to cover unusual gas-analyzing problems. 

The instrument itself measures substantially ‘partial pressure 
which may be useful in some chemical industries where the partial! 
pressure of oxygen and not its percentage composition is re- 
quired. However, this error when measuring gases under normal 
atmospheric pressure changes, amounts to about one per cent 
oxygen for a reading of 20 per cent. The compensator therefore 
can easily correct this to the desired accuracy in the recording. 
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The sensitivity of the instrument is dependent upon the electrical 
recorder to which it is attached which amounts to 0.1 per cent of 
full scale reading. There is no noticeable or detectable hystere- 
sis in the oxygen measurement. 


SuMMARY 

The Magno-therm oxygen recorder accomplishes the results 
set out in its original development. It measures oxygen by meas- 
urement of a physical property, in this case magnetic suscepti- 
bility, which is exhibited by no other gases except some of the 
oxides of nitrogen. The instrument contains no chemicals or 
mixing orifices and is free of moving mechanical parts. The im- 
pulse is picked up electrically to utilize the advantages of the 
present-day electrical recorders and their high precision of 
null measurement. 

This instrument should prove a useful tool as a universal oxy- 
gen recorder for industrial gases. 
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Discussion 


J. G. Fiemine.t The paramagnetic property of oxygen® has 
long been known. However, it Was only during the recent war 
emergency that sufficient drive appeared in the problem of meas- 
uringoxygen concentration to stimulate the development of several 
applications of this principle as industrial oxygen meters. The 
first instrument of this tvpe to be developed was a contribu- 
tion of Linus K. Pauling® of the California Institute of Tech- 
nology. This device directly measures the paramagnetic prop- 
erty of the gas sample. .Another instrument was developed by 
the I. G, Farbenindustrie? and called a magnetic-type oxygen 
recorder. This was discovered by a special committee on meas- 
urements which studied the industrial-processing-instrument in- 
dustry in Germany after World War II, and published its find- 
ing in a report under the Office of Military Government for 
Germany (U, 8.). This latter-type instrument appears to be 
similar to that described in the present paper. 

Specific comments are included under the following headings: 

Calibration. It seems misleading to compare the data indi- 
cated in Fig. 7 of the paper with those in Fig. 1. The data for 
Fig. 1 are given for 20 C, and the instrument described is operated 
at about 55 C. In addition, the temperature of the gas in the 
measuring chamber is furt her increased by the heat of the measur- 
ing element and the oxygen molecules cutting the magnetic-flux 


‘Research Engineer, The Bristol Company, Waterbury, Conn. 

‘“The Magnetic Susceptibility of Nitrogen Dioxide,”’ by G. G. 
Havens, Physical Review, vol. 41, 1932, pp. 337-344. 

6**An Instrument for Determining the Partial Pressure of Oxygen 
in a Gas,”’ by Linus K. Pauling, et al, Journal of the American Chemical 
Society, vol. 68, 1946, pp. 795-798. 

7 Study of the Industrial Processing Instrument Industry in Ger- 
many, Report No. PB-4600, Field Information Agency Technical 
November 17, 1945. 
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lines. It is also interesting to note that N», He, and SO, at this 
elevated temperature approach a paramagnetic characteristic. 

In comparing the author’s calibration with that indicated by 
Pauling, there is a 30 per cent discrepancy in the center of the 
range if both ends of 0-20 per cent oxygen range are adjusted to 
be equal. 

Time Lag and Hysteresis. <A figure of 15 sec has been cited as 
the time lag for 90 per cent deflection. This is believed to apply 
only to the measuring cell, in view of the statement of difficulties 
in conditioning the gas as factors which limit the over-all time lag 
of the complete instrument. This of course brings up the ques- 
tion as to whether or not the filtering is e~itical: 


(a) Do dirt or foreign particles interfere with the saturation 
in the porcelain saturating cylinders? 
(b) Is there some effect on the magnetic-convection currents? 


It is known that hysteresis is not a factor when dealing with 
single dipoles, but in the case of this measurement, we have a 
stream of oxygen dipoles, with those close to the platinum heater 
much warmer than those near the wall of the block. We might 
draw the analogy here to a ‘““geseous bar magnet.’’ What is the 
practical magnitude of hysteresis in this connection? 

A further consideration on the time lag concerns that of “‘start- 
ing up.”’ If, when the instrument is put into service, the measur- 
ing cell is filled with air (20 per cent oxygen and 80 per cent nitro- 
gen), but the sample contains zero oxygen, then, since the mag- 
netic convection currents are much greater than the diffusion 
currents, is it not true that considerable time would be necessary 
for ultimate equilibrium? Would this also apply to any large sud- 
den change in oxygen concentration? 

Reference is made to porcelain sleeves which are 
kept moist by a water reservoir behind them. It is further indi- 
cated that this porcelain allows the water to seep through, but the 
surface tension does not allow the sample to be forced into the 
water reservoir. This is good if the porcelain is actually a per- 
fect semipermeable membrane. The question is not concerned 
with water, or gas transfer through the water, but rather dilution 
of the sample in the measuring chamber by dissolved oxygen 
from the saturation supply. What is the practical effect of 
this action on the operation? 

There seems to be some question about a 
decrease in calibration as the thermal conductivity is increased. 
This statement seems to be based upon tests with hydrogen, and 
it would appear that catalytic action at the hot platinum surface 
may possibly be responsible for such a decrease rather than any 
thermal conductivity effect. 


Saturation. 


Interfering Gases. 


N. B. Nicuous.' The instrument described in this paper pre- 
sents an ingenious use of a physical property which has been in- 
dustrially neglected. The reader who is interested in a mathe- 
matical treatment of the design parameters of a German instru- 
ment which uses the same general principles may be interested in 
reading an English translation of an I. G. Farbenindustrie report.* 

The pressure compensator which is described also offers some 
interesting possibilities as an absolute-pressure-measuring ele- 
ment. One might call it a temperature-balance transmitter in 
contrast to the usual pneumatic transmitter which has been used 
for this purpose. 


P. W. SeLtwoop.'® There appear at the present time to be four 


8 Director of Research, Taylor Instrument Companies, Rochester, 
N.Y. 

°“Tnstrumentation and Control in the German Chemical Indus- 
try,”” Mapleton House, Publishers, Brooklyn, N. Y., 1947. 


10 Department of Chemistry, Northwestern University, Evanston, 
Ill. 
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methods, all based upon magnetic properties, for the determina- 
tion of oxygen in gas mixtures, All these magnetic methods 
have the great advantage over other physical methods, such as 
density, of possessing high sensitivity. They possess advantages 
over chemical methods of analysis because they require no re- 
placement of units or handling of liquids. There is no doubt that. 
the magnetic methods are preferable for most applications. 

The four magnetic methods are somewhat different in the exact 
nature of the property measured, and are quite different in the 
mechanical and electrical details. ; 

Direct measurement of magnetic susceptibility is achieved in 
an instrument developed during the war by. Prof. Linus Pauling 
and his associates. This instrument, which has been on the 
market for several years, is purely mechanical. A small glass 
test piece is suspended so as to move in a nonhomogeneous field. 
The motions of this test piece are governed by the magnetic sus- 
ceptibility of the surrounding atmosphere. The instrument gives 
considerable satisfaction, but is not very easy to manufacture, 
and it is not particularly well adapted for rugged service. 

The second method, discovered in Germany about 1932 by 
Sack and his students, is based upon the change of viscosity of 
oxygen in a magnetic field. This method seems to have received 
no industrial development and probably could not compete with 
the other methods. 

The third method is the decrease of thermal conductivity of 
oxygen in a homogeneous magnetic field. This effect was re- 
ported about 1930 by Senftleben, also in Germany. The method 
appears to have been developed into a commercial instrument by 
Rein for use in German war research. 

The fourth method was apparently discovered by Turowski in 
Germany, and was reported in 1941. This method depends upon 
an apparent increase in thermal conductivity of paramagnetic 
gases in a nonhomogeneous magnetic field. The increase is 
apparent because it depends upon thermal convection currents. 
This is the method used by the author in the developments de- 
scribed in the paper under discussion. 

A comparison of the various methods shows that the two elec- 
trical methods have much in their favor. To be sure, they are 
not self-contained (unless supplied with batteries, which would in 
any event require recharging or replacement). However, the 
electrical methods require no delicate moving parts, and they are 
readily adaptable to continuous recording without undue compli- 
cation. 

We do not have much information on the relative merits of the 
two electrical methods. The Turowski principle would appear to 
be more sensitive. There is some doubt as to the stability of 
calibration of this method, as compared with that based upon the 
Senftleben principle. 


AvTHOR’s CLOSURE 


The comments by Mr. Fleming bring up important con- 
siderations in the practical design of this instrument. Fig. 1 
in the text was used to indicate that an oxygen determination 
can be based on the magnetic properties of gases. The data on 
Fig. 1 and Fig. 7 have greater differences than those mentioned 
by Mr. Fleming. The data on Fig. 7 are the actual deflections 
obtained by use of the instrument and no attempt is made to 
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analyze their theoretical significance. The differences are more 
than a matter of temperature variation. Actually the instru- 
ment operates on a change in temperature and therefore the data 
on Fig. 7 must be theoretically analyzed as a question of the 
temperature coefficient of magnetism of the various gases listed. 

The calibration curve shown on Fig. 6 is also an empirical 
curve obtained by testing the instrument with various mixtures 
of gases. It would not necessarily follow a straight line because 
it comes from the cooling effect of the magnetic convection and 
therefore theoretical analysis is almost impossible. As was 
noted in the paper, the curvature of this calibration curve 
can be changed appreciably by altering the design of the cell. 

The 15 sec time lag mentioned is the time required for the 
instrument to respond to 90 per cent of a sample change occurring 
in the chamber marked Gas Passage in Fig. 3. Taking Mr. 
Fleming’s example, if the instrument initially contained air, and if 
nitrogen were passed through the instrument fast enough to 
change the composition in the Gas Passage chamber almost 
instantly, the reading would start to change in three seconds and 
would read 90 per cent of the change, or 2.1 per cent oxygen in 
fifteen sec. This is qualified when the sampling line is included 
because additional time is required to bring the sample to the 
instrument. 

In a practical application dirt does not affect the operation of 


_the porcelain sleeves because of the self-washing action of the 


water passing through the saturator. These have been found to 
operate satisfactorily when covered with soot. There is no 
effect on the magnetic convection due to the sample flow 
because it is completely isolated by the molecular diffusion 
passage formed by the porcelain sleeves. There has been no 
hysteresis noted in the operation of the instrument and it seems 
illogical that the integral sizes of an oxygen molecule would cause 
any hysteresis effects. 

The porcelain sleeves are made of a type of ceramic common in 
industry for removing water from compressed air lines. They 
will withstand 50 Ib pressure without allowing sample to pas 
through the porcelain. The amount of dissolved oxygen carried 
by this water or carried even by the total reservoirs is very smal! 
and can be shown by simple calculation to have a minute effect 
on the reading. This was proved correct by changing the water 
behind the saturators and noticing no increase in the oxygen 
reading. 

The decrease in calibration as the thermal conductivity is in- 
creased is based on tests not only with hydrogen but also with 
most common industrial gases. However, the effect is negligible 
except when hydrogen in large concentrations is present. It 
would be impossible for any catalytic action to occur on 
the platinum heaters because they are solidly encased in 
glass. 

The discussion by Mr. Selwood gives a clear picture of the 
status of various magnetic methods of determining oxygen. The 
method of measurement referred to by Mr. Selwood as the 
Turowski principle is used in this instrument. As pointed out by 
Mr. Selwood, this system is much more sensitive than that based 
on the change in thermal conductivity. Producing a stable 
instrument is a matter of designing a measuring cell in which 
changes in parameters do not critically affect the calibration, 
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Fig. 1 


GENERAL View oF SHasta Power PLANT 


The 103,000-Hp Turbines at Shasta Dam 


By J. F. ROBERTS,' MILWAUKEE, WIS. 


Details are given of the special features incorporated in 
the single-runner vertical-shaft reaction-type hydraulic 
turbines installed by the Central Valley Project at Shasta 
Dam. Performance curves are given and a comparison 
made with model-test results and predicted efficiencies. 


N May, 1939, the Bureau of Reclamation placed an order 
| with the Allis-Chalmers Manufacturing Company for four 
103,000-hp turbines for the Shasta Dam plant of the Central 
Valley Project, this plant being located on the Sacramento River 
about 20 miles from Redding, Calif. Fig. 1 shows a general view 
of the plant, the powerhouse being located at a slight angle on the 
right bank of the river and somewhat downstream from the 
gravity-type concrete dam. Separate penstocks, each some 750 
ft in length and approximately 15 ft diam, conduct the water 
from the upstream face of the dam to the individual units in the 
powerhouse. 

The turbines are of the single-runner vertical-shaft reaction or 
Francis type discharging vertically downward through an elbow- 
type draft tube and delivering power to the generators mounted 

1 Manager of Hydraulic Department, Allis-Chalmers Manufactur- 
ing Company. Mem. ASME. 

Contributed by the Hydraulic Division and presented at the Fall 
Meeting, Salt Lake City, Utah, September 1-4, 1947, of Toe AMERI- 
CAN Society OF MECHANICAL ENGINEERS. 

Note: Statements and opinions advanced in papers are to be 


understood as individual expressions of their authors, and not those 
of the Society. 


immediately above the turbines. Fig. 2 shows a cross section 
through the Shasta turbines. The generators are rated 75,000 
kw and were furnished by the General Electric Company. 

The turbines are rated 103,000 hp at 330 ft net head. They are 
also required to deliver 50,000 hp under a minimum head of 238 
ft, and are specified to give their best efficiency between 380 and 
400 ft net head. The turbines operate under an extreme variation 
of head from the minimum of 238 ft net head to a maximum of 
475 ft net or from 72 per cent to 144 per cent of rated head. The 
principal variation is due to drawdown of the storage water in 
the pond upstream from the dam. Some slight variation occurs 
in the tail water below the dam owing to variations in discharge 
both through the turbines and to water spilled over the dam. 

When these turbines were purchased it was the intention that 
they would be installed as quickly as possible in the Shasta power- 
house. The deliveries specified at that time were for the first 
unit in 840 days and additional units 90 days apart. This sched- 
uled delivery of the first unit approximately September, 1941, 
and completion of the fourth unit May, 1942. 

Early in 1942 the War Production Board and the Bureau of 
Reclamation authorized the installation of two of the Shasta tur- 
bines in the vacant stalls in the already completed Grand Coulee 
power station. The temporary installation of the Shasta turbines 
at Grand Coulee, together with their subsequent removal and 
transfer to Shasta Dam, has been treated in a paper? by H. H. 
Sloane, of the Bureau of Reclamation. 


: “Temporary Installation of Shasta Turbines at Grand Coulee,” 
by H. H. Sloane, Trans. ASMF, vol. 70, 1948, pp. 49-56. 
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ALCOVE IN TURBINE PIT 


ROBERTS -THE 103,000-HP TURBINES AT SHASTA DAM 


Deral.s Or TURBINES 


The runners in the Shasta turbines are of the Francis type 
made of cast steel. They have a maximum diameter of 184 in., 
with an inlet diameter of 171 in. and a discharge diameter of 156 
in. The center line of the runner is set 8 ft above low tail water, 
giving a sigma value of 0.082. 

Each finished runner weighs approximately 75,000 lb, although 
a total of approximately 140,000 lb of steel had to be poured 
at the steel foundry. This weight included the weight of the run- 
ner plus the usual allowance for finish, plus the weight of the 
risers and feeders required in order to produce a sound casting. 
Wearing rings of carbon steel SAE-1045, having a Brinell hard- 
ness of 150, are shrunk onto the runner at both the crown and 
band where close clearances are required to reduce leakage and 
increase efficiency. These renewable wearing rings are held on 
by fillister-head machine screws. 

On the stationary parts adjacent to the runner crown and band, 
that is, in the top cover and in the bottom cover, similar remova- 
ble wearing rings are provided, also made of SAE-1045 carbon 
steel. These stationary wearing rings are also provided with two 
bronze inserts, these inserts being approximately °/; in. thick and 
1'/gin. in width. They are inserted in tapered grooves cut in the 
steel wearing rings and calked in with a copper-nickel alloy. 
The purpose of the bronze inserts is to prevent seizing, in case the 
runner should rub against the stationary parts as the dissimilar 
metals would act more as a bearing with water lubrication. The 
usual practice in such wearing rings is to make the stationary 
wearing rings of a harder metal so that any wear will occur on the 
removable rings on the rotating parts which are easily removed. 
The addition of the bronze rings is an added safeguard to prevent 
scoring. 

The 38-in-diam main shaft is provided with a forged flange 
both top and bottom. The upper flange is for connecting to the 
generator shaft and the lower flange for bolting to the runner 
with straight fitted bolts. These bolts are designed for a light 
press fit, the bolts being between !/,; and !/, thousandth inch 
larger than the reamed holes. The bolts have a nominal diameter 
of 5 in. both at the generator coupling and for attaching the 
runner. The main shaft is also hollow-bored to approximately 
8 in. diam for internal inspection of the forging. Radial holes 
are provided from the outside of the shaft to this hollow bore for 
the admission of air into the draft tube. 

The main turbine bearing is of the babbitted pressure-oil- 
lubricated type, and no sleeve is provided on the shaft in this 
bearing, as the polished steel itself makes a good bearing. How- 
ever, below the guide bearing, where the shaft passes through the 
stuffing box, the shaft is protected with a removable chrome- 
steel sleeve. This sleeve is approximately 10 in. high, 1'/2 in. 
thick, 41 in. OD, with from 12 per cent to 15 per cent chromium, 
0.25 per cent carbon, and a Brinell hardness of from 200 to 235. 
The sleeve is made in two halves and set into a tapered recess in 
the shaft, the side walls of the recess having an angle of approxi- 
mately 5'/; deg. The recess in the shaft is approximately '/, in. 
wider than the sleeve, this surplus space being filled with a com- 


position approximately 80 per cent copper, 20 per cent nickel 


which is calked in to hold the sleeve solidly into the recess. In 
addition, 1-in-wide keys prevent the sleeve from turning on the 
shaft, and dowels threaded into the joints in the sleeve hold the 
halves rigidly in line. The joints in the sleeve are beveled slightly 
and welded, using 18-8 welding rod. Experience has shown that 
this 13 per cent chromium steel with approximately 220 Bhn 
has excellent properties for resisting wear even with silt and other 
foreign matter which get into the stuffing boxes when the river 
is in flood. 
PLATE-STEEL Sprrat CasInG 
The spiral casing on the Shasta turbines is of the welded-steel 
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type with riveted field joints held by double butt straps. Fig. 3 
shows a plan of the casing. The casing is made with seven sec- 
tions, these sections being designed for the maximum shipping 
space allowable. The casing inlet is 12 ft 8 in. ID, the plates in 
that section being 1'/s in. thick. This section is a true circle. 
The next section downstream, which also includes the first open- 
ing where the water is fed through the speed ring ahd guide vanes 
into the turbine runner, is made up of four different pieces. The 
outer half of the casing is of 17/s-in. plate. The inner quarter 
of the circle is formed by the cast-steel parts of the speed ring 
which consists of columns and flanges cast integrally. Joining 
the edges of the speed-ring flanges are welded plates 25/j¢ in. 
thick, which form approximately one quarter of the circumfer- 
ence of the 12-ft 8-in-ID circle. Heavier plates are used through- 
out the casing where the plate section joins the cast-steel speed 
ring. The greater thickness of plates is required in the smaller 
radius since this inner width of plate must carry the same total 
load as the plates on the large radius on the outside of the 
casing. 

This is one of the first and, undoubtedly, the largest welded- 
plate-steel spiral casing to be built in this country. Fig. 4 shows 
an assembled view of this casing in the manufacturer’s shops. 
The shop-welded joints between the various plate sections show 
up clearly, and seven riveted field joints are also clearly visible. 
Fig. 5 shows a section of the speed ring and casing assembled in 
the shops, the method of joining the speed-ring sections with 
fitted bolts, and the double-riveted double-butt-strap field joints. 
When each of the seven sections was welded in the shops it was 
placed in a furnace and stress-relieved in order to remove all 
welding strains. Following this, the speed-ring joints were care- 
fully machined to the proper angle and drilled and fitted together 
so as to produce a complete circle. The plate sections were care- 
fully rolled to the proper radius and held with the welded pipe 
stiffeners visible in the illustration. A considerable amount of 
shop fitting and bending had to be done in order to make the 
adjacent plates lie flush with each other so as to make a satis- 
factory riveted joint. Considering the thickness of these plates 
varying from 2°/;, maximum to 1 in. minimum, the magni- 
tude of this fitting work can be appreciated. 

The plates used in the casing were AST M-A-89-33 firebox qual- 
ity B of flange and firebox quality for forge welding. All welding 
was done in accord with paragraph U-69 of the ASME speci- 
fication for unfired pressure vessels and all of the shop-welded 
joints were x-rayed and carefully examined. 

Riveting of the field joints was decided upon because of the 
impossibility of satisfactorily stress-relieving welded field joints 
of this magnitude. While field welding of similar joints has been 
successfully accomplished in more recent turbines, the engineers 
of the Bureau of Reclamation felt that a riveted joint offered a 
safer job. 


Types or RIVETED JOINTS AND TESTS 


The riveted joints with plates having a maximum thickness 
of 25/,.in., joined together with 1-in. butt straps on both sides 
and two rows of 1!/,-in. rivets, offered a major riveting problem. 
Extensive experiments were conducted to determine whether 
special high-stress manganese rivets using ASTM A-195-39R with 
an ultimate strength of 85,000 to 90,000 psi would give better 
results than mild-steel rivets, ASTM A-141-39, with an ultimate 
strength of 52,000 to 62,000 psi. In addition, two different types 
of rivets were tested, i.e., round-headed rivets, and hourglass- 
type rivets. Fig. 6 shows sample rivet specimens cut open and 
etched to study the tightness of the rivets in the holes and to ob- 
serve the firmness with which the three plates are held together 
by the two different types of rivets. It was found that either 
type of rivet could be driven satisfactorily by hand to fill the 
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holes and force the plates together. Test samples were then 
prepared and pulled to destruction in a testing machine. 

Fig. 7 gives a comparison of all the specimens tested where 
load in thousands of pounds is plotted against deflection in inches. 
This shows that the round-headed rivets with the lower tensile 
strength, namely, ASTM A-141-39, least deflection 
before the yield point is reached. This combination was able to 
carry a load of slightly over 30,000 Ib on a test specimen 4 in. 
wide, consisting of two pieces of 2° \-in-thick plate with 1-in- 
thick butt straps on each side and held together with two 1! \-in. 
rivets driven by hand. All the other combinations, 
the higher-tensile-strength rivets the 


showed the 
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show deflections for a total load of 30,000 Ibs of from 3 to 6 times 
as much as the round-headed softer-steel rivets. 

Following the deflection tests, each of the test specimens was 
pulled to destruction, Fig. 8 showing a comparison of these results 
with total load in thousands of pounds, plotted against deflections. 
In this case the higher-strength rivets were able to stand a greater 
destruction. Within the working loads required, 
however, it was proved conclusively that the mild-steel rivets of 
the round-head type held the plates more firmly together for 
watertightness and allowed less distortion. The round-headed 
rivets of the softer type were selected. It was found that a con- 
siderably longer rivet was required than ordinarily used to pro- 
duce a satisfactory job. The final formula arrived at called for 
the rivets to have a length 1.1 times the grip length, plus 1'/, in., 
or for rivets having a grip of 4°/:. in., a length of 6 in. under the 


load before 


head was found necessary. 

The turbine casing was not pressure-tested in the shop before 
shipment, as this would have required complete shop-riveting of 
all the field joints. In the shop a complete assembly of the 
seven sections and reaming of all the field-riveted joints to ap- 
proximately '/;, in. under final size was made. The butt-strap 
plates were bolted onto these field joints to insure that they could 
be bolted down with fitting bolts so as to make a satisfactory rivet- 
ing job. Afterassemblv and riveting in the field, the casings were 
pressure-tested to 310 Ib static pressure or approximately 50 per 
cent above maximum net head of 475 ft. The design of the plate- 
steel casing Wass based upon a stress of not exceeding 12,000 psi 
for a water pressure of 260 Ib, which allowed for about 25 per 
cent water-hammer pressure above normal working pressure. 


ESTIMATED AND ACTUAL PERFORMANCE OF TURBINE 


Fig. 9 shows the estimated and actual performance of the tur- 
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bine under various heads from 238 ft minimum to 475 ft maxi- 
mum. The model tests were run under a head of 125 ft with 20 
ft of suction on the draft tube using a model of approximately 
17%/,-in. inlet diam, the model including a complete spiral casing, 
speed ring, and draft tube homologous with that to be used in the 
powerhouse. The model tests showed a maximum efficiency of 
approximately 92 per cent. Field tests conducted on one of the 
two units installed in the Coulee powerhouse and using the draft 
tube originally designed for the 150,000-hp Coulee turbines are 
shown, as well as the field tests conducted on one of the two units 
installed at Shasta powerhouse in their proper setting. The re- 
sults are very satisfactory. A maximum efficiency of 93.2 per 
cent was obtained and a considerable increase in output over 
the model tests. In the field tests the water measurements were 
made by the Gibson time-pressure system, and the electrical 
output was taken by specially calibrated electrical instru- 
ments. 

Fig. 10 shows the expected power and efficiency of the Shasta 
turbines at various heads, plotted with gate opening as a horizon- 
tal scale, and brake horsepower and efficiency as a vertical scale. 
Since the 103,000-hp, corresponding to 75,000-kw generator 
capacity is developed at 330 ft net head, it is obviously impos- 
sible to hold the full output of the turbine estimated at 187,000 
hp under the maximum head of 475 ft. Under this maximum- 
head condition, the rated output of the generator is obtained at 
approximately 43 per cent gate opening. Under these condi- 
tions it is necessary to change the rate of governor movement 
in order to prevent excessive water hammer when full load is 
thrown off under the high-head operating condition. Assuming 
that the governor is set to close from full load to zero load in 5 
sec under 330-ft-head conditions, then the rate of closing from 43 
per cent gate to no-load under the high-head conditions would 
be approximately 2 sec. While the discharge under the high- 
head condition is considerably less than under 330 ft head, never- 
theless a serious water-hammer condition would result. Pro- 
visions were made on the governing mechanism so that the 


rate of closing and opening of the governor could be adjusted, 
and these adjustments changed to snit the head conditions under 
which the plant is operating. 
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ROBERTS—THE 103,000-HP TURBINES AT SHASTA DAM 


Discussion 


H. J. Perersen® The similarity of the Shasta units and the 
Fontana units which the Tennessee Valley Authority purchased 
from the same company is very marked. The Fontana units are 
rated 91,500 hp at 330 ft head, while the Shasta units are rated 
103,000 hp at 330 ft head. However, several points of major 
differenoe will bear discussion. 

The Shasta-unit scroll cases were field-tested to 150 per cent of 
the maximum net head, while the Fontana scroll cases were field- 
tested to 200 per cent of maximum net head. The reason for 
this was that the Fontana units were completely field-welded 
while the Shasta scroll cases were shop-welded and field-riveted. 
As no heat-treatment for stress-relieving of field welds was availa- 
ble, these welds were made with great care and under rigid in- 
spection. They were stress-relieved by peening. Extensometers 
were placed on the Fontana scroll cases at strategic points to 
measure movement during welding and testing. 

Another feature incorporated in the Fontana design which was 
not used at Shasta was the protection of several vulnerable places 
with chromium plating. Under ordinary circumstances these 
various parts would have been protected by stainless-steel-clad 
metals; however, due to the war exigencies, stainless steel was 
not available so chromium plating was used. 

Under the Authority’s operating schedule, one or both of the 
Fontana units may be operating as a synchronous condenser part 
of the time. Under such a condition, with the unit operating at 
full speed and no load, the high head causes leakage to flow past 
the closed gates at very high velocity. To prevent scouring, the 
mating surfaces of the gates are covered with a 4-in-wide strip of 
chromium plating, 0.004 in. to 0.006 in. thick, from top to bottom. 
The whole top and bottom faces of the gates are covered in a 
similar manner. The results have been very good, for although 
there is considerable leakage with the gates closed, there has been 
no scouring. 

In an effort to control this leakage, another feature was incor- 
porated into the Fontana design. Chromium-plated facing plates 
were installed above and below the guide vanes. A rubber seal- 
ing strip was fitted in each plate in such a manner that in the 
closed position the guide vanes compressed the strip which ex- 
tends above and below the facing plates a distance equal to the 
guide-vane clearance plus 0.003 to 0.005 in. As noted, considera- 
ble leakage is present with closed guide vanes, but it is believed 
to come mostly from the vertical mating faces. 

The writer notes that air-admission fins are incorporated in the 
Shasta draft tubes. Similar provision was made at Fontana, but 
they have not yet been installed. At Fontana, at rated head and 
approximately half gate, a rumbling noise occurs in the: draft 
tube. Did the Shasta units have a similar noise under those con- 
ditions, and did the fins eliminate this noise? 


H. H. Sroane.‘ The many special design features of the 
103,000-hp turbines of the Shasta power plant are well presented 
in this paper. 

The welded-steel type of spiral casing with field-riveted faints 
connecting each of the sections appears to be one of the outstand- 
ing developments in this turbine design. The writer is particu- 
larly interested in the author’s reference to more recent turbines 
where the field joints have been successfully welded in lieu of 
being riveted. 

Circumferential penstock joints in many power-plant installa- 
tions are satisfactorily welded in the field. Therefore it would 
seem logical to continue this type of construction for the re- 
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mainder of the water passage around the casing, providing the 
field-erection-procedure problems which result are successfully 
and economically solved. 

The important considerations appear to be the welding proce- 
dure to follow, and the location of field welds, with respect to the 
speed ring, to prevent distortion of the speed ring during erection. 
The cover-plate seats on the speed ring are usually machined in 
the shop withingglose tolerances. If this accurate alignment is 
not maintained after the turbine parts are finally connected, pres- 
sure-tested, and embedded in the concrete of the powerhouse 
substructure, it will be extremely difficult to make a satisfactory 
assembly of the complete generating unit. 

It is also believed that field welds should be st senaelieved ina 
pressure vessel as important and complex in design as the spiral 
casing of aturbine. As the author states, there was no practical 
method of accomplishing this for the Shasta turbines and this was 
one of the principal reasons why the field-welded type of construc- 
tion was not used. 

Further data which show the developments made to obtain a 
dependable welded casing would be of great interest and value. 


AUTHOR'S CLOSURE 


The author wishes to thank both Mr. Petersen and Mr. Sloane 
for their very interesting and pertinent discussions, particularly 
their emphasis on the possibilities of welding the field joints in- 
stead of riveting them as was done on the Shasta turbine casings. 

Mr. Petersen brings up the differences in the field assembly of 
the casings for the tubines at Fontana Dam, which were also built 
by the Allis-Chalmers Manufacturing Company. These tur- 
bines were nearly as large as the Shasta tubines, and had a rating 
of 91,500 hp at 330 ft head and were pressure-tested to 200 per cent 
of maximum net head. Careful planning was done prior to the field 
erection of the Fontana turbines and probably somewhat unne- 
cessary precautions were followed throughout the entire field 
welding program in order to make doubly sure there would be no 
slip-ups in the first turbine to be field-welded in this country. 
Extensometer points were placed at several locations adjacent to 
all of the important welds. These extensometer points were 
placed both at right angles and parallel to the heavy welds and 
located about */, in. away from the weld itself. Following each 
pass of welding, which added about '/, in. in the weld, heavy peen- 
ing was done before the weld could cool. During the early stage 
of the welding, the extensometers were held on the plate as the 
peening progressed and observations made to find out just how 
much heavy peening was required in order to bring the exten- 
someter back to the original reading. Very heavy peening was re- 
quired and in some cases where the weld was allowed to cool, it 
was impossible to bring the metal back to the original reading. 
The last course of welding was not peened because of the possi- 
bility of producing cracks, which might later progress into the 
other metal. 

In order to test the soundness of each weld, a sample of metal 
approximately 3 in. square was burned out of the plate in the 
area covering one day’s work of each welder. From this 3-in- 
square metal with the thickness varying from one in. to nearly 
two in., two test bars were machined, one directly across the weld 
and one entirely in the weld metal running lengthwise. These 
test bars were machined to fit a special portable testing machine, 
which was located directly on the job. This used !/,-in-diam 
test bars about 2 in. long and was operated by turning a small 
handwheel. In this manner the strength and soundness of each 
day’s weld for each welder was tested and it was surprising how 
much interest the welders themselves showed in these test re- 
sults. It was felt that the psychology of the test on the welders 
had as much benefit as the actual results recorded in the engi- 
neers’ field-data book. No x raying was done on these field 


aed 2 
3 
q 
J 
Boge 


226 


welds, but careful inspection was made to make sure that any 
minor cracks were chipped out and no porous weld metal was left in. 

Many persons have questioned the amount of danger involved 
if certain initial stresses are set up in the plate-steel structure. 
Actually, any plate-steel strueture must have initial stress, be- 
cause the ordinary method of rolling steel plate to form a circular 
chamber starts out on this basis; because the plates must be de- 
formed beyond their elastic limit in order to hold their circular 
shape after passing through the bending rolls. Furthermore, the 
quality of the plate used was such that while some deilection and 
‘stress beyond the elastic limit caused partial deformation, it did 
not seem to embrittle the plate itself, but only served to slightly 
increase the elastic limit of that particular section of plate. 

Some tests were run by using samples of this plate and on ten 
consecutive tests on the same sample plate, the strain was brought 
up to about 10 per cent above the elastic limit. On this particu- 


lar test sample, the load was increased in 3000-lb intervals above 
the initial load of 30,000 Ib until actual failure resulted, the load 
being backed off and a stress-strain diagram made of each con- 
secutive application of the load. The only change found in these 
diagrams was a slight increase in the elastic limit with each con- 
secutive application of the lvad until the elastic limit was brought 
up to the ultimate strength of the plate, around 65,000 psi. 
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Another interesting case of field welding was the eight 100,000- 
hp 208-ft-head turbines installed in the Shipshaw plant of the 
Canadian Aluminum Company, Ltd. In this case there was no 
shop welding done. The plates were welded to the speed ring 
and to each other in the field, and after six years of satisfactory 
operation there has not been the slightest sign of trouble. . The 
same welding precaution was taken, in that, consecutive welds 
were heavily peened and test-bar samples were cut from each 
day's weld of each welder and tested right on the job. While it 
was originally planned to make a field pressure test on the Ship- 
shaw casings, the urgency of getting the units into operation was 
so great that the field pressure tests were omitted and the units 
placed directly into service. Another manufacturer who was in- 
stalling foursimilar turbinesin the same powerhouse used field weld- 
ing only for the radial joints on his casing, and where the plates 
joined the cast-steel speed ring he used double-butt-strap-riveted 
joints. Our feeling is that the smoother section inside of the all- 
welded spiral casings was partly responsible for the higher ef- 
ficiency of the all-welded turbines as compared with those which 
had the riveted joints adjacent to the speed ring. 

It is felt that with the experience which has now been gained, 
future turbines in the class of the Shasta and Fontana turbines 
can safely be built with field-welded casings. 
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Rubber Springs—Shear Loading—I] 


By J. F. DOWNIE SMITH,! AMES, IOWA 


_In a previous paper* the author developed theoretical 
stress-strain relationships for rubber of various shapes 
loaded in shear. In this paper the author presents addi- 
tional theory and data. 


Cask | 
4 | VHE cross section of an ordinary shear pad is approximately 


a parallelogram, where the height of the rubber is constant. 

This is desirable because of uniformity of shear stress. On 
the other hand, in certain places where space is restricted it is 
sometimes impossible to have this cross section, and occasionally 
a pad similar to that shown in Fig. 1 is installed. This trapezoi- 
dal shape does not give uniform stress. Should it be desirable to 
calculate the deflections one would expect with such a shear pad, 
the following theoretical development will be of interest: 
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Shear Slab With Linearly Varying Height. Refer to Fig. 1. 
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A = A, + lb = A, CL 


and 
where 
Also 
stress 
G = = 
strain 
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modulus of elasticity in shear 


Experiment indicates that better results are obtained if strain 
is defined as the angle of movement rather than the tangent of 


the angle. 
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A similar theoretical development would be expected for the ; ante 
ease of the double-shear sandwich with linearly varying height, 4 
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In this case the area varies linearly with distance from the 
smallest loading area, and is thus similar to the one previously 


Therefore in this case also 
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Refer to Fig. 5. 


This design 


A 2 
LIZZLALLLL- 
A=A,=A, 
Fie. 5 
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the stress uniformity throughout the rubber. 
In this case the strain” - 
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If dD = deflection of section dr, and D = total deflection, then 
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In this instance = is an angle in radians. 


2AG 
Torsion BusHINGS 


Torsional shear bushings are used extensively in practice, and 
equations have been developed? to show the connection between. 
torque and angle of deflection for two cases; one with constant 
length of the rubber for large deflections, and the other for the 
coaxial tube of constant stress for both small and large deflections. 

Because occasionally large deflections of the torsional tube of 
constant length are not necessary, an equation has been de- 
veloped for small deflections. This simple development is as 
follows: 


CoaxtaL TuBE oF ConsTANtT LENGTH IN ToRsION 
For Small Deflections. Refer to Fig. 6 
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The author’s equation for “large deflections of a coaxial tube 
of constant length in torsion’’ is 


Thus the equation for “‘small’’ deflections is merely the first 
term of the equation for ‘‘large’’ deflections, as might have been 
expected. 


Case 6 Coaxrat Torsion Busuine With LENGTH DECREASING 
LINEARLY WITH INCREASE IN Rapius 


A more difficult shear bushing to handle mathematically but 
one which is commonly met in practice is the case of the coaxial 
tube in torsion with the length of the rubber decreasing linearly 
with increasing radius. Such a bushing can be. seen in Fig. 7. 
The development of the theory is as follows 
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ie n | ar? + br! 3r \ar? + br3 

15r \ar? + 
k dr k3 dr 

n + br) 3 r(ar? + br3)8 
15 Jr, rar? + br®)® 


Break the right side of Equation [9] into its several parts and 
integrate separately 


r, r3(a + br) a’ 2r? r 


br\ |” 
(: x 
r r 


Refer to Dwight’s tables of integrals? No. 103.1. 


[9] 


P k + bri)? (a 2b(a + brs) 


aa re 
( bre) b 
r; T2 
k 1,? 2bl; 
— -| — b? loge | — f10 


and 


B k3 dr 
3-Jn ri(a + 


Refer to Dwight’s tables.‘ 


r 
Let 
a+ br 
r 
Where 
l 
r=r t= = 
rT) 
Where 
l 
ran t=- 


*“Tables of Integrals and Other Mathematical Data,”’ by Her- 
bert B. Dwight, revised edition, The Macmillan Company, New York, 
N. Y., 1947, No. 103.1. 

‘ Ibid., No. 100. 
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+ 7b2(u* — v*) — v5) + (u® — “| ... [14] 


For a given set of dimensions this equation reduces to 


COT 
0, = +C; (2) [15 
Discussion 


Louis Marick.® The calculus integrations performed by the 
author for the several rubber shapes loaded in shear are of course 
of interest to anyone concerned with the structural design of rub- 
ber parts. Some of the shapes considered are quite common and 
load-deflection expressions for them have no doubt been used by 
many in the rubber industries. The author has given some other 
expressions which are special cases that have not been used fre- 
quently and will be found useful when these cases arise. 

Developing the original load-deflection equations for these 
shapes by defining the shear strain as the angle of movement 
rather than the tangent of the angle is good practice as this agree- 
ment over the range of the more common deflections is close. 
Just how many terms in the derived expressions will be used in 
computing deflections or loads will depend upan the magnitude 


of the deflection, and the production tolerances permitted in the * 


shear modulus of the rubber compound. It is likely that experi- 
ence will show that by far the greater number of calculations will 
be made using the first term only in the expressions derived. It 
would be interesting to know the contribution to the calculated 
deflection by the first three terms in the experimental check which 
he made on one of the equations. The writer has not had the 
opportunity to do this from his data but perhaps he has the 
values at hand. 

We assume that the parts shown in Figs. 4 and 5 are repre- 
sented diagrammatically, as the practical construction of such a 
single part would present some molding difficulties. 


5 United States Rubber Company, Detroit, Mich. 
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AUTHOR’S CLOSURE 


Dr. Marick would like to know the contribution to the calcu- 
lated deflection by each of the terms in the expression for load 
deflection in the case of trapezoidal pads. This contribution 
of course varies both with load and with the angle of cutoff in 
the trapezoid. Typical figures have been chosen. In each case, 
only three terms were calculated. 

For 6 = 30 deg and W = 2500 Ib: 

First term contributes 86.6 per cent 
Second term contributes 11.5 per cent 
Third term contributes 1.9 per cent 

It should be noted that this load is considerably higher than is 
ordinarily met in practice and the contribution of terms after 
the first is also high. 

For @ = 30 deg and W = 1000 lb: 

First term contributes 97.8 per cent 
Second term contributes 2.1 per cent 
Third term contributes 0.05 per cent 

For normal loads, the third term is negligible, and the second 
term small, 

For 6 = 60 deg and W = 2000 lb: 

First term contributes 81.6 per cent 
Second term contributes 14.6 per cent 
Third term contributes 3.8 per cent 

In this case both load and angle of cut are excessive and these 
values are given to show what might be expected in an extreme 
case. 

For 6 = 60 deg and W = 500 lb: 

First term contributes 98.9 per cent 
Second term contributes 1.1 per cent 
Third term contributes 0.0 per cent 

Summarizing, it might be stated that the first two terms, in 
general, would give all the accuracy necessary and, if loads are 
light and angle @ is reasonable, the first term would give fair ac- 
curacy. 

Dr. Marick is correct in assuming that Figs. 4 and 5 are dia- 
grammatic. In each case the rubber parts were vulcanized to 
steel plates which in turn were fastened to the wheel and sup- 
porting frame. 
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Effect of Some Processing Variables on the 
Stress Required to Draw Tubular Parts 


By GEORGE ESPEY? anp GEORGE SACHS,* CLEVELAND, OHIO 


Tubular brass parts were drawn to determine the effects 
of a number of variables upon the draw forces and stresses. 
The variations were in the tube dimensions, the contour 
and finish of the die and punch, the temper and surface 
condition of the tubular parts, and the lubricant. The 
draw stress for a given reduction increased with decreasing 
die angle, this being the most important die variable. 
Radiused dies behaved in a manner similar to conical dies 
of the same contact area. Other die variables investigated 
had little effect upon the draw stress, these being various 
lengths of the cylindrical portion of the die at the exit 
(bearing or land), the die material, and the die finish. 
Tests with tapered punches yielded results similar to 
those obtained with cylindrical punches. Experimentation 
with punches of various degree of finish revealed that rough 
punches gave higher draw forces than polished punches, 
particularly when used in conjunction with small-angle 
dies. A number of lubricants were investigated, none of 
which excelled the performance of a 2 per cent aqueous 
solution of soap. The draw stresses were found to decrease 
with increasing time of immersion in soap solution. 


INTRODUCTION 


HE force and power consumption required to deform a 
metal by a given type of forming theoretically depends 
®upon a number of factors. In any forming process, the 
force increases roughly proportional to the average flow stress of 
the metal and the reduction in cross-sectional area (or any other 
decisive strain occurring in the process). The shape of the prod- 
uct exerts an effect which is determined by the state of stress‘ 
and which differs by only 15 per cent between the two extreme 
stress states, which are plane strain where strain occurs in only 
two directions (such as in drawing thin-walled tube), and where 
two principal stresses are equal (such as in the drawing of rod) 
(1).5 
The experimental data now available confirm the conception 


' This paper contains some results of experimentation conducted 
at Case Institute of Technology (formerly Case School of Applied 
Science), Cleveland, Ohio, as part of an investigation sponsored by 
Frankford Arsenal, Philadelphia, Pa. This work has been re-evalu- 
ated under the auspices of the ASME Research Committee on 
Plastic Flow of Metals, and assisted by a grant in aid from the 
Engineering Foundation. 

? Formerly Department of Metallurgical Engineering, Case Insti- 
tute of Technology; at present, Metallurgical Engineer, Lee Wilson 
Engineering Company. 

* Research Laboratory for Mechanical Metallurgy, Case Institute 
of Technology. Mem. ASME. 

‘A complete analysis necessitates considering the variations of the 
Stress state over the metal volume deformed in all directions; see 
Orowan (2), 

Numbers in parentheses refer to the Bibliography at the end of the 
paper. 

Contributed by the Metals Engineering Division and presented 
at the Annual Meeting, Atlantic City, N. J., December 1-5, 1947, 
of Tue AMERICAN Society OF MECHANICAL ENGINEERS. 

Note: Statements and opinions advanced in papers are to be 
understood as individual expressions of their authors, and not those of 
the Society. Paper No. 47—A-10. 


that these factors almost completely determine the force and 
power consumption, if friction is absent or very low (3). 

However, in the presence of friction, various other factors also 
become significant. It appears generally satisfactory to assume 
that the friction is of the ideal solid type, i.e., proportional to the 
pressure at the interface between metal and tool. The respective 
friction coefficient is directly dependent upon the two materials 
in contact, upon the nature of the lubricant, and probably also 
upon the condition of the metal surfaces. Little quantitative 
information is available at present regarding variations in fric- 
tional conditions and their effects upon the forces for any forming 
process. 

The shape of the tools affects the forming force, according to 
the simplified analysis, only in so far as it determines the surface 
area subjected to frictional forces. In general, the larger this area, 
the larger is the contribution of the frictional forces to the forming 
force and power consumption, other conditions being identical. 

Results on a number of variables were obtained from an experi- 
mental investigation of the process of cartridge-case drawing 
which extended over a number of years. As a part of this investi- 
gation, numerous tubular parts in both 70/30 brass (4) and sphe- 
roidized 1035 steel (5) were subjected to redrawing operations, 
in order to determine the effects of variables which might affect 
the performance during production. A number of these vari- 
ables were studied to a sufficient extent to yield fundamentally 
significant relations between the forces required to reduce the 
tubular section and such variables as the dimensions, the temper, 
and the surface condition of the tubular part, the contours and 
the finishes of die and punch, and different lubricants. These 
data have been reanalyzed, and the conclusions derived regarding 
the draw stress are presented herewith. 

In this investigation, either short pieces cut from tube, or 
tubular specimens (drawpieces) formed by blanking and deep 
drawing (cupping and redrawing) were pushed by means of a 
punch through various circular dies of approximately 0.500 in. 
diam. The punch was either cylindrical or tapered. In the case 
of a eylindrical punch, only one value of reduction and corre- 
sponding draw stress was obtained in each test. Therefore a set 
of cylindrical punches of various diameters was necessary to 
obtain different reductions. 

The number of tests was considerably reduced by using 
tapered punches. The diameter and taper of these punches were 
such as to cover a range from 20 to 90 per cent wall reduction. 
This “‘tapered-punch test” yielded a force-stroke curve; from this 
curve and accurate measurements of the resulting drawpiece 
with tapered walls, the draw-stress versus reduction curve was 
calculated. 

The tapered-punch test was also found of great value for 
determining the effects of various factors on the maximum re- 
duction obtainable in drawing (drawability). To obtain the 
“drawability” by means of cylindrical punches, an excessive 
number of tools and tests are necessary, because of the large 
scattering (6). The tapered-punch tests can be continued until 
fracturing occurs, yielding the drawability directly. This value 
is accurately obtained by averaging the results from a sufficient 
number of tests, (4, 5). While the significance of this value 
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is not quite clear, it was observed on drawing cartridge cases 
that surfaces and lubricants which increased the drawability in 
tapered-punch tests, also definitely reduced the percentage of 
breakage during the experimental production (4, 5). 


Forck-STROKE RELATIONS 


The tests yielded directly force-versus-reduction curves of the 
general shape illustrated in Fig. 1. If such a curve extended to 
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REDUCTION IN AREA ~ PERCENT (1- )(100) 


Fic. 1 GENERAL SHAPE OF ForcE-VERSUS-REDUCTION AND STRESS- 
Versus-RepuctTion Curves FOR Metat With Constant FLow 
STREss 


reductions larger than 60 per cent, it frequently showed a tend- 
ency to flatten out or to go through a maximum. This is ap- 
parently a purely mechanical phenomenon, as the draw stresses 
derived from such a curve increased with the reduction at the 
expected rate. 

The peculiar shape of the force-versus-reduction curve can be 
readily explained. Assuming that no friction is present and that 
the metal is an ideal plastic metal, i.e., possesses a constant flow 
stress k, the “‘draw stress’ on the final area s,, is given by the 
equation 


s, = k ln Ao/A, 


where Ao is the original (or entrance) area of the tube, and <A, is 
the final (or exit) area of the tube. Consequently the draw 
force F, is 


F = 3,A, = kAo(1 — R) In Ao/A, 


where R = 1— A,/Ao. 
illustrated in Fig. 1. 

Force-versus-reduction curves exhibiting a maximum are not 
observed in other drawing processes, because it is not possible to 
obtain sufficiently high reductions. 


The general shape of these two curves is 


MATERIAL, EQUIPMENT, AND PROCEDURE 


The tubular 70/30 brass test specimens were of two types, 
either cut from commercial seamless tube, or formed by blanking, 
cupping, and drawing from sheet. The first-type specimens were 
obtained by cutting lengths of 1 to 2'/; in. from hard-drawn 
brass tube having */;. in. OD and various wall thicknesses (0.015, 
0.027, and 0.047 in.). The specimens were then annealed and one 
end closed in by spinning on a lathe, Fig. 2. Tubular draw- 
pieces were made from annealed brass strip by blanking, cupping, 
and several redraws (with intermediate anneals) to the desired 
size and temper. The drawpieces were mostly of two standard 
sizes, the one having 0.613 in. OD with a wall 0.049 in. thick 
and the other having 0.558 in. OD with a 0.020-in-thick wall. 
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Annealing was performed in an electrically heated air-convec- 
tion furnace for 15 min at 1100 F, followed by a water quench. 
The resulting Rockwell 15T hardness was between 60 and 65. 

All specimens were pickled 5 min in a 3 to 5 per cent H,SO, 
aqueous solution at room temperature, followed by a cold- and 
hot-water rinse, and then permitted to dry in the atmosphere. 
The specimens were allowed to stand in contact with the atmos- 
phere for at least 16 hr (overnight) before drawing. 

The dies were of hardened and polished 1 per cent carbon steel, 
chromium-plated steel, graphitized steel, and cemented carbides. 
The die openings were 0.500 +0.002 in. diam, These dies were, 
regarding the contour of their working surfaces, either conical 
or radiused, Fig. 3. Some of the conical dies had a fillet radius 
between the conical die surface and the cylindrical bearing sur- 
face. 

The cylindrical punches, Fig. 3 were of hardened 1 per cent 
carbon steel, polished with 4/0 emery polishing paper, with 
different diameters between 0.400 and 0.480 in. Two different 
tapered punches were used, the one changing from a diameter of 
0.465 to 0.495 in. in 3 in. (0.5 per cent taper), the other from 
0.400 to 0.495 in. in 3 in. (1.5 per cent taper), Fig. 3. One addi- 
tional tapered punch was chromium-plated and polished to study 
the effect of punch material. 


TUBING WITH END CLOSED /N 
BY SPINNING 


TUBULAR DRAW PIECE FORMED BY 
BLANKING, CUPPING, AND ORAWING FRIM 
SHEET. 
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Fic. 3 Dies anp PuNcHES 


A 2 per cent (by weight) aqueous soap solution was used for 
most tests as lubricant. For the major part of the investigation 
the method of lubrication was to dip the test specimens in the soap 
solution momentarily, or to immerse them for times varying 
between 1 and about 20 min. As experimentation progressed, 
it was found that time of immersion in the 2 per cent soap solu- 
tion hag a considerable effect on the draw forces (referred to later) ; 
therefore the specimens were immersed in the lubricant for at 
least 15 min before drawing. Several commercial lubricants 
were also investigated. 
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Fie. 4 EXperRIMENTAL Die Setup ror DRAWING OR IRONING OF 
TUBULAR SPECIMENS 


The tests were made on a 10,000/60,000-lb hydraulic testing 
machine with a maximum speed of 2!/2 ipm. The tool assembly 
of die, punch, and specimen is shown in Fig. 4. 


Resutts or Tests 


To determine the effect of a particular variable on the draw 
stress, it is common practice to determine the draw stress for a 
number of different decisive reductions. In the case of tube- 
drawing with a mandrel, the decisive reduction is that in cross- 
sectional area from the original to the final tube. The curves 
representing the draw stress versus this reduction in area closely 
follow the trend expected theoretically, as has been shown in a 
previous publication (3). This is somewhat surprising, as the 
actual conditions deviate considerably from the simplified cgn- 
dition subjected to theoretical analysis. In the theoretical 
analysis, the wall thickness is considered as infinitely thin in 
comparison to the diameter, rendering the problem one of plane 
strain, Also, the analysis disregards the fact that the drawing 
process actually consists of two components. The tube is first 
sunk to an inside diameter which is equal to the outside diameter 
of the mandrel, and then the process of true drawing with a 
mandrel begins. 

This initial “reduction in diameter’ depends upon two factors, 
i.e., the diameter of the tube specimen, and the mandrel diameter. 
The effect of the diameter reduction on the draw stress has 
been found to be negligible, according to Fig. 5. This is ex- 
plained by the fact that the diameter reduction becomes smaller 
in comparison to the total reduction, as the total reduction in- 
creases. The two types of drawing, sinking and drawing with 
a mandrel, differ only in the contributions of friction. There- 
fore if the friction effect is as small as it has been found to be 
in the drawing of brass tube (3), the draw stress should be only 
slightly affected by the difference in the inside diameter of the 
tube and the outside diameter of the mandrel, if the over-all re- 
duction in area is considered to be the decisive strain. The 
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different positions of the trend curves in Fig. 5 can be attrib- 
uted to slight variations in the hardness and grain size of the 
specimens, rather than to the direct effect of the specimen diam- 
eter. 


The “wall thickness” of the tube, however, appears according 
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to Fig. 6 to affect the draw stress to an extent which exceeds that 
of the variations in the condition of the metal. If the wall be- 
comes thicker in comparison to the diameter, the stress state 
increasingly deviates from the condition of plane strain and ap- 
proaches that of balanced triaxiality present in a solid bar or wire 
(i.e., two principal stresses being equal). This change in stress 
state should cause the flow stress and, consequently, also the 
draw stress to decrease gradually to a maximum decrease of 10 
to 15 per cent (3). The curves in Fig. 6 show this trend, the 
decrease in draw stress with increasing wall thickness being, how- 
ever, larger than expected. However, this can again be ex- 
plained partially by variations in hardness. On the other hand, 
the experimental data indicate that the wall-thickness effect be- 
comes rather large at very high reductions. This fact cannot 
be explained by any simple conception; it would indicate that the 
frictional contribution increases considerably when the wall 
thickness becomes very small in comparison to the diam- 
eter. 

The “surface condition”? of the metal was found to affect the 
process of tube-drawing considerably. Previous qualitative 
observations (8), and some measurements clearly showed that 
freshly pickled specimens required greater draw forces and were 
more liable to rupture® than specimens which were drawn some 
time after pickling. For this reason the general procedure was 
adopted to expose the specimens to air for at least 16 hr (i.e., over- 
night) after pickling before drawing. 

Surface conditions other than those obtained by exposure to air 
may considerably affect the draw stress, Table 1. A sulphide 
coating, created by the reaction of hydrogen sulphide, was found 
to reduce the draw force slightly. On the contrary, some cups 
slightly oxidized by heating in air at a temperature of 400 F 
gave slightly increased drawing forces. Unpickled cups (not 
listed in Table 1) covered with a heavy oxide layer, formed by 
annealing 15 min at 1100 F, required very high drawing forces, 
associated with immediate fouling of the die, and breakage of 
the cups. 

TABLE 1 EFFECT OF SURFACE CONDITION OF DRAWPIECES 


ON WALL-DRAWING FORCE IN TWO DRAWS OF A TANDEM 
DRAW OF UNANNEALED CUPS2 


(Std. 2% soap solution: 5-15 minutes’ immersion) 


Surface condition Number —Average, draw foree, lb— 
of drawpieces of tests 0.705-in. die 0.610-in. die 


Standard (16 hr in room atmos)..... 61 4150 9160 
18 4490 9250 


@ Hard cups 0.763 in. OD X 0.102 in. wall thickness drawn in preparation 
of standard drawpieces to a drawpiece 0.613 in. OD X 0.049 in. wall thick- 
ness through two dies in tandem, the dies being 0.705 in. and 0.610 in. diam. 
{Individual reductions equal 31 and 40 per cent; total reduction equals 58.5 
per cent.) 


Because of ‘metallurgical and processing’ variations, the 
hardness and grain size of 70/30 brass may vary considerably.’ 
In general, the hardness decreases and the grain size increases 
with increasing annealing temperature and with decreasing 
reduction prior to the final anneal. In this investigation the 
draw stress was found generally to conform approximately to the 
hardness of the specimen. 


® Ina very heavy single draw of 61 per cent on annealed drawpieces, 
the breakage of a lot of 17 freshly pickled cups was 85 per cent, while 
the normal breakage of lots varied between 5 and 20 per cent. 

7 The tube was softer than any of the drawpieces, and yielded 
correspondingly lower draw stresses, other conditions being identical. 
In the course of this investigation, the hardness of 70/30 brass after 
annealing at a given temperature was found to increase with increas- 
ing reduction prior to annealing, the grain size being practically 
constant (4). This does not agree with the frequently expressed 
opinion that the hardness of annealed 70/30 brass is determined by 
ithe grain size (9). 
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STRESS 


The effects of “‘die contour” are known from various publica- 
tions. The stress required to draw tube, by any method, in- 
creases with decreasing die taper (1, 3, 8), Fig. 7. This relation can 
be generalized, stating that the draw force should increase with 
increasing length of the contact surface between metal and die, 
other conditions being identical. As an approximate inverse 
measure of this contact length, the angle between the axis and 
the chord drawn between the poitits of contact at the entrance and 
exit, respectively, can be taken. This angle may be termed 
“ effective angle,” Fig. 7. For a true tapered die, this effective 
angle is identical with the half-die angle. For a bell-shaped 
die, the effective angle increases with the reduction. If this ef- 
fective die angle is used as variable, the draw force is found to 
be a function of this angle (for a given reduction) and practically 
independent of the die contour,’ Fig. 7. , 

However, the presence of a cylindrical section at the exit, called 
land or die bearing, increases the draw stress in proportion to its 
length, Fig. 8. This land is rather short in conventional dies, 
and its contribution is therefore considered immaterial. 


8 Minor variations in the die shape, such as the radiused blending 
of the taper at the exit, Fig. 3, also do not noticeably affect the draw 
force; therefore, although conical dies of both types I and II are used 
for the experiments reported, no distinction has been made through- 
out the rest of the paper. 
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The “die material” also did not noticeably influence the draw 
force, Fig. 9. The experimental data obtained with ceemented- 
carbide dies, chromium-plated steel dies, and graphitized steel 
dies were within the limits of experimental error, identical 
to those obtained with the common hardened (high-carbon) tool- 
steel dies of equal contour.® This result does not agree with those 
The friction coefficients for 
cemented-carbide dies were usually found to be lower than those 
for steel dies (8). 
under conditions similar to those used in the present investiga- 
tion were found to be exceptionally low (3). 


obtained in previous investigations. 
However, the friction coefficients for steel dies 


It appears there- 
fore that the die (surface) material influences the draw forces to 
a significant extent only if the lubricant used does not reduce the 
coefficient of friction to a small value, and possibly also if the die 
is worn. 

condition influences the draw foree to a 
It has been observed that when using soap as a 


The “die-surface” 
slight extent. 


lubricant the first one or two specimens drawn through a die 
gave slightly higher draw forces than subsequent specimens 
gave. 

This was particularly true for a newly polished die. 


Also, if a rough-ground (unpolished) die is used, the draw force 
increases gradually, and this was found to be associated with 
pickup. 

The “punch contour” did not materially affect the draw stress, 
Figs. 10 and 11. The curves representing the draw force as a 
function of the reduction were almost identical, if a tapered 
punch or if cylindrical punches were used in combination 
with tapered dies having large angles (12.5 and 27.5 deg). 
However, with decreasing die angle, the curves obtained with 
tapered punches deviated increasingly to higher values from the 
curves obtained with cylindrical punches. This may readily be 
explained by the decrease of the actual working angle by an 
angle equal to the taper of the punch (0.9 deg half-angle), the 
effect of this being appreciable only for the small die angles 
where the draw stress is sensitive to variations in die angle, Fig. 
9. 

No irffluence of “punch material” could be detected. Tapered 
punches of steel and of chromium-plated steel yielded prac- 
tically identical force-stroke curves for either smooth punches or 
for rough punches. 

The “‘punch surface” had only a slight effect on the draw stress 


* As there was no apparent difference in the draw stresses for un- 
plated and chromium-plated steel dies, no distinction has been made 
in this respect throughout the rest of the paper, although a number 
of the dies were chromium-plated. 
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TABLE 2 EFFECT OF VARIOUS LUBRICANTS ON DRAW FORCES IN TWO DRAWS OF A 
TANDEM DRAW ON HARD-DRAWN CUPSa 


Number —Average draw force, lb— 


APRIL, 1948 


Lubricant of tests 0.705-in. die 0.610-in. die Remarks 

Standard soap solution: 

5-10 min immersion................. 61 4150 9160 Satisfactory 

OD, 5 5160 10440 100 per cent breakage 
Commercial lubricants 

No. 1 soap, oil, high-pressure lubricant 36 4000 9105 Satisfacto 

No. 2 animal fat, emulsifying agent... 14 4550 9750 Scoring and Mish break- 

age 

25 4450 9530 Scoring 

No. 4 (unknown composition)....... . ® 4580 9650 Scoring 

No. 5 animal and vegetable fats...... 6 5080 - 9600 Satisfactory 
Standard soap solution plus 0.1 per cent 

stearin (10 sec immersion)........... 14 3980 9170 Satisfactory 
Dry stearin (applied in ether).......... 10 4220 9560 Satisfactory 

stearin surface plus normal soap solu- 
tion (10 sec immersion).............. 10 4100 9360 Satisfactory 


® Hard cups 0.763 in. OD X 0.102 in. wall thickness drawn in preparation of standard drawpieces to a 
drawpiece 0.613 in. OD X 0.049 in. wall thickness through two dies in tandem, the dies being 0.705 in. and 
0.610 in. diam. (Individual reductions equal 31 and 40 per cent; total reduction equals 58.5 per cent.) 

> Dilutions were as recommended and varied between ratios of 1 to 6 and 1 to 4 parts lubricant to water 


TABLE 3 EFFECT OF DIE CONDITION AND VARIOUS LUBRICANTS ON DRAWING 
ANNEALED DRAWPIECESe 


Highly polished die————_— 


Worn die 


No. of Average draw Breakage, No. of Average draw Breakage, 
Lubricant tests force, lb per cent tests force, lb per cent 

Standard soap solution: 

5-15 min immersion......... 350 3600 13 25 3660 12 

24 hr immersion, 15 3280 0 

plus 1.5 per cent lard oil..... 10 3210 20 
7 3630 43 


@ Annealed drawpieces 0.613 in. OD X 0.049 in. wall thickness drawn to 0.558 in. OD X 0.020 in. wall 


thickness (61 per cent reduction). 


up to reductions of 50 per cent.!° With further increasing re- 


10 Tests on unannealed specimens showed considerably greater 
differences in draw stresses with rough and polished punches than did 
the annealed specimens, Fig. 12. The reason for this difference in 
behavior between soft and hard brass is not clear but indicates that a 
particularly high friction exists between hard brass and a rough 
punch. 
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ductions, however, the draw stress using a rough-ground punch 
became increasingly greater than that using a polished punch, Fig. 
12. No appreciable differences in draw stress could be ob- 
served for punches polished with 4/0 emery polishing paper 
and punches with a Chrysler superfinish. The magnified out- 
lines of these three surfaces are shown in Fig. 13. 

To investigate the effects of lubricants, a large number of speci- 
mens were subjected to high reductions. In addition to measure- 
ments of the draw force, the breakage was determined and the 
specimens were inspected for scoring. The lubricants investi- 
gated comprised a number of specially prepared drawing com- 
pounds and, in addition, castor oil, tallow, aqueous soap solutions 
of various concentrations with and without additions of stearin 
or lard oil. The results of some of the tests are assembled in 
Tables 2 and 3. 

Of the commercial lubricants investigated, none excelled the 
lubricating action of soap so- 
lution. This was observed 
particularly in the prepara- 
tion of the drawpieces, in- 
volving several draws in the 
hard condition, Table 2. 
Only one of the proprietary 
lubricants (No. 1) which, 
significantly, also had a soap 
base, yielded approximately 
the low draw force of soap 
solution; and various water- 
soluble lubricants required 5 
to 10 per cent higher draw |° 
forces than did soap solution. 

Castor oil in combination 
with annealed drawpieces and 
polished dies (any material) 
yielded slightly lower draw 
forces than when immersed 
for a short time in soap so- 
lution (5 to 15 min), Tables 
2 and 3, and Fig. 13. 
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However, any condition deviating from optimum resulted in 
fouling of the tools, this causing considerable increase in the 
draw forces. The drawing of hard brass caused particularly 
heavy fouling of the die, scoring of the brass, high draw forces, 
and breakage, see Table 2. 

The lubricant used as standard throughout these tests was a 
2 per cent aqueous soap solution (chip soap) which is rather widely 
employed in the deep-drawing of cartridge cases. As the in- 
vestigation progressed, a considerable portion of the scatter of 
the draw forces was traced to the short time of immersion in the 
lubricant, being usually between 1 and 15 min. A study of the 
effect of time of immersion of the specimens! in soap solution 
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yielded a decrease in draw force by approximately 5 per cent 
if immersed in the lubricant for at least 20 min,!? Fig. 14. It is 
believed that this improvement in the lubricating action of soap 
solution is caused by the formation of a film of stearate which 
adheres to the metal surface (7). This film could be partially 
removed by rubbing the drawpiege with the hand or washing it 
in water prior to drawing, these precedures resulting in an in- 
crease in draw force. No differences were observed between the 
draw force obtained with freshly made and with aged soap 
solutions. A few tests on the effect of soap concentrations showed 
noticeably decreased draw forces if the concentration was less 
than '/, per cent. 


11 The major portion of the investigation on lubricants was done 
during the drawing of the unannealed cups down to the standard- 
size tubular drawpieces. This explains the specimen sizes given in 
footnotes to Tables 1 and 2. All tests regarding effect of lubricants 
were made with cylindrical punches. 

12 Observation of the maximum load reached as the base of the draw- 
pieces was pushed through the die showed this value also to decrease 
from about 3900 for a few seconds’ immersion to 3200 for approxi- 
mately 2 minutes’i mmersion, or a decrease of 18 per cent. 


Additions of stearin, Table 2, or lard oil, Table 3, to a 2 per cent 
soap solution resulted in insignificant changes in draw force. It 
appears, however, that they stabilize the soap solution, greatly 
decreasing the time of immersion required to obtain consistent — 
(and low) draw forces. A dry stearin coating on the test pieces, 
obtained by dipping them in a solution of stearin in ether, also 
gave approximately the same performance as the soap solution, 
Table 2. 
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Strength and Failure Characteristics of 
Thin Circular Membranes 


By W. F. BROWN, JR.,! ano GEORGE SACHS,*? CLEVELAND, OHIO 


The problem treated in this paper concerns the defor- 
mation and failure characteristics of thin circular metal 
membranes. The problem originated in a research project 
on the elevated-temperature bulging of aluminum alloys, 
conducted at Case Institute of Technology under con- 
tract with the Office of Production Research and Develop- 
ment of the War Production Board. Commercially the 
problem relates to the design of safety diaphragms used 
for the protection of pressure vessels. Also, similar condi- 
tions of loading and geometry are present in certain struc- 
tures subjected to underwater explosion or high hydro- 
static pressure. The circular bulging of metal membranes 
also offers the possibility of investigating the fundamental 
properties of metal in biaxial stress and strain states. 

In this paper the instability phenomena encountered 
in the deformation of such shapes is analyzed in terms of 
strain distribution and also by previously developed equa- 
tions relating the stress-strain and radius-strain functions. 
The paper also develops the fact that the circular bulge test 
appears particularly suitable for determining basic stress- 
strain relations to much higher strain values than are ob- 
tainable by conventional methods. 


INTRODUCTION 


thin membrane restricted at its periphery and subjected to 

hydraulic pressure offers a possible method of investi- 

gating the fundamental properties of metals under biaxial 
stress and strain states. 

Problems of this nature are encountered commercially in the 
design of safety diaphragms used for the protection of pressure 
vessels. Also, similar conditions may be present in structures 
subjected to underwater explosion. 

Bulging investigations on aluminum alloys were sponsored by 
various Government agencies during the war period (1, 2, 3,).3 
However, the fundamentals of the bulging process are not suffi- 
ciently understood at this time to permit a clear evaluation of all 
these results. In general the strains were found to be nonuniformly 
distributed over the surface of the bulge, increasing from a 
small value at the periphery to a maximum value at the pole. 
This can be explained by the restraint caused by clamping the 
blank at the periphery. The restraint gradually decreases with 
increasing distance from the edge. In these initial investiga- 
tions a narrow region was observed in ductile metals in the 
vicinity of the fracture (usually occurring at the pole) where 
there was a rapid decrease in thickness. This was assumed to 
comprise a “neck’’ analogous to that observed in a tensile test. 


1 Research Laboratory for Mechanical Metallurgy, Case Institute 
of Technology. 

2 Research Laboratory for Mechanical Metallurgy, Case Institute 
of Technology. Mem. ASME. 

3 Numbers in parentheses refer to the Bibliography at the end of 
the paper. 

Contributed by the Metals Engineering Division and presented 
at the Annual Meeting, Atlantic City, N. J., December 1-5, 1947, 
of Tae Amprican Society OF MECHANICAL ENGINEERS. 

Norte: Statements and opinions advanced in papers are to be 
understood as individual expressions of their authors and not those 
of the Society. Paper No. 47—A-20. 


Disregarding this very localized strain peak, the strain exhibited 
a rather flat maximum in the surface area containing the frac- 
ture. To the value of this maximum strain measured after fracture, 
the same significance was aseribed as to the uniform strain in 
uniaxial tension. However, it was later found that it was re- 
lated to the ductility (reduction in thickness at failure) in some 
obseure manner (2).* 

In a previous publication by Sachs and Lubahn (4), a theory of 
tensional “instability” occurring in ductile metals subjected to 
various load conditions was developed, which included hydraulic 
bulging of thin circular membranes. This theory assumes that 
instability occurs when an increase in strain takes place without 
an increase or with a decrease either in an external load, such 
as the tensile load, or the internal pressure. 

These concepts have been verified previously for pure tension 
(5). They also explain the beginning of necking at maximum 
load encountered in a flat sheet under conditions of plane strain 
(6), and the maximum load strains observed in tubing subjected 
to combinations of internal pressure and longitudinal tension (7). 

The purpose of the present investigation was to analyze experi- 
mentally and theoretically the hydraulic bulging of a thin circular 
membrane. Because of its high uniformity, pure copper was con- 
sidered as the most suitable material. Three different conditions 
of the metal were selected, differing regarding (a) instability 
strain (necking strain), and (6) the ductility in uniaxial tension. 

A complete analysis was made (a) for annealed electrolytic 
copper, this being representative of a material with a high uni- 
form elongation and ductility, and (6) for hard-rolled electrolytic 
copper which has a low uniform elongation but a high ductility. 
In addition, several tests were made (c) on oxygen-free high- 
conductivity copper, a material possessing a high uniform elonga- 
tion and a particularly high ductility. This problem required 
accurate measurement of the pressure, the strains, and the radii 
of curvature during the forming process. It was attempted to 
demonstrate the following relations: 


1 The pressure should pass through a maximum with pro- 
gressive straining at a certain ‘‘maximum load strain.” 

2 The strain distribution should exhibit an increase in strain 
gradient at the maximum load. The “experimental instability 
strain’ derived from this strain distribution should agree with 
the maximum load strain. 

3 The analysis of the stress-strain curve should yield a 
“theoretical instability strain’’ identical to both the maximum 
load strain and the experimental instability strain. 

4 In addition, the stress-strain curve obtained in bulging 
should be identical to that in uniaxial tension, if the largest true 
stress for either case is plotted as a function of the greatest 
natural strain. 


THEORETICAL ANALYSIS 


The theory of instability for various geometrical shapes 
subjected to a pressure normal to their surface, reported pre- 


* A considerable amount of experimental and theoretical work 
on the deformation of large circular diaphragms was carried out at 
the David Taylor Model Basin of the U. 8S. Navy during the war 
period. These results have been described in Navy reports by: 
Gleyzal (16,17), Greenfield (18), and Mostow (19), which were 
declassified too late for discussion of their results in this publication. 
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viously (4), may be developed more generally in terms of any 
one of the stresses or strains desired. However, since the 
equations may be solved graphically from the stress-versus- 
strain curve, it is desirable that the theory for a given shape be 
in terms of those ‘‘decisive”’ stresses and strains which are 
involved in one of the universal stress-strain relationships.‘ 
Thus for cases of balanced biaxial tension arising from the 
application of pressure to various thin-walled geometrical shapes, 
8; = 0 and the decisive stress is twice the maximum shear stress, 
8: = 8. The decisive strain is the normal strain, « = —2e = 
—2e.5 Therefore the desired function of stress and strain will be 


The maximum load condition for instability may then be 
developed in terms of these stresses and strains as follows, for 
balanced biaxial tension in a tube, sphere, or circular bulge: 

The relation between the internal pressure p, in terms of the 
circumferential (true) stress s;, the radius of curvature R, and 
the metal thickness h, for a thin-walled tube, is 


For a sphere or circular bulge (the latter subject to certain as- 
sumptions discussed later) correspondingly 


where s; is now the meridional stress.* 
The instability condition 


then yields the following relation 
ds, dR. dh 


which applies to all three of these shapes. The thickness h, for 
any of these cases may be expressed in terms of the initial thick- 
ness ho, and the normal strain, es 


h = ho(1 + @s) 
dh = he; 
For the thin-walled tube, the radius is related to the circum- 
ferential strain (e,) and for a sphere to the meridional strain 
(e:) as follows 
R €;) 


dR = Rede, 


However, for a circular bulge the radius is an unknown function 
of the strains. 


4 The representation of the greatest absolute natural strain (€max) 
(referred to as the decisive strain) as a function of twice the maxi- 
mum shear stress (s: — 8:)/2 (referred to as the decisive stress) has 
been chosen for this purpose. The use of the maximum-shear 
criterion may lead to stress values in error as much as 15 per cent. 
However, it has been shown (13) that the selected representation 
does yield stress-strain curves for the various stress states which are 
of nearly identical slope. Since the instability strain is dependent 
only upon the slope of the stress-strain curve, this relation should be 
satisfactory. 

5 «is the natural strain = log-(1 + e). 

® The intersection of a plane passing through the pole and per- 
pendicular to the base plane of the bulge or perpendicular to the 
diametral plane of a sphere defines a ‘‘meridian line’’ on the surface. 
The meridian lines parallel and perpendicular to the grain direction 
are referred to as the ‘“‘major axes.’’ The principal stresses or strains 
measured on and in the direction of these axes are referred to as 
“meridional stresses or strains.” 
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The instability equation may now be rewritten for the tube and 
sphere in terms of the strains, as follows 
ds, de, des 


or, considering that « = —es/2 


dlogs: 3 3 
For the analysis of a circular bulge the following assumptions 
are made: (a) any deviation of the stress and strain states from 
uniformity is neglected,? and (b) the contour of the bulge is 
considered as spherical in the region of the pole. However, in 
this case the stresses and strains are not uniformly distributed 
across the contour. Therefore the instability equation must 
be written in terms of the maximum values of s; und ¢. These 
of course are those at the pole of the bulge and in the subsequent 
discussion will be referred to as the ‘‘maximum meridional” 
stress or strain, respectively. Therefore, from Equatian [4] 
ds, dk des 


or 


d 
de; des 


1 ds 
de 
In order to solve Equation [6a] it is necessary to obtain 


experimentally the two functions 


d loges; 1 du dlog-R 1 dR 


R de 
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It is interesting to compare these solutions with the maximum- 
load condition in pure tension 


dF =0 


where F is the tensile load. The resulting equation in terms of 
the decisive stress s,, and the decisive strain « is then 


7A previous analysis of a-24SO circular bulge formed to failure 
indicates the stress state to not deviate more than +5 per cent from 
unity (balanced biaxiality) in the area enclosed by a circle (with its 
center at the pole) having a 4!/2 in. diam on the undeformed sheet. 
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d loges; 
+1=0 
Fig. 1 shows a hypothetical graphical solution of the insta- 
bility equations for these various cases. It can be seen that 
the instability strain in circular bulging should be considerably 
higher than that for either a tube in balanced biaxial tension, or a 
sphere. 


MATERIAL AND PROCEDURE 


Hard-rolled copper sheet of 0.040 in. thickness was available 
in two different compositions, electrolytic copper and ‘““OFHC” 
(oxygen-free high-conductivity) copper. The electrolytic copper 
was subjected to bulging in both the hard-rolled and the annealed 
(1000 F for 45 min) conditions. The OFHC copper was 
investigated in the annealed condition only. The reduction in 
cold-rolling was kept sufficiently small so as to yield a low degree 
of directionality after annealing (8). 

Before testing, the tensile and the bulge specimens were 
photogridded (9) with a 20-line to the inch net. 

Tensile tests ('/: in. in width and possessing 8-in. gage length) 
on all three experimental materials were made in the rolling 
direction, transverse, and at 45 deg to the rolling direction. The 
rate of straining in these tests was adjusted to be comparable 
with that encountered in bulging, i.e., the total time of testing 
was adjusted to be between 20 and 30 min. The stress-strain 
curves in these various directions were found to be practically 
identical for the annealed coppers. Tensile tests on the hard 
copper, however, revealed an anisotropy, evidenced by a 
difference in stress between the rolling and transverse directions 
(at maximum load) ef approximately 2500 psi. 

The bulging equipment consisted of a head supporting the die, 
and an oil-displacement cylinder capable of furnishing oil at 
pressures up to 3000 psi (3). The bulging die had a 6-in-diam 
circular opening in a l-in-thick steel plate. The die edge was 
radiused to '/; in. to prevent the specimen from fracturing at 
the periphery. The surface of the die contacting the specimen 
was serrated with four buttress teeth to the inch ('/s in. deep 
X 1/, in. long). Six 1-in-diam studs extended upward from 
the bulging head passing through the metal sheet and the die. 
The specimen was clamped into place by tightening bolts on these 
studs. 

A complete experimental analysis consisted of determining 
the pressures, the meridional strain distributions, and the con- 
tours (from which the radii were derived), for appropriate 
intervals of strain (at the pole), up to fracturing. 

Such an analysis was made for one annealed electrolytic- 
copper bulge (test Al) and for one hard electrolytic-copper 
bulge (test H4). In these tests both the strain distribution and 
the contour were determined along the transverse (at 90 deg to 
rolling direction) major axis.* The strains were measured with 
a tape (3, 9) provided with squares identical to those on the 
undeformed grid. Strain measurements were made over '/; in. 
gage lengths every '/, in. along the axis. 

Contours were determined with a specially designed profil- 
ometer, Fig. 2, which consisted of an Ames dial traveling on 
parallel bars, one of which carried a steel scale graduated in 
0.01 in. A pointer, the direction of which coincides with the 
vertical axis of the Ames dial spindle, served as an index on the 
horizontal scale. The dial spindle was equipped with a tip 
having approximately 0.02 in. radius. Proper alignment of 


* These measurements were limited in their extent (distance from 
pole) by the inner wall of the bulging die. Consequently, the 


complete surface area could not be covered, the meridional distance 
of the strain measurements and the total travel of the profile gage 
being, on the average, 2 in. arc length on either side of the pole. 
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this apparatus was insured by having three lines scribed on the 
upper die surface, two coinciding with and a third at an angle of 
45 deg to the major axes of the bulge. Vertical reference lines 
were also scribed at the center on each end surface of the pro- 
filometer. 

Before measuring the contour and strain distribution, the 
pressure was removed. The total time of testing was about 
6 hr, the metal being under gradually increasing strain for 20 
to 30 min. 

For the two complete tests the contour was determined also in 
the rolling direction and at 45 deg to the rolling direction for a 
strain at the pole somewhat greater than that at maximum load, 
Figs. 3 and 4. 

The annealed electrolytic copper, Fig. 3, exhibited identical 
contours in different directions. Slight but consistent variations 
in contour were observed for a hard-copper bulge, Fig. 4. Thus, 
according to these measurements, the anisotropy (of shape) for 
either the annealed or the hard material was insignificant. 

In order to check the results and to investigate possible ma- 
terial variations, additional pressure-versus-strain curves were 
also recorded for both a hard (test H7) and an annealed 
electrolytic-copper bulge (test A2). These data and those ob- 
tained for tests Al and H4 are in good agreement (see Figs. 9 
and 10). 

A further test (test OA6) was made on annealed OFHC copper 
sheet. In this test no contour measurements were made, but 
meridional strain distributions were determined at appropriate 
strain intervals. 

The second annealed electrulytic-copper bulge (test A2) was 
not fractured but removed from the fixture after being formed 
to a maximum meridional strain somewhat beyond that at 
maximum load. This specimen was subjected to more detailed 
and accurate determination of the contour which could be com- 
pared with that obtained with the profilometer. To accomplish 
this, a comparator was constructed, consisting of a flat plate 
which could be moved in a horizontal direction by means of a 
micrometer screw graduated in 0.001 in. An Ames dial (0.001 
in. per division) was mounted stationary in such a manner that 
its spindle (having as its tip a ball of known diameter) was per- 
pendicular to this plate. Thus by clamping a bulge to the plate 
the horizontal and vertical co-ordinates of a point on its surface 
were easily determined by varying the horizontal position and 
reading the corresponding vertical displacements from the Ames 
dial. Data obtained with this comparator were then corrected 
for the spindle-ball diameter and replotted (see Fig. 6). 
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DETERMINATION OF THE CURVATURE 


It was desired to devise some method which would allow the 
determination of the curvature over a large portion of the 
contour and particularly at the pole. The technique selected, 
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AT PoLte From oF CurRVATURE CALCULATED FOR VARIOUS 
Cuorp LENGTHS 


using the previously described profilometer, yielded average 
radii for various chord lengths from which that at the pole was 
obtained by extrapolation. These radii were calculated from 
each chord length and its corresponding sagitta, neglecting the 
deviation of the arc from a circle. 

Fig. 5 illustrates several examples of the results obtained by 
this method, for both an annealed- and a hard-copper bulge. The 
curves would be straight lines parallel to the abscissas if the entire 
contour had a constant radius of curvature, i.e., was spherical. 
Apparently the curvature is not constant, but differs slightly 
over the contour, the variations being more pronounced for the 
hard material. The change in curvature also increases with 
increasing strain, particularly after the maximum-load strain 
is passed. 

However, such deviations from a constant curvature should 
not prohibit the use of the extrapolated value (for zero chord 
length) in the solution of the instability equation, since the 
theory is concerned only with the curvature in the vicinity of 
the pole. 

In order to check the accuracy of this technique and to in- 
vestigate possible variations in curvature for chord lengths less 
than 1 in., the contour of an annealed-copper bulge (test A2), 
bulged beyond the maximum-load strain, was determined by the 
previously described comparator. Fig. 6 shows one half of the 
contour obtained in this manner. From this curve the slopes 
for various abscissas values were determined graphically. In 
Fig. 7 the resulting experimental slope values are compared 
with values calculated theoretically on the assumption of several 
constant radii of curvature. The curve calculated for a radius 
of 3.06 in. fits the experimental data closely; and this indicates 
the contour over the range investigated to be very close to a 
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circle are possessing this radius. This procedure is still not 
sensitive to small variations in radius near the immediate vicinity 
of the pole, as is shown by the convergence of the several curves 
in this region. 

However, the same data permit a more accurate analysis of 
the contour of this bulge for short chord lengths. Fig. 8 shows 
the radii of curvature determined for various chord lengths as 
calculated from both the comparator measurements and from 
those made with the profilometer. The more elaborate method 
appears to yield reliable values (+1 per cent) of the curvature for 
chord lengths greater than 0.4 in.® 

® A hump appears in the curve for a chord length of about 0.6 in. 
This would indicate a rapid but small decrease in the curvature in 


this region. Such a phenomenon cannot be explained, but may be 
associated with a ‘‘hard spot’’ in the metal. 
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Radii determined from profilometer data fit well on this curve 
for chord lengths greater than one inch, the scattering being only 
slightly larger. Below this value, small errors in the chord 
lengths measured by means of the profilometer, however, resulted 
in large errors in the calculated radius of curvature. 


ANALYSIS OF THE INSTABILITY 


The theory of instability developed applies to ductile metals 
for which the bulging pressure should pass through a maximum 
before failure. The presence of such a maximum is shown by 
the pressure versus maximum meridional strain curves obtained 
for both annealed-copper, Fig. 9, and hard-copper bulges, Fig. 10. 
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this point on the undeformed sheet. While the distribution 
curves for the annealed and hard copper are similar in appearance, 
the strain gradient across the hard copper was found to be con- 
siderably higher. 

As previously mentioned, the resulting distributions do not 
extend over the entire sheet surface. However, the strain must 
decrease to zero at some point determined by the die radius. 
This is confirmed by a complete strain distribution obtained for 
the OFHC copper bulge, Fig. 11. For hard copper, after a cer- 
tain rather low strain is reached, the distribution curves exhibit 
a slight inflection at approximately 1'/, in. from the pole, which 
is not noted for the annealed copper. 
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The flatness of these curves prevents an accurate determination 
- of the maximum load strain, but it appears that this value is 
between «, = 0.28 and 0.32 for both annealed coppers and be- 
tween 0.27 and 0.29 for hard copper. 

Figs. 11 and 12 illustrate the meridional strain distributions 
for annealed and hard electrolytic copper, respectively, at 
various selected pressures. Also, the final strain distribution 
obtained immediately before fracture for an annealed OFHC 
copper bulge has been added to Fig. 11. In each of these curves 
the strains at a given point are plotted against the position of 
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It would be expected from the instability theory for the case 
of a uniform stress distribution, such as in a tensile test, that the 
strain should discontinue in all but a localized area after the 
maximum load has been reached, resulting in a “local neck.” 
However, in the circular bulge, both stress and strain gradients 
exist from the outset of deformation, as can be seen from Figs. 
1l and 12. Consequently, any necking if present does not create 
a strain distribution fundamentally different from that before 
necking. However, this cannot be taken as a proof that the 
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maximum-load condition has no significance for the strain dis- 
tribution of a circular bulge, or that such a shape is not subject 
to a mechanical instability. 

To extend the analysis, the experimental instability strain 
was determined by plotting the meridional strains at several given 
distances from the pole as functions of the maximum meridional 
strains for the annealed- and hard-copper bulges represented in 
Figs. 11 and 12. It can be seen from such a representation that 
any one of the curves thus obtained for the annealed copper, 
Fig. 13, exhibits a break at a maximum meridional strain value 
of « = 0.31, approximately. Data obtained for the more ductile 
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annealed OFHC copper bulge (points in parentheses) also fit 
well on these curves. In the corresponding series of curves for 
hard electrolytic copper,'® Fig. 14, such a break appears at ap- 
proximately « = 0.29. 

In order to obtain the theoretical instability strain, the true 
tensile stress s;, at the pole must be known. It is deterfnined 
from the various measured quantities by Equation [2a] 


pk pk + ae)? 
2h + Qho 


Fig. 15 shows this stress s,, as a function of the decisive strain 
é:, (normal strain at the pole) for both an annealed- and a hard- 
copper bulge. Also added to this graph are several points 
derived from tests on other annealed specimens. 

The second required relation -is that between the computed 
radii of curvature at the pole R, and the normal strain 6. This 
relation is shown in Fig. 16 for both annealed and hard copper. 

The solution of the differential equation of instability, Equa- 
tion [6a], is given in Fig. 17 for the annealed-copper bulge, and 
in Fig. 18 for the hard-copper bulge. The values of the theo- 
retical instability strains thus obtained were « = —0.60, or 
«, = 0.30, for the annealed copper and «. = —0.59, or «, = 29.5, 
for the hard copper. 

Thus both the experimentation and the theoretical analysis 


3 = 


10 For this material only those strains are considered at distances 
less than that at which the previously mentioned inflection in the 
strain distribution occurs (less than 1 in., see Fig. 12). 
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yield the result that an initially flat circular shape bulged by 
means of hydraulic pressure will exhibit very large strains at the 
pole before it becomes unstable. This apparently applies not 
only to a soft metal which is known to exhibit large strains when 
subjected to plane uniaxial tension, but also to a hard (rolled) 
metal which necks in tension after very small strains. This 
surprising difference between uniaxial tension and biaxial tension 
in an almost spherical shape obtained by bulging is explained by 
the pronounced change in curvature during bulging, which delays 
the occurrence of instability. 

The theory shows that the instability strain in bulging depends 
upon two factors, the strain-hardening and the radius change. 
It will be shown in the Appendix that the strain-hardening of the 
metal during bulging follows the general laws of plasticity. The 
stress-strain relation is a function of the stress state, but inde- 
pendent of the geometry of the bulge. 

On the contrary, the dependence of the radius (and radius 
change) upon the strain has not been analyzed as yet. It is 
definitely influenced by the stress-strain characteristics. Thus 
for a metal exhibiting high strain-hardening, the bulge contour 
is very close to a sphere, while the curvature may vary considera 
bly for a metal with a low strain-hardening rate. These rela- 
tions will be made the subject of further studies ou materials 
widely varying in their stress-strain characteristics. 

The significance of the meridional strain, measured after frac- 
turing has not yet been discussed. This quantity is definitely 
not identical with the instability strain. In the case of the 
ductile metals investigated, this maximum strain has been found 
to exceed considerably the instability strain, see Figs. 13 and 14. 
Furthermore, OFHC copper, which is known to be more ductile 
than electrolytic copper, exhibited.a considerably larger maxi- 
mum strain. On the other hand, the magnitude of these strains, 
€: = 0.43, e. = —0.86 (corresponding to approximately 60 per cent 
contraction in area), for the annealed OFHC copper, and « = 
0.40, «, = —0.80 (corresponding to approximately 50 per cent 
contraction in area) for annealed electrolytic copper is consider- 
ably less than the expected fracturing strains or ductilities (from 
tensile tests). The maximum strain comprises apparently a 
strain value somewhere between the instability and fracturing 
strains. This confirms the results of previous investigations on 
aluminum alloys (2) in which a dependence of the maximum 
strains upon the ductilities was observed. 

The decisive necking strain for annealed copper subjected to 
a tefsile test was « = 0.35. This value is also obtained for 
uniaxial tension from the stress-strain curve in bulging (see 
Fig. 17). It compares with a decisive instability strain in 
bulging, of «« = —0.60. For hard copper the necking strain in 
a tensile test was approximately «, = 0.008, while the decisive 
instability strain in bulging was e, = —0.60 (see Fig. 18). 


CONCLUSIONS 


1 The investigation confirms that an instability occurs in 
the hydraulic bulging of a thin ductile circular metal membrane. 

2 This instability is associated with a maximum in the 
pressure-strain curve, which has been found to occur in a ductile 
metal, such as copper. 

3 Apparently, the geometry of a (circular) bulge will not allow 
necking in a small area. However, the strain gradient increases 
after the maximum-load point is reached. This may possibly 
be explained by the fact that a region of severely localized strain 
would result in a decreased radius at this point which, in turn, 
would lessen the stress. Consequently, the strain would then 
stop at’ this location and then move to regions which had been 
subjected to less strain hardening. 

4 The instability strain for a circular bulge pr 
the maximum-load theory is in good agreement wit 


icted from 
both the 
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maximum-load strain and the experimental instability strain 
as shown in Table 1. 


TABLE 1 INSTABILITY STRAINS FOR CIRCULAR BULGE 
Experimental Theoretical 
’ Maximum-load instability instability 

Material strain strain strain 
Annealed copper..... Approx e = 0.30 a = 0.31 ae = 0.30 
Hard copper......... Approx e = 0.28 « = 0.29 a = 0.295 


Appendix 


One of the requirements for solution of metal-flow problems 
comprises the accurate determination of the stress-strain curve 
for a particular metal, over a wide range of strains. Generally, 
this basic stress-strain curve is determined for the simplest stress 
state, i.e., uniaxial tension or compression. 

A large number of investigations have confirmed Ludwik’s 
(10) conception that for a uniform metal, such as copper, the 
stress-strain curves for tension and compression become identical 
if the (true) stresses are related to the greatest (decisive) natural 
strains. However, the range of strain covered by these tests is 
rather small. The true stresses cannot be readily determined 
in tension after necking has occurred. In compression, with 
increasing strain the progressively increasing effect of friction 
between metal and compression plates limits the useful range of 


this test. 
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Therefore considerable attention has been paid to the elimi- 
nation of these effects by means of rather elaborate experimental 
techniques. A number of such corrected true stress versus de- 
cisive strain curves have been reported for copper. In both 
compression and tension the natural strain values have been 
extended to slightly beyond « = 1, (11, 12). Such curves ob- 
tained by Koerber and Mueller (11), for a copper possessing 
practically the same properties in tension as that used in this 
investigation, are shown in Fig. 19. The two curves for tension 
and compression, respectively, agree up to a (decisive) strain 
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value of e = 0.70. At still higher strain values, the corrected ten- 
sile-stress values were slightly higher than the corrected compres- 
sive-stress values. 

Furthermore, it is generally accepted that the effect of a 
moderate superimposed hydrostatic (or mean) stress on the 
maximum shear stress can be neglected. This means that 
balanced biaxial tension and compression should yield identical 
stress-strain relations and these, in turn, should conform to that 
obtained in tension. This has been confirmed for copper by 
Davis (13) with tests on tubes subjected to longitudinal and cir- 
cumferential tensions, as shown in Fig. 19. The slight difference 
between the curves for uniaxial and biaxial tension, respectively, 
is explained by anisotropy of the tube investigated. However, 
the bia cal-stress state obtained with a tube supplies a stress- 
strain curve not distorted by instability to strain values even 
less than those obtained from tensile or compression tests. 

On the contrary, a comparatively simple procedure to obtain 
stress-strain curves up to very high strains consists of extending 
the stress-strain curve in tension by means of tensile tests on 
rolled (14) or drawn specimens (15). Such a curve is also 
included in Fig. 19. 

The process of bulging vields the stress-strain curve for an- 
nealed copper directly up to a decisive strain of almost «; = 
—0.80. This curve can be further extended to particularly high 
strain values by adding the stress values obtained on cold-rolled 
material. Using the natural normal strain as abscissas, the 
stress-strain curve for the investigated cold-rolled copper can 
be simply transposed to that of the annealed copper by a shift 
of «, = —0.45, as illustrated in Fig. 19. 

The stress-strain curve thus obtained from the bulge tests 
agrees within +3 per cent with the various curves determined by 
other methods, up to a decisive strain value of « = 0.80. Be- 
yond that limit, straining by rolling yields practically the same 
stress values as bulging. However, the corrected tension and, 
to a lesser degree, the corrected compression data deviate from 
the bulging curve to higher stress values. 

Thus circular bulge tests appear particularly suitable for 
determining basic stress-strain relations of very ductile metals, 
to very high strain values. 
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Discussion 


W. P. Roop.'! The main features of this paper are mentioned 
in the authors’ summary in the order of increasing importance. 
In reverse order, beginning with the most significant, they are 
as follows: 

The circular membrane (1) permits following the stress-strain 
curve to high strains without serious necking or localization; (2) 
offers the simplest experimental method for straining metal in 
sheet form under uniform equal biaxial load; (3) simulates a 
rather numerous class of service structures. 

In order to make use of bulge data for obtaining stress-strain 
curves, however, a more explicit theory of the plastically bulged 
diaphragm is needed. This has been given by the writer.” 

It might appear from the authors’ Equation [4] that pressure 
is a function of three independent variables; stress, radius, and 
thickness. This, however, is not the case, since all three of these 
stand in rather simple relations to the meridional strain, as shown 
in the paper mentioned.!? The pressure is thus a function of 
strain only; or it might be written as a function of any of the three 
variables, stress, radius, or thickness, singly. 

For a reasonable approximation, the writer has fitted linear 
curves of the form S = Sy + keto the data given in the authors’ 
Fig. 15, as follows: 


For hard copper: S; = 51 + 28¢ 


11 Swarthmore College, Swarthmore, Pa. 
12 “Stress and Strain in Plastic Flow,’”’ by W. P. Roop, Welding 
Journal, vol. 25, 1946, pp. 799-823. 
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For annealed copper: S; = 30 + 766€ 
Pressure has been calculated as in Reference 12, in terms of 

meridional strain. 

The data cited in the authors’ Figs. 9 and 10, generally confirm 
the result, but the deviation of calculated from observed pres- 
sures is somewhat greater than that between the two curves in 
Fig. 9. 

It should be rather simple to reverse the process and derive a 
stress-strain curve directly from the observed pressure-strain 
curve, but the writer has not had opportunity to do this. 

The theory cited assumes meridional profiles of circular form. 
The authors’ Fig. 8 demonstrates that this condition is met with 
precision, although Fig. 5 shows that some departure from it 
occurs near the rim in the later stages of the test. 

Some comment will now be made on the matter of instability. 
This is understood simply to refer to the maximum on the pres- 
sure-strain curve. If the experimental arrangements were such 
that pressure was automatically maintained regardless of de- 
formation, as in the case of dead-weight load on a tensile speci- 
men, failure would be catastrophic at this point. 

The maximum is to be located by the usual process of equating 
to zero the derivative of the pressure as a function of strain. 

The “‘instability strain’ calculated in this way from the stress- 
strain data of Fig. 15, is found to be 0.23 for soft copper and 
0.19 for hard. At these strain values the calculated pressure is 
654 psi for soft copper and 843 psi for hard copper. 


AvutHors’ CLOSURE 


As the authors understand the argument, Captain Roop pro- 
poses a strain distribution which is dependent on purely geo- 
metrical quantities, namely, the dimensions of the bulge at some 
particular phase of the deformation, and is independent of the 
material. 

Such an assumption permits the expression of the radius in 
terms of strain alone and yields the same radius strain function 
for any material. The relation between radius and strain, accord- 
ing to Captain Roop" is as follows 


= a*/4R? 


where a is the radius of the circular die and « is the natural 
meridional strain at the pole. Using this function it should be 
possible (1) to calculate the stress-strain curve directly from the 
pressure strain curve and (2) to determine the instability strain 
directly from the stress-strain curve in bulging. We have calcu- 
lated the stress-strain curves accordingly from the pressure- 
strain data shown in Figs. 9 and 10 of this paper. The resulting 
curves shown in Fig. 20 of this closure are compared with those 
obtained experimentally. It is seen that the calculated stresses 
are considerably too low (approximately 20 to 25 per cent) for 
the hard copper, while those for the annealed copper agree more 
closely, particularly at low strain values. These errors in stress 
are explained by the fact that at a given strain the calculated 
radius values are too small, the difference being greatest for the 
hard copper. 

An attempt also has been made to obtain the instability strain 
from the stress-strain curve in bulging and the relation between 
the radius and strain proposed by Captain Roop. This was done 
graphically by the manner outlined in the paper, and the results 
are shown in Fig. 21 of this closure, for the coppers and also for 
the aluminum alloy 75SO. This solution yields for hard copper 
« = —0.55, which is close to the true value. However, for 
annealed copper, ¢; at instability is —0.68, approximately 15 per 
cent too high. According to Fig. 21, 75SO would not be suf- 
ficiently ductile to exhibit instability. This is contrary to the ex- 
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perimental evidence,'* which shows 75SO to become unstable at 
€; = —0.47, before fracture. 

If, in addition to the assumed relation between radius and 
strain, the following two assumptions are also made: (1) by 
plotting suitable functions of the stress and strain, balanced 
biaxial tension and uniaxial tension may be represented by the 
same stress-strain curve, and (2) the stress-strain function may be 
satisfactorily approximated by a parabola of the form 


S Kye;3" 


18“Deformation and Failure Characteristics of Circular Mem- 
branes,” by W. F. Brown, Jr., and F. C. Thompson, ASME, 1948, 
(in preparation), 
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then it should be possible to calculate the pressure-strain curve in 
bulging from the stress-strain curve in uniaxial tension. 

As yet, this has not been tried. However, the calculated pres- 
sures will certainly be in error, depending on the error in the radius 
values, as was stated previously. How much the error will be in- 
creased by assuming the stress-strain relation to be a parabola 
will depend on the material. 

It may be concluded that any theory of the plastic deformation 
of a membrane, such as that proposed by Captain Roop and also 
by Lankford and Saibel,'* must consider the effect of the strain- 
hardening on the strain distribution. An experimental investiga- 
tion of this effect will be presented in a paper which has been sub- 


mitted to the ASME for publication. Whether or not the 
parabola can be used successfully to approximate the stress- 
strain curve in such problems in plasticity is the subject of a paper 
now being prepared. Whether or not the known universal stress- 
strain relations yield the same functions between stress and strain 
for isotropic materials in uniaxial tension, compression, and bal- 
anced biaxial tension, the one author intends to investigate at 
the Cleveland aboratory of the NACA. 


14“‘Some Problems in Unstable Plastic Flow Under Biaxial Ten- 
sion,” by W. T. Lankford and E. Saibel, AIME, Metals Technology, 
TP no. 2238, August, 1947. 
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The Statistics of Boiler Embrittlement 


By C. D. WEIR,' GLASGOW, SCOTLAND 


This paper describes the application of the methods of 
mathematical statistics to field data on boiler embrittle- 
ment, based upon the résults of experiments carried 
out with Schroeder detector units. 


INTRODUCTION 


INCE the introduction of the detector unit devised by Dr. 
S Schroeder,? it has become possible to conduct field tests on 
boiler embrittlement on an extensive scale. In common 
with most other corrosion tests of this nature, the data obtained 
are subject to a considerable amount of experimental scatter, 
rendering it virtually impossible to grasp their full significance 
by mere inspection. Dot diagrams, or other methods of syste- 
matic tabulation, provide a useful summary of the results in that 
they bring any tendency toward regularity clearly to the eye. 
In the two extreme cases, when a definite functional relationship 
is obeyed by the data and when complete randomness prevails, 
Many 
sets of data lie between these two extremes, however, and if they 
are assessed on the basis of the systematic tabulation alone, their 
assignment to one or other of the two classes becomes largely a 
matter of personal bias. Clearly this is an unsatisfactory pro- 
cedure, and if erroneous conclusions are to be avoided some cri- 
terion of significance must be established. This is the task of 
mathematical statistics. 

Within fairly recent years, analytical procedures have been 
developed whieh permit the drawing of reliable conclusions from 
comparatively restricted sets of data. This ‘technique of small 
samples’ is of particular importance in assessing the results of 
experiments of the type under consideration, An example of the 
application of such methods to embrittlement data will be found 
in a recent paper by the author. In this case, a regression line 
was fitted to the data and its coefficients tested for significance 
by “Student’s” t-test. Such a procedure is not, however, gen- 
erally applicable, and the more extensive treatment of the present 
paper requires a more versatile method. 

The paper presents a fairly complete analysis of the data con- 
sidered; but its main object is to bring to the notice of investi- 
gators in this field the statistical methods at their disposal, and 
to emphasize the dangers of drawing inferences from data whose 
significance has either been tested by unsuitable methods or not 
at all. 


it is possible to assess the results with some confidence. 


CONTINGENCY TABLES 


Perhaps the most general method of analysis supplied by 
mathematical statistics is that embodied in the construction of a 
contingency table. A contingency table may be constructed in al- 
most every case where it is desired to test for agreement between 
the frequency distribution of a set of observed data and the dis- 
tribution of some hypothetical infinite “population” of which 
the observed set is assumed to be a sample. From such a table 
a statistic may be computed which is characteristic of the sample 
as a whole, and which provides a reliable indication of the sig- 
nificance of the sample with regard to the assumed hypothetical 


1 Engineering Department, The University of Glasgow. 

?“Embrittlement Detector,’’ by W. C. Schroeder, A. A. Berk, 
and R. A. O’Brien, Combustion, vol. 12, August, 1940, pp. 19-21. 

*“Intererystalline Cracking,” by C. D. Weir, Mechanical Engi- 
neering, vol. 67, 1945, pp. 834-835. 
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distribution. The derivation of such a statistic is outlined in the 
next paragraph. 

Let a sample S of N members be drawn from a population 7. 
If it is now found possible to classify the members of S in two 
ways, either according to a characteristic A, or according to 
another characteristic B, we may construct a contingency table 
whose columns represent the values* assumed by A, and whose 
rows represent the values‘ assumed by B. If A can assume the 
m values, A;, Ao,...A,,and B can assume the n values B,, B,.... 
B,, then we shall have an m X n contingency table among whose 
cells the members of S are distributed as shown in the following: 


Ai Ao Am 
Bi mui miz mim 
Be ma moe m2m 
Bn mni mnm 


If we suppose that in the population, 7, from which S is drawn 
no linkage exists between A and B, then the cell frequencies 
should be proportional to the corresponding marginal totals, 
that is, the expected frequency in the kth column and /th now will 
be 

n m 


’ 


i= j=1 
Mik = 


where of course 


The deviations of the m,;; from the corresponding y;; are then 
given by 
= M5 — Bij 
We require, however, a statistic which will provide a measure of 
the significance of the derivations of the sample as a whole. 
Such a statistic is given by the relationship 


EE 


The sampling distribution of x? was found by Pearson to be 


Qh(2—») 
dF = dy, 
v 
(5) 


where v is the number of degrees of freedom of the table, that is, 
the number of cells which can be filled arbitrarily without alter- 
ing the marginal totals. From this distribution may be com- 
puted the probability, P(x*), that the value x? found in any par- 
ticular case may be ascribed to sampling variance. A table of 
values of x? has been constructed by Fisher’ for P = 0.01 to P = 
0.99 and »y = 1 to »y = 30. The selection of the value of P(x?) 
above which the deviations cannot be regarded as significant is to 
some extent a matter of choice. In biological and actuarial work, 


2 


Bij 


4 It is to be noted that these ‘“‘values’’ need not be of a numerical 
character. 

5 “Statistical Methods for Research Workers,” by R. A. Fisher, 
Oliver & Boyd, London, England, 1944, 
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a value of P = 0.05 is conventionally regarded as the limit of 
significance, but for the practical purposes of boiler control the 
somewhat more stringent value of 0.02 is probably to be pre- 
ferred. The particular value chosen is not, however, of any 
great moment, provided it is within reasonable limits. 

The conditions which the data must fulfill in order that the x?- 
test may be applicable are not at all onerous. The assumption 
of continuity in deriving the sampling distribution of x renders 
the method somewhat inexact when the cell frequencies are low, 
however, and it is advisable to arrange the data in such a way 
that the cell frequencies always exceed 5. Otherwise the nature 
and sequence of the groups are quite immaterial. 


ORIGIN AND TABULATION OF THE DATA 


Before applying the statistical method outlined in the preced- 
ing section to a particular sample, it is convenient to insert here 
a brief description of the tests in which the sample originated, 
and of the tabulation of its data. 

In a paper published in 1942, Partridge, Kaufman, and Hall¢ 
described a series of tests conducted by Hall Laboratories on a 
large number of boilers distributed widely throughout the United 
States and other countries. Schroeder detectors were fitted to 
the boilers and kept under careful observation, being adjusted 
whenever necessary, and the number of days required to produce 
cracking of the specimens noted. If failure did not occur within a 
certain period (usually 30 days) the test was discontinued. The 
result of each test, together with the analyses of the feedwaters 
and some supplementary data (rolling treatment, type of feed- 
water pretreatment, and so on) were recorded in an extensive 
series of tables. These were made available to the author through 
the courtesy of Hall Laboratories, and constitute the sample of 
the present paper. 

Since the tables are arranged according to an arbitrary system 
of serial numbers, some rearrangement is necessary before sta- 
tistical tests can be conveniently applied. The data are first 
divided into groups according to the values assumed by the 
characteristic whose influence it is desired to assess, care being 
taken to insure that a sufficient number of members are included 
in each group to assure the validity of the x*-test. 

The number of cracked and the number of uncracked specimens 
in each group are then counted and their frequencies entered in 
the appropriate cells of the table. 

In cases such as the present where a large number of counts 
have to be made, it is advantageous to record the result of each 
test ona separate card. This procedure enables the counts to be 
made much more quickly, since it is only necessary to arrange the 
cards according to the values of the characteristic under considera- 
tion, and then divide them into suitable groups. Moreover, on 
account of the ease with which the card grouping may be checked 
the method is much less liable to error than counting from a 
table. In many cases it should be possible to record the data 
directly onto the cards, thus avoiding the labor involved in trans- 
ferring them from a list or table. 


APPLICATION OF THE x?-TEST TO THE DATA 


Influence of Constituents of Feedwater. Almost every common 
constituent of boiler feedwater has been regarded at one time 
or another as having some influence on the incidence of embrittle- 
ment. Very often precisely opposite effects were attributed to 
the same component by different investigators. Recent re- 
search has done much to clarify the position, but the remnants 
of controversy have not altogether disappeared. In the author’s 
submission, many cases of disagreement are due to personal 


6 “Field Data From the Embrittlement Detector,’’ by E. P. Par- 
tridge, C. E. Kaufman, and R. E. Hall, Trans. ASME, vol. 64, 1942, 
pp. 417-425. 
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bias in assessing data whose significance, were they submitted to 
a sufficiently critical statistical examination, could be deter- 
mined with complete certainty. 

Table 1 summarizes the results obtained by applying the x?- 
test to various constituents of the feed. Variations in the con- 
centrations of hydroxide, chloride, oxide (R,Os), silica, and phos- 
phates exert no influence on the relative frequency of cracking, 
for the analysis shows that the value of P exceeds the stipulated 
limit of 0.02 by a comfortable margin in each case. Therefore 
we may reject such variations as being of no significance with 
complete confidence. Whether the ‘‘absence’’ of any of these 
substances would alter materially the relative frequency of 
cracking is a question to which the data cannot supply an answer,’ 
since each is present to some extent in every member of the sam- 
ple. The matter is properly the subject of an extensive and 
carefully controlled laboratory investigation. 


TABLE 1 RESULTS OF APPLYING x?-TESTS TO CONSTITUENTS 
OF FEEDWATER 


Constituent P 
Of... 0.114 3 0.90 
SO... 6.925 3 0.02-0.05 
> 0.507 3 0.90-0.95 
3 0.20-0 30 
ee 1.167 3 0.98-0 99 
11.021 1 < 0.01 


Referring again to Table 1, it will be observed that the foregoing 
remarks do not apply to the constituents sulphate and tannin. 
With regard to sulphate, the value of P lies sufficiently close 
to 0.02 to merit a more detailed examination of the character- 
istics of the distribution, while the value of P, corresponding to 
tannin, places the significance of this constituent beyond all 
doubt. 

The distribution of the data with regard to sulphate is shown 
in Table 2. At low concentrations some protective action is 


TABLE 2 DISTRIBUTION OF DATA WITH REGARD TO 


SULPHATE 
ppm Uncracked Cracked Totals 
(32.52) (16.48) 
43 30 73 
(48.45) (24.55) 
(29 . 87) (15.13) 
44 15 59 
(39 . 16) (19.84) 
150 76 226 
x? = 6.925 
v = 3 


0.02 <P <0.05. 


apparent, while, at intermediate values (200-600 ppm), there 
appears to be a stimulation of cracking; inhibition again becomes 
apparent at values exceeding 600 ppm. However, the deviations 
are sufficiently slight to engender some doubt of their reality; 
doubt which finds quantitative expression in the value of P. 

In the past, considerable importance has been attached to the 
maintenance of a high sulphate-hydroxide ratio. Lately, how- 
ever, it has been suggested that this will be effective only in pre- 
venting failure when combined with a high chloride-hydroxide 
ratio. The support offered by the data to these two statements 
is examined in Tables 3 and 4. In neither case does the ob- 
served distribution differ significantly from the expected, so that 
no benefit can be derived from the fulfillment of either of these 
conditions. Indeed, in so far as Table 4 is concerned, the signifi- 
cance of the deviations has probably been overestimated, for 
the expected value in the right bottom cell is rather low; a situa- 


7 These remarks do not apply to phosphate, for in numerous 
members of the sample the concentration of this substance is zero. 
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TABLE 3 DISTRIBUTION OF DATA WITH REGARD TO SUL- 
PHATE-HYDROXIDE RATIO 
NaOH Uncracked Cracked Totals 
43 23 66 
(42.76) (23.24) 
(39.52) (21.48) 
(27 . 86) (15.14) 
coke 26 17 43 
(27.86) (15.14) 
138 75 213 
x? 0.506 
= 3 
0.90 <P <0.95 
TABLE 4 DISTRIBUTION OF DATA WHEN HIGH CHLORIDE- 


HYDROXIDE RATIO IS COMBINED WITH HIGH SULPHATE- 
HYDROXIDE RATIO 


————- Na:SO./ NaOH 
pe 4 
Cracked Uneracked Cracked Uncracked Totals 
ee 73 39 5% 29 195 
NaCl (72.03) (38.65) (57.09) (27 .23) 
NaOH )2... 9 5 11 2 27 
(9.97) (5.35) (7.91) (3.77) 
Totals 82 44 65 31 222 


x? = 2.454 
3 


0.30 < P < 0.50 


TABLE 5 DATA SHOWING INFLUENCE OF TANNIN 


Tannin Uneracked Cracked Totals 
(57 .46) (28.54) 
Not added. . 88 61 149 
(99.54) (49 46) 
157 78 235 
x? = 11.021 
, = 1 
P <0.01 


TABLE 6 CLASSIFICATION OF TESTS ACCORDING TO PRE- 


TREATMENT 
Treatment Uncracked Cracked Totals 
60 14 74 
(48 .72) (25.28) 
Lime-soda.......... 32 33 65 
(42.80) (22.20) 
30 16 46 
(30.29) (15.71) 
Evaporated......... 11 6 17 
(11.19) (5.81) 
133 69 202 
x? = 15.633 
P < 0.01 


tion which tends to give a value of P(x?) which is less than the true 
one. ‘ 

The analysis of the influence of tannin is shown in Table 5. 
In the original tables this constituent is characterized as being 
“added” or ‘‘not added” in many cases; therefore a 2 X 2 con- 
tingency table has been constructed on this basis. The large 
value of x? (corresponding to a P < 0.01) is clearly to be adduced 
significant. Inspection of the table indicates that it is due 
to the low observed frequency in the “added-cracked” cell. 
Therefore tannin must be regarded as a definite inhibitor of em- 
brittlement and is, in fact, the only determined constituent of 
the feedwaters which can be classified as such. 

Further tests, in which the tannin content is determined 
quantitatively, are necessary before the amount of tannin re- 
quired to reduce the relative frequency of cracking to zero can be 
determined with precision. 

Influence of Type of Pretreatment. When the tests are classi- 
fied according to the type of pretreatment employed, as in Table 
6, some curious and highly significant deviations become appar- 
ent. Tests in which the feedwater is treated by the lime-soda 
process show a relative frequency of cracking greatly in excess 


of that expected, while tests in which raw water is employed 
evince a marked deficit in cracked specimens. The relative fre- 
quencies in cases where the feed is zeolite-treated or evaporated 
do not differ much from their expected values. 

It is quite clear that these deviations cannot be ascribed to 
differences in feedwater composition (in so far as it is analyzed), 
since such variations have been shown to be without effect. The 
only exception to this statement is tannin, and it might be 
thought that some relationship exists between the amount of 
tannin present in the feed and the type of pretreatment em- 
ployed. That this is not the case, however, is clearly shown by 
the analysis of Table 7. The cause of the deviations therefore 


TABLE 7 SHOWING LACK OF RELATIONSHIP BETWEEN TAN- 
NIN IN FEEDWATER AND PRETREATMENT 


Tannin Raw Lime-soda Totals 
29 32 61 
(30.06) (32.94) 
eer 39 38 77 
(37 .94) (39.06) 
WOU 68 70 138 
x? = 0.312 
= 


0.70 < P < 0.80 


remains obscure. Possibly complete analyses of the feedwaters 
of each group, in which particular attention was paid to organic 
components, would have revealed significant variations to which 
these results could be attributed. 

Influence of Rolling Treatment. Table 8 illustrates the dis- 
tribution assumed by the data when classified according to 
whether the specimens are hot- or cold-rolled. The value of x? 
can searcely be adduced significant; but if it is accepted as being 
so, it represents an extremely slight preponderance of cracking in 
hot-rolled specimens. The effect is obviously of a secondary na- 
ture, due possibly to the different surface conditions produced 
by the two treatments. 


TABLE 8 CLASSIFICATION OF DATA ACCORDING TO ROLLING 


TREATMENT 
Uncracked Cracked Totals 
Cold-rolled...... 146 67 213 
(141.70) (71.30) 
Hot-rolled....... 13 13 26 
(17.30) (8.70) 
159 80 239 
x? = 3.584 
‘= 1 
0.05 < P < 0.10 
SUMMARY 


In the foregoing the methods of mathematical statistics have 
been applied to the results of experiments carried out with 
Schroeder detector units. 

It has been shown that differences in composition of the 
feedwaters with regard to hydroxide, chloride, silica, oxide, and 
phosphate do not influence materially the susceptibility of the 

specimens to cracking. 

Sulphate has been found to stimulate cracking emedean when 
present at concentrations in the region 200-600 ppm. At con- 
centrations outside this range it offers a certain amount of pro- 
tection. However, the variations, though significant, are slight 
and no undue importance should be attached to them. 

The data offer no evidence which might be adduced as sustain- 
ing the supposedly beneficial effect of a high Na,SO,/NaOH ratio. 
Nor do they support the view that the association of a high value 
of this ratio with a high value of the NaCl/NaOH ratio will re- 
duce the incidence of cracking to a significant extent. 

Specimens subjected to the action of water containing appre- 
ciable amounts of tannin are shown to be remarkably immune 
from attack. 
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Tests in which feedwaters pretreated by the lime-soda process 
were employed show a remarkable preponderance of cracking, 
while tests employing raw waters exhibit an equally marked im- 
munity. Zeolite-treated and evaporated feeds are not found to 
influence the frequency of cracking to a significant extent. 

The influence of differences in rolling treatment is of a second- 
ary nature. Hot-rolled specimens are found to be slightly more 
susceptible to cracking than cold-rolled. . 
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Oil Flow and Temperature Relations in 
Lightly Loaded Journal Bearings 


By JOHN BOYD! anv B. P. ROBERTSON? 


The trend toward higher speeds for certain types of ap- 
paratus and the decrease in weight of the moving parts 
which usually accompanies such a change has resulted in 
the application of an increasingly large number of bearings 
which operate at relatively high speeds and comparatively 
light loads. Many of these applications use sleeve-type 
bearings which are supplied with force-feed lubrication. 
In order to obtain data which may be used in designing 
bearings for such use, the oil flows and running tem- 
peratures of two common types of sleeve bearings have 
been investigated and the results compared with theoreti- 
cal predictions. 


NOMENCLATURE 
The following nomenclature is used in the paper: 


C = diametral clearance 
D = bearing diameter 
H, = heat loss due to viscous friction 
H,, = heat carried away by shaft and housing 
H, = heat carried away by oil 
K = coefficient of heat loss from bearing 
m = radiation exponent 
l = axial 'ength of bearing land (circumferentially grooved 
bearing) or one half over-all length (single-oil-hole 
bearing) 
N = journal speed 
Ap = inlet oil pressure minus ambient pressure 
Q = total oil flow per bearing 
R = ratio, flow with eccentricity /flow without eccentricity 
AT = bearing temperature minus ambient temperature 
AT = temperature rise of oil 
8 = ratio, flow type B bearing/flow type A bearing 
c = specific heat of oil 
n = eccentricity ratio, journal eccentricity /radial clearance 
un = absolute viscosity 
y = density of oil 


ubseripts A and B denote bearing types, Fig. 2. 
INTRODUCTION 


The trend toward higher speeds in certain types of apparatus 
and the decrease in weight of the moving parts which usually 
accompanies such a change has resulted in the application of an 
increasingly large number of relatively high-speed and com- 
paratively lightly loaded bearings. In many cases, pressure- 
lubricated journal bearings are employed. 

Since shaft-rigidity requirements and practical considerations 

1 Section Engineer, Westinghouse Research Laboratories, East 
Pittsburgh, Pa. 

? Technical Service Engineer, Humble Oil & Refinery Company, 
Houston, Tex. Formerly with Westinghouse Research Labora- 
tories. Jun. ASME. 

Contributed by the Research Committee on Lubrication and 
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1-5, 1947, of Tae AMERICAN Socrety oF MECHANICAL ENGINEERS. 

Notre: Statements dnd opinions advanced in papers are to be 
understood as individual expressions of their authors and not those 
of the Society. Paper No. 47—A-62. 


frequently dictate bearing size, the design of bearings for such 
applications is principally concerned with determining oil flow 
and running temperature rather than choosing proportions which 
will give maximum load-carrying capacity. 

A fortunate consequence of light loading and high speed is 
that they permit the journal to run with negligible eecentricity.* 
Thus for many practical purposes, the journal and the bearing 
may be considered as operating concentrically, a condition which 
greatly simplifies flow and loss calculations. 

An important factor in determining the oil flow through a 
bearing is the type and distribution of the oil holes and oil 
grooves. The number of possible groove arrangements is of 
course infinite and much has been written on some of the various 
types. Several papers, which are of interest in the present case, 
are given in references (1-7),‘ inclusive. 

The references mentioned include theoretical treatments and 
experimental results. Although the former should be applica- 
ble to the case at hand, the published data are restricted to 
relatively low speeds so that no satisfactory check of their 
validity may be made. 

In order to obtain data for designing bearings for such service, 
tests were carried out on the following two common types of 
journal bearings (see Fig. 2): 

Type A—360-deg plain bearing with circumferential groove 
at mid-length. 

Type B—360-deg plain bearing with a single oil-supply hole 
on top at mid-length. 

The results of the tests have been compared with the theo- 
retical values obtained by Muskat and Morgan (3), for bearings 
of the foregoing types. The comparison indieates the extent 
to which the assumption of concentricity is applicable. 


Test APPARATUS AND PROCEDURE 


The test apparatus is shown in Fig. 1. It consisted of a test 
shaft mounted in two accurately aligned bearings and driven 
through a light flexible shaft by a variable-frequency drive. The 
test shaft weighed 20 Ib and constituted the only load on the 
bearings. The flexible shaft was */,; in. diam xX 8 in. long and 
was rigidly bolted to the test shaft and the drive unit. 

The bearings were made from an aluminum alloy and were in 
the form of inserts (2 in. ID, 21/, in. OD and 17/j¢ in. long), 
which were pressed into the housings. Bearing diameters and 
alignment were measured to +0.00005 in. with pneumatic 
gaging equipment made especially for the tests. The shaft 
diameter was measured to comparable accuracy with an optical 
comparator. 

The type A bearing had two lands each 0.593 in. long and a 
0.250-in-wide X 0.020-in-deep circumferential groove. The 
edges of the groove were chamfered approximately 0.003 in. 
The oil-inlet hole was 1/, in. diam and opened directly into the 
groove. The diametral] clearance at 85 F was 5.3 mils. 

The type B bearing had a '/,-in-diam oil-inlet hole with ap- 


3’ For the tests described in this paper, maximum value of uN/p 
= 43,000, where u is in centipoises (ep), N is in rpm, and p is in psi. 

4 Numbers in parentheses refer to the Bibliography at the end of 
the paper. 
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proximately 0.003-in. chamfer. The diametral clearance at 
85 F was 5.1 mils. 

The temperature of the inlet oil, 71, Fig. 1, was measured by 
a thermocouple inserted in the inlet oil line, near the bearing 
housing. The temperature of each bearing, 72, was measured in 
two positions, each about */, in. from the end of the bearing and 
about '/s in. from the outer diameter of the bearing insert. 
Readings for the two positions agreed within 1 deg F throughout 
the tests. 

The oil-outlet temperature, 7;, was measured by a thermo- 
couple arranged to contact the oil as it was thrown off by the 
bearing. 

The oil used in the tests was bought under Army-Navy speci- 
fication ANO6. Its viscosity at 100 F and 210 F was as follows: 


Centipoises Saybolt seconds 
Viscosity at 100 F 14 85 
Viscosity at 210 F 3 38 


Oil flows were measured by determining the time required to 
pass a given volume of lubricant. 

Tests were run by keeping the speed and oil-inlet temperature 
constant and varying the oil-inlet pressure. Sufficient time 
was allowed under each test condition to assure that a steady 
state had been reached. Speed was varied from 0-18000 rpm 
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and oil-inlet pressure from 10-20 psig. The oil-inlet tem- 
perature was kept at 100 F throughout all of the tests. 

Flow. In the case of the circumferentially grooved bearing 
(type A), Muskat and Morgan,® Orloff, and others have shown 
that the total flow Q,, through the bearing is given by 


Qa 


where 
n = eccentricity ratio = journal eccentricity/radial clear- 
ance 

Ap = inlet oil pressure minus ambient pressure 

C = diametral clearance 

uw = absolute viscosity 
l = axial length of bearing land 

D = bearing diameter 


If » is put equal to zero and if more convenient units are sub- 
stituted, the equation of flow for the concentric condition be- 
comes 


M 


where 
Q, = total flow, gpm 
Ap = inlet pressure-ambient pressure, psi 
D = bearing diameter, in. 
C = diametral clearance, mils 
u = absolute viscosity, cp 
l = axial length bearing land, in. 


The ratio R,, of the flow with eccentricity ratio n, to the flow 
with zero eccentricity is found by division to be 


: 3 
= 9 ote 


A curve of Ra versus 7 is shown in Fig. 6, from which it will 
be noted that the flow with maximum eccentricity is 2.5 times 
the flow for concentric conditions. 

For the case of a bearing with a single-inlet oil hole located on 
the top (type B), rearrangement of the expressions given by 
Muskat and Morgan‘ shows that the total flow Q,, for the bearing 
operating with zero eccentricity is given by 


AprCs 


d 1 
3u E n(l + | 


where Ap, C, u, and D represent the same quantities as previously 
and 


= 


l = one half total axial-bearing length 
d = diameter of oil inlet hole 
n = an integer with values 1, 2, 3, 4....2 
(usually it is not necessary to use n greater than 4) 


Reducing to more convenient units 


ApCcs 


*ID 1 n(l + D) 
where 


Q, = total flow, gpm 
Ap = inlet pressure — ambient pressure, psi 


5 Reference 3(b), Equation [28], p. 406. 
* Reference 3(a), Equation [21], p. 51; Equation 37], p. 60. 
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C = diametral clearance, mils 
D = bearing diameter, in. 

d = hole diameter, in. 

uw = absolute viscosity, cp 


Other conditions being equal, the flow through a type B bear- 
ing is less than the flow through a type A bearing. The ratio 8, 
of the former over the latter may be found by substituting 
numerical values in Equations [2] and [5]. For bearings of 
the test proportions 


8 = 0.276 


In order to find the ratio Rg, for the type B bearing, the approxi- 
mate expression for the feed pressure must be used.? When this 
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is combined with Equation [21],* R, becomes 


l d 
og 


D 
l d l i” 
E — 2 log. D + 3n (5 + 2 — log. 16) 


Although this equation is approximate, the introduction of 
numerical values shows that the increase in flow due to eccen- 
tricity is more pronounced with the type B bearing than with 
the type A, Fig. 6. The equation is not intended to be used for 
values of » > 0.5. 

Fig. 3 shows the effect of oil pressure on oil flow for the two 
bearings at 12,000 rpm. The agreement between theory and 
experiment is fairly close when one considers the different factors 
involved. The relative slope of the two sets of curves shows 
that the flow for the type B bearing is approximately equal to 
the theoretical value of 0.276 times the flows for the type A 
bearing. A superficial glance at the flow equations might lead 
one to suppose that the calculated curve should be straight if 
the inlet pressure remains constant. Actually, however, the 
temperature of the oil film falls as more oil is supplied so that the 
viscosity rises instead of remaining constant. 

Reference 3(a), Equation [36], p. 60. 

*Ibid., p. 51. 


+ 
= 


. [6] 


Changes in temperature within the bearing also affect the 
clearance. It was found from calculation and from measure- 
ments that the clearance decreased approximately '/, mil as the 
bearing temperature increased from 85 F to 185 F. The effect 
is largely due to the expansion of the journal which heats up 
uniformly whereas the bearing housing, being cool at the sur- 
face, does not expand in the same proportion. Because the 
clearance enters the flow equation as a cube, corrections 
for clearance were made for all calculations. The average 
film temperature was taken equal to the outlet temperature. 

Fig. 4 shows the effect of speed on the oil flow for the type A 
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bearing. At 60 psi gage pressure, the agreement at the higher 
speeds is quite satisfactory. At the lower speed, however, the 
observed flows are considerably greater than the calculated flows. 
Most of this difference is probably due to eccentricity with a some- 
what smaller portion due to errors in temperature and clearance 
measurements. Most of the slope of the calculated curve is 
due to changes in temperature. Correcting the calculated flow 
at zero rpm by multiplying by the R, ratio of 2.5, agrees fairly 
well with the observed results. 

Although the proportionate error at 10 psig is somewhat 
higher than the error at 60 psig, the principal point of interest 
is the drop in flow above 12,000 rpm. This is believed to be due 
to the centrifugal pressure built up by oil in the circumferential 
groove which tends to offset the low supply pressure. 

Fig. 5 shows the effect of speed on the oil flow through the type 
B bearing. In general, the results are similar to those for the 
type A bearing, except for the smaller flow. Because of the 
absence of the circumferential groove, however, the flow does 
not drop off at the lower pressures and higher speeds. 

Comparison of observed and calculated flows at 0 rpm in- 
dicate the greater effect of eccentricity for the type B bearing. 

Running Temperature. The running temperature is most 
easily determined by graphical means. This is done by solving 
the heat-balance equations for the viscosity in terms of the tem- 
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perature rise, and plotting the resulting relation on viscosity- 
temperature co-ordinates. The intersection of this curve with 
the viscosity-temperature relation for the lubricant plotted on 
the same co-ordinates gives the running temperature, Fig. 7. 

From Equation [6a] of the Appendix, the viscosity in terms 
of the temperature rise is given by 


up = AAT™ + V/(AAT™)? + BAT 
where 

A = 1. 

55 X 10’ —— 

ApycC 
l2N2D2 
viscosity, ep 
diametral clearance, in. 


B = 3.64 X 104 ——___ 
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= bearing diameter, in. 

axial length of bearing land, in. 

journal speed, rpm 

radiation coefficient, Btu/min/deg F” 

radiation exponent 

inlet oil pressure — ambient pressure, psi 

specific heat 

density, lb per gal 
AT = temperature rise bearing above ambient, deg F 
AT = temperature rise of lubricant 


For the case when the housing loss is negligible and the oil 
removes most of the heat 


When the loss to the oil is small, as in the case of small oil flows, 
and most of the heat is carried away by the housing, 


= 24 AT” 


Fig. 7 shows the application of the foregoing formulas for de- 
termining running temperature for the type A bearing operating 
at 18,000 rpm with an oil inlet temperature at 100 F and an am- 
bient temperature of 100 F.° From the intersection of the cal- 
culated curves with the viscosity-temperature curve of the oil 
used, the running temperature may be found. Thus the running 
temperature with ANO6 oil is 180 F, and with medium turbine 
oil would be 234 F. The viscosity-temperature relations for the 
two oils were determined from actual viscosity 
measurements. 

A similar set of curves may be drawn for the type B bearing 
but in this case it is necessary to put 8 into the equation for B 


and density 


® The constant K, for the test bearing was found by shutting off 
the machine and determining the cooling rate at different tempera- 
tures. It was found that a value of K of 0.028 Btu/(min)(deg F™) 
and a value of m of 1.35 gave a satisfactory correlation with the test 
results. 
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in order to take care of the reduced flow through this type bear- 

ing, thus 

4 BApycC* 
B = 3.64 10 

Fig. 8 shows the calculated and observed running tempera- 
tures for the type A and type B bearings plotted as a function 
of the inlet oil pressure. As is to be expected, the latter-type 
bearing operates at a higher temperature because of the lower 
flow rate. 

It will be noted that, in the case of the test-bearing setup, 
the housing loss was negligible. Thus the simpler equation, 
Equation [8], may be used in this case without introducing an 
appreciable difference. 

At the higher pressures, the calculated temperatures are on 
the safe side as may be expected since the eccentricity, and hence 
The effect is more 
noticeable in the case of the type B bearing in which the effect 
of eccentricity is greater. 


the flow, increases with higher pressure. 


CONCLUSIONS 

1 The flow and running-temperature curves indicate that 
good agreement between the test results and the predictions of 
the Muskat-Morgan equations is obtained st the higher speeds 
where eccentricity is small. It should be kept in mind that the 
relations for the type B bearing are approximate, except in the 
case of » = 0, where the solution is rigorous. 

2 Because of the centrifugal effect of the oil in the circumfer- 
ential groove of the tvpe A bearing, the oil flow falls off at high 
speed and low inlet pressures. The effect is of sufficient magni- 
tude to warrant its consideration in the design of high-speed 
bearings of this type. 

3 At lower speeds, the observed flows are considerably in 
excess of the calculated values primarily because of journal 
eccentricity. 

4 Correcting the calculated flows for eccentricity at 0 rpm 
gives results which compare favorably with experiment. 
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5 Other conditions being equal, the flow through a type B 
bearing is approximately 0.28 times the flow through the cor- 
responding type A bearing. Because of this fact, the type B 
bearing will, in general, operate at a higher temperature. 

6 For many practical applications, the heat loss through the 
housing is negligible compared to the heat carried away by the 
oil. Neglecting the housing loss simplifies the running-tempera- 
ture calculations. 

7 In general, the application of the foregoing analysis to 
relatively lightly loaded and comparatively high-speed bearings 
may be considered satisfactory, at least for a first approximation, 
if the limitations outlined above are kept in mind. 
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Appendix 
EQUATIONS FOR RUNNING TEMPERATURE 


Under equilibrium conditions, the rate of heat generation 
due to fluid friction within the oil film is equal to the sum of the 
rates at which it is being carried away by the oil and dissipated 


by the shaft and housing. This may be expressed by 


where H, and H,, are the rates at which heat is being taken away 
by the oil and housing, respectively. 

The rate at which heat is developed by fluid friction may 
readily be calculated from the viscous properties of the lubricant. 
For the concentric case, it is found to be 


CJ 
where u, 1, N, D, and C are as previously defined and J is the 
mechanical equivalent of heet. 
The rate at which heat is carried away by the oil is given by 


Hy = QaT ye 


where Q is the oil flow, A7’ is the temperature rise of the oil, and 
c and y are the specific heat and the density of the oil, respee- 
tively. 

The rate at which heat is carried away by the housing may be 
expressed with sufficient accuracy by a relation of the form (8) 


where K and m are constants and AT is the temperature rise of 
the bearing above ambient. 

Substituting Equations [1], [2a], [3a], and [4a] in Equation 
[1a] and solving for » for the case n = 0 gives 


AMAT” + V/(AIAT™)2 + BIAT........ [5a] 
where 
CKJ 
8x°N2D3 
= ApycC* 


Expressing Equation [5a] in more convenient units gives 


Ty 
¥ 
2 
a 
H, = H,+H 
pies, 
= 4a 
| 
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where 
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AAT™ + V/(AAT")2 + [6a] 


CK 
1.55 X 10° 


ApycC! 
viscosity, ep 

diametral clearance, in. 


3.64 X 104 


bearing diameter, in. 

axial length of bearing land, in. 
journal speed, rpm 

radiation coefficient, Btu/min/deg F” 
radiation exponent 


= inlet oil pressure — ambient pressure, psi 


specific heat 


= density, lb/per gal 
= temperature rise, bearing above ambient, deg F 
= temperature rise of lubricant, deg F 
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The Proficorder—An Instrument for 
Recording Waviness and Other 
Surface Profiles 


By E. J. ABBOTT! ann EDWARD RUPKE,? ANN ARBOR, MICH. 


The Proficorder described in this paper represents a 
major addition to available surface-measuring instru- 
ments. It provides data which are highly essential in the 
study of surfaces and the processes by which they are ob- 
tained. Its function is to reproduce, with appropriate 
magnifications, the actual profile of a considerable length 
of surface. It permits the study of individual irregulari- 
ties as to size, shape, and relative position with respect to 
other irregularities. The instrument can be used to good 
advantage for inspection of production setups for waves 
and other surface characteristics. As an instrument for 
use in process engineering, it provides quantitative data for 
determining the effectiveness of steps taken to improve or 
obtain certain surface finishes in machining or grinding 
operations. As a laboratory instrument, the Proficorder 
supplies indispensable information to all those who are 
interested in determining the causes, effects, and char- 
acteristics of surface irregularities. 


N the last two decades industry has become much concerned 
with surface finish, particularly with the types of surfaces 
produced by various machining and grinding operations. 

Considerable progress has been achieved in the development of 
shop instruments for the measurement of surface roughness, i.e., 
irregularities having a horizontal spacing of the order of thou- 
sandths of an inch. Until now, however, there has been a com- 
plete lack of instrumentation for shop use which could record the 
size and shape of more widely spaced irregularities, such as, 
waves, steps, or bows. The horizontal widths of these irregulari- 
ties fall outside the scope of the available instruments used in 
measuring surface roughness. 

The Proficorder was developed primarily to fill this gap. It 
provides means for recording surface irregularities which have 
horizontal spacings up to an inch or more, and which thus fall 
in the category of waviness. Waviness is an inherent character- 
istic of all machined and ground surfaces, and is an undesirable 
feature in many applications. Accordingly, there is a definite 
practical need for a shop instrument to measure these waves, 
and other widely spaced irregularities, so they can be held within 
acceptable limits. 

The necessity for a shop instrument, in contrast to a laboratory 
type, arises from the fact that the waviness of machined and 
ground surfaces is the result of a complex and subtle combination 
of factors in machine setup. These factors include the following: 


1 Condition of cutting edges of tools and grits of wheels. 
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2 Selection of feeds, speeds, coolants, etc. 

3 Condition of bearings, spindles, etc. 

The cutting edges of tools and the grits of wheels are the primary 
factors in the production of waviness. They are also the most 
difficult factors to specify and control. Accordingly, the only 
practical test for the acceptability of a machining or grinding 
setup is the acceptability of the finished part. In making any 
machine setup, therefore, it is necessary to check the first few 
parts produced in order to determine whether or not they are 
within the desired tolerances. The Proficorder provides the 
first direct means for measuring the waviness of such pieces in 
order to check a setup for its initial acceptability as to waviness. 
Furthermore, because the quality of the cutting edges of tools 
and grits of wheels may change significantly during an ordinary 
run, it is desirable to repeat this check at intervals during a run. 
This procedure of measuring the waviness of the parts produced 
also provides the most practical method of checking the selection 
of speeds, feeds, coolants, etc., as well as showing up defective 
conditions of bearings, spindles, etc. For making these initial 
and periodic checks it is essential that the measuring instrument 
be conveniently available at all times to the machine where the 
work is being done. 

For some years it has been possible to measure waviness by 
means of laboratory instruments and techniques, but this method 
has served only to provide experimental data and not as a means 
for controlling machine setups in various production processes. 
The Proficorder was, therefore, developed to make on-the-spot 
checks of parts and surfaces as they are produced by a particular 
machine. In order to serve in this capacity, it has the following 
characteristics which are essential to all satisfactory shop instru- 
ments: 


1 Simple and easy to operate. 

2 Rugged and reliable over long periods of time under shop 
conditions. 

3 Versatility in accommodating the various parts and types 
of surfaces that are machined and ground. 
The present instrument can record surface profiles over a dis- 
tance of approximately 2 in. The record obtained represents 
the actual contour of the surface traced. It shows the finely 
spaced irregularities, or roughness, superimposed on the more 
widely spaced irregularities, such as waves or bows. Steps, flaws, 
or other nonrecurrent irregularities are likewise registered, show- 
ing their true relationship to the rest of the surface. 


Bastc DESCRIPTION OF INSTRUMENT 


The focal point of the Proficorder is the chart record of the 
profile of the surface in question. The record is drawn in ink 
by the pen element of a recording meter. The recording of a 
usable profile on this chart entails the following necessary re- 
quirements: 

1 Vertical magnification. 

2 Horizontal magnification. 

3 A tracing mechanism. 
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Vertical Magnification. The vertical magnitude of surface 
irregularities is usually of the order of microinches. Accordingly, 
this dimension must be greatly magnified in order to obtain a 
usable chart for depicting such small irregularities. The magni- 
fication must be accurately calibrated in order to determine the 
actual height of the irregularities in question. 

Horizontal Magnification. Adequate or appropriate horizontal 
spacing between the irregularities on a profile record is necessary 
in order to identify the individual irregularities, or groups of 
irregularities. The line drawn by the pen is wider than the actual 
spacing between most of the finer irregularities on the surface. 
Therefore it is essential that a means be provided for stretching 
out the record of the surface as it is being recorded on the chart. 
The amount of magnification desired is dependent upon the char- 
acter of the surface being profiled and upon the type of irregulari- 
ties which one is interested in studying. 

Tracing Mechanism. The profile record on the chart is the 
end result of the displacements of a tracer point as it moves 
across the surface being profiled. The means and accuracy by 
which this tracer point is moved over the surface is highly im- 
portant with respect to the validity of the profile record. A satis- 
factory tracing mechanism must have both accuracy and adapta- 
bility to a wide variety of surfaces. 

COMPONENTS OF INSTRUMENT 
The essential features listed in the previous section are in- 


corporated in three distinct physical units, i.e., tracer, piloting 
fixture, and amplicorder. Fig. 1 shows a typical arrangement. 


Fic. 1 


(Type RLA piloting fixture at left; Amplicorder unit at right. 
mounted on table of fixture and tracer directly above.) 


Tue PROFICORDER SETUP 


Specimen 


Each of these three basic units is a logical integral assembly by 
itself, but functionally they are interrelated in a rather complex 
manner. The essential features and functions of each are as 
follows: 


Tracer 

(a) A tracer point which follows the surface being profiled. 

(6) A conversion element for changing mechanical displace- 
ments into electrical voltages. 


Piloting Fixture 

(a) Means for mounting the tracer and moving it in an op- 
tically flat plane over approximately 2 in. of trace. 

(b) A tilting adjustment for aligning the tracer with the speci- 
men. 
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(c) Vertical adjustment to accommodate different sized speci- 
mens and for mounting or removing the specimens. | 

(d) A means for mounting and supporting the specimen being 
measured. 


Amplicorder 


(a) Oscillator to provide ‘carrier’ for measuring circuit. 

(6) Amplifier. 

(c) Demodulator. 

(d) Recording meter. 

(e) Chart. 

(f) “Range switch” for selecting desired vertical magnifica- 
tion. 

(g) Controls for horizontal magnification. 

(h) Driving mechanism for chart and piloting fixture. 

(¢) Provision for manual operation of piloting-fixture drive. 

(j) Drive and adjustment for tracing speed. 

(k) Secondary controls and switches for convenience of opera- 
tion. 


PRINCIPLES OF OPERATION AND FUNCTIONAL DETAILS 


As indicated earlier, the three basic requirements for success- 
ful profile recording are vertical magnification, horizontal magni- 
fication, and a tracing mechanism. The following description 
of the Proficorder shows how these basic requirements have 
been incorporated in the physical units listed in the previous sec- 
tion. 

Vertical Magnification. The magnification of the mechanical 
displacement of the tracer point is obtained by means of an elec- 
tronic measuring circuit. The essential feature of this measur- 
ing circuit is that it records static, as well as dynamic displace- 
ments of the tracer point. In recording waves which have wide 
horizontal spacing, or steps which have a single nonoscillatory 
displacement, it is necessary that the measuring circuit be able to 
record nonrepetitive or ‘“‘zero-frequency” displacements of the 
tracer point. 

When using the tracer method, there are two principal means 
for producing voltages: 


(a) Generation of a voltage by means of the mechanical oscil- 
lations of the tracer point. 
(b) Modulation of a carrier voltage. 


(a) In the generating method, the frequency of the electrical 
voltage produced is the same as the frequency of the mechanical 
oscillations of the tracer point. Therefore it follows that at 
zero frequency of the tracer point, the voltage output of the 
tracer is zero. A moving coil in a magnetic field and a piezo 
crystal are examples of the generating method of producing 
voltages. In order to obtaif measurements, this generating 
type of mechanical-electrical conversion must be operated above 
some minimum “cutoff” frequency. When operated near or be- 
low this minimum frequency, serious discrepancies appear in the 
conversion. Because of this low-frequency cutoff, therefore, 
it becomes impossible to use the generating-type circuit to show 
the shape and dimensions of the irregularities with larger hori- 
zontal spacing, which fall under the classification of waviness. 
Moreover, steps or nonrecurrent irregularities of small horizontal 
dimension will produce only intermittent voltages, and thus will 
not show their shape with respect to the rest of the surface. For 
these reasons, the generating system of producing voltages has 
serious limitations. With this type of measuring circuit, it is 
impossible to make profile records that will show the size and 
shape of waves or nonrecurrent irregularities. 

(b) The modulated carrier method of producing voltages 
involves complexity of design, but offers the only feasible method 
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for including zero frequency in the measurement band. As 
explained previously, this inclusion is @ necessity for measuring 
waviness. Therefore the modulation type of mechanical- 
electrical conversion has been used in the Proficorder. 

Fig. 2 is a block diagram of the various components of this 
circuit for recording static and dynamic displacements. The 
oscillator is the vacuum-tube type, and provides a carrier 
voltage of constant frequency and magnitude. This carrier volt- 
age provides the input for the element in the 
tracer. This conversion element is essentially a transformer with 
variable coupling between primary and secondary windings. It 
serves as a modulator of the carrier voltage. The tracer point 
is attached directly to the secondary coil and, as it moves in and 
out of the tracer housing, the coupling between the primary and 
secondary coils is changed. 

The output of the converter is thus a modulated carrier 
voltage, and the quantity in which we are interested is the amount 
of the modulation. When measuring irregularities of the order 
of microinches, this quantity is very small. Therefore the 
modulated carrier signal is amplified, Fig. 2, to give the desired 
sensitivity. 

After proper amplification, the modulated carrier must go 
through a suitable demodulating circuit. This serves to eliminate 
the carrier and leaves only the “measuring signal,’’ which was 
introduced by the conversion element in the tracer, and which 
has now been sufficiently amplified for purposes of meter opera- 
tion. 


conversion 


The measuring signal coming out of the demodulator con- 
sists of a varying direct-current voltage, which in turn operates 
the meter. When the tracer point is in the center of its range, 
this voltage is sufficient to put the meter pen at the center of the 
chart. If the tracer point now moves up or down, the coupling 
between primary and secondary coils in the tracer is changed so 
that more or less voltage appears at the output of the demodu- 
lutor. This causes the pen to move correspondingly from its 
center position on the chart. The amount and direction of this 
pen displacement is in direct proportion to the amount and ¢i- 
rection of the tracer-point displacement. 

As already explained, this type of displacement-measuring cir- 
cuit has no low-frequency cutoff and therefore is not dependent 
upon mechanical oscillations of the tracer point to give signal 
voltages. This makes it possible to register on the profile record 
any of the irregularities which the tracer point encounters as it 
moves across the surface of the specimen, including waves, bows, 
steps, or random irregularities. There is a high-frequency cut- 
off for the meter, but, by selecting an appropriately slow tracing 
speed, the rate of signal variations may be kept well below the 
limitations of the meter. Accordingly, all of the roughness and 
other closely spaced irregularities are shown in true relation to 
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the waviness and other widely spaced or nonrecurrent irregulari- 
ties. 

The basic control for the measuring circuit just described 
is the range switch on the Amplicorder control panel, Fig. 3. 
This is essentially an attenuator which permits the user to select 
the proper scale of vertical magnification for the surface being 
profiled. A ‘zero adjust’”’ control permits fine electrical com- 
pensation for a suitable tolerance in vertical positioning of tracer. 
Table 1 shows the scales in the vertical magnification range. 
Any of these scales may be selected by means of the range switch 
shown in Fig. 3. 


TABLE 1 SCALES IN VERTICAL MAGNIFICATION RANGE 
Amount of vertical magnifica- 
Vertical measurement repre- 
sented by full chart width, 


x500 «1000 X2500 5000 «10000 


0.010 0.005 0.002 0.001 0.0005 
Vertical measurement repre- 
sented by smallest division 
of chart, microinches....... 200 100 40 20 10 
— 
| 6 controts For 
| HORIZONTAL MAGNIFICATION 
| 
| RANGE SWITCH FOR 
VERTICAL MAGNIFICATION 
| REVERSING SWITCH 
| 
| 
| —ZERO ADJUSTMENT 


TRACING SPEED CONTROL 
HANDWHEEL FOR 
MANUAL OPERATION 


Bastc CONTROLS ON AMPLICORDER PANEL 


ADJUSTING STOPS 
FOR LENGTH OF TRACE 
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Horizontal Magnification. Whereas appropriate vertical mag- 
nification in a profile record is obtained by an electronic measur- 
ing circuit, horizontal magnification is the result of a mechanical 
ratio between the tracing speed and the chart speed. A range of 
horizontal magnification is indispensable in profile recording when 
various types of surfaces are to be measured. In general, the* 
more widely spaced irregularities, such as waves or bows, require 
a small horizontal magnification. Otherwise, the chart length for 
a 2-in. trace becomes inconveniently long. If a chart is too long, 
it becomes difficult to observe the relationship between the vari- 
ous irregularities. For more closely spaced irregularities, and 
especially fine roughness, it is necessary to use a much larger 
horizontal magnification. Otherwise, the many fine irregularities 
crowd each other on the chart so that they lose their identity. 

The ratio between tracing speed and chart speed gives horizon- 
tal magnification, and is determined by suitable gearing. To 
change horizontal magnification, it is necessary to change only 
the gear ratio. This is done by means of the selective gearbox 
shown in Fig. 4. Provision is made for eight different ratios 
between input shaft and output shaft. A pair of knobs on the 
Amplicorder control panel, Fig. 3, provides for convenient selec- 
tion of any one of the eight ratios. The settings of these knobs 
are calibrated directly in horizontal magnification. 

TABLE 2 HORIZONTAL MAGNIFICATION RANGE 
Ratio of chart speed to tracing speed 


1 20 
2.5 50 
5 100 
10 200 


Table 2 shows the values provided. The values in the first 
column are normally used when studying waviness, while those 
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in the second column are useful for recording detail of roughness. 

Tracing Mechanism. The tracing mechanism consists of a 
piloting fixture, Fig. 4, which provides for moving the tracer over 
the surface in such a way that the profile drawn on the chart is 
a true representation of the profile traced. Basically, the pilot- 
ing fixture consists of a slide-and-screw arrangement for moving 
the tracer, a tilting mechanism for aligning the tracer with the 
surface being traced, and a vertical adjustment, see Fig. 1. 
The tracing mechanism is so arranged that the tracer element 


moves through a horizontal plane which is flat within a few: 


microinches over a distance of approximately 2in. The accuracy 
is much greater over shorter distances. 

In addition to moving the tracer element along an optically 
flat plane, it is also necessary to have the line of trace very closely 
parallel to that portion of the surface being traced. This is 
necessary in order to keep the profile record on the chart. Lack 
of parallelism between the line of trace and the specimen causes 
the whole profile to move either to’one side of the chart or the 
other. This alignment of the fixture, or tracer, with respect to 
the surface, must be done for each new specimen. Two adjusting 
wheels, one coarse and one fine, are provided on the fixture for 
this purpose, see Fig. 1. 

In placing the specimen under the tracer unit, it is necessary 
to have some means of raising and lowering the tracer. This is 
accomplished by mounting the entire piloting mechanism on a 
vertical slide, see Fig. 1. Thus the tracer can be raised high 
enough to allow for convenient mounting of the specimen to be 
measured. After the specimen is properly placed, the tracer is 
lowered by means of the vertical slide until the tracer point 
touches the surface. In practice, it becomes necessary to make 
a combination of vertical and aligning adjustments for the final 
setup. Skill in making these adjustments is readily developed, 

The tracing mechanism is driven by a selsyn motor. This 
motor is driven by one of two driver selsyns in the Amplicorder 
cabinet. One of the driver selsyns is operated manually by the 
handwheel for manual operation (see the control panel, Fig. 
3). By using this means of driving the piloting-fixture selsyn, it 
is possible to traverse quickly the length of trace, or to exercise 
care in moving the tracer point up to a shoulder, or ina slot. It 
is used primarily for setup purposes. The other driver selsyn is 
motor-driven, and provides for uniform motion at calibrated 
speeds. . 

A range of tracing speeds is desirable for convenient profile 
recording. If the tracing speed is too fast for a given surface, 
the meter will fail to follow faithfully the mechanical displace- 
ments of the tracer point as it travels over the irregularities of 
the surface. This results in distortion of the profile drawn by 
the p... However, using a tracing speed which is much slower 
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than necessary for the surface in question results in undue length 
of time for drawing the record. The variable-speed drive shown 
in Fig. 4 therefore provides an appropriate range of tracing speed. 
It is adjusted by means of a calibrated knob on the Amplicorder 
control panel, Fig. 3. This adjustment provides a continuously 
variable tracing speed from 0.0005 to 0.015 ips. Since close 
adjustment is not required, the knob has only six calibration 
marks within this range. Selection of the proper tracing speed 
for making a profile record of a given surface depends upon the 
character of the surface and the type of information desired. 

In general, higher tracing speeds are used for waves and other 
widely spaced irregularities. Fine roughness, however, requires 
a slow tracing speed so that the high-frequency cutoff of the meter 
is not exceeded. Experimental evidence has indicated that 
0.0005 ips is a sufficiently slow tracing speed to record faithfully 
the finest roughness which is currently produced by the usual 
grinding and machining operations. 

The maximum length of trace on the Type RLA piloting fixture, 
Fig. 1, is 17/, in., but in many instances there is no need to utilize 
the full trace. By means of a stroke adjustment (see Ampli- 
corder unit in Fig. 4), it is possible to select whatever length of 
trace is desired. Adjusting stops are located on the control 
panel, Fig. 3. At the end of the selected trace, the power to the 
piloting-fixture selsyn is cut off automatically, thus stopping the 
tracer. Provision is also made for a reversing switch, Fig. 3, 
which makes it possible to drive the tracer in the opposite direc- 
tion, 

The Type RLA piloting fixture, Fig. 1, provides a table plate 
for mounting the specimen under the tracer. This plate is an 
integral part of the piloting fixture. Other piloting fixtures are 


designed so that the piloting mechanism rests directly on the 


surface itself. The important feature is that there must be no 
relative vertical movement between surface and piloting mecha- 
nism while the record is being taken. The measuring circuit 
has no means of distinguishing between irregularities of the sur- 
face of the specimen and extraneous movements of the speci- 
men. Accordingly, sufficient rigidity must be provided in the 
mounting mechanism, and in the tracer supporting mechanism, 
so that extraneous motions are kept within acceptable limits. 
The following summarizes the functional details discussed in this 
section: 

The Proficorder is an instrument which provides a means for 
moving a tracer point over a surface, the end result of which is a 
profile record on a chart. This profile record is characterized by 
appropriate vertical and horizontal magnifications, which are ob- 
tained by electronic and mechanical means, respectively. Physi- 
cally, the instrument consists of three separate units, i.e., tracer, 
piloting fixture, and Amplicorder. For the sake of adaptability, 
the Amplicorder has been designed and constructed as the basic 
unit which can be used with different types of tracers and piloting 
fixtures. A line of tracers and piloting fixtures provides the ver- 
satility to cover a wide variety of work. 


Tests ror DeTERMINING ACCURACY AND SENSITIVITY OF PRo- 
FICORDER 


When viewing a profile record showing the irregularities of a 
given surface, one should know what accuracy can be attributed 
to this record, i.e., to what extent may the profile record include 
errors which are due either to inherent limitations or to mal- 
functioning of the instrument. 

There are several basic tests, as follows, which are used in 
establishing the accuracy and proper functioning of a profile 
recorder: 


1 Accuracy of the piloting mechanism is best determined by 
the profile record obtained from tracing across an optical flat for 
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5 Prorire Recorp or Opricau Fiat 


(Magnifications: V-10,000, H-5, before 3 to 1 reduction. Basic test for 
determining accuracy of piloting mechanism. Accuracy for 1'/2 in. of trace 
is better than 5 microinches, as determined by this record.) 


the maximum trace of the piloting fixture. Fig. 5 illustrates such 
a record run on the Type RLA fixture. If the optical flat has 
an accuracy of 1 microinch, any deviations greater than this on the 


profile record of the flat can be attributed to inaccuracy of the. 


instrument, or to distortion of the optical flat by improper mount- 
ing. As determined by this method, the accuracy is approxi- 
mately +3 microinches over a 17/;-in. trace. This degree of accu- 
racy is highly desirable when determining the vertical magni- 
tude of waves, bows, or other widely spaced irregularities. It is 
especially important when one wishes to determine the relative 
merits of different machining or finishing processes which are 
intended to eliminate or cut down the magnitude of certain sur- 
face irregularities. 

2 Sensitivity of the instrument is most conveniently checked 
by tracing over a known gage-block step. Fig. 6 shows the pro- 
file obtained by tracing over three gage blocks wrung onto an 
optical flat, side by side. The gage blocks selected provide for 
steps of 0.0008 in. and 0.0004 in. At V-5000 magnification, full 
chart width represents 0.001 in. Tracing across the two steps 
therefore should give a profile showing steps equal to 80 per cent 
and 40 per cent, respectively, of the chart width. At lower set- 
tings of the vertical range switch, the magnitude of the steps 
on the chart record will be proportionately smaller. Accuracy of 
the rated magnifications is held within a few per cent. 

3 The question also arises as to how faithfully the instrument 
can repeat itself when going over the same trace a second time. 
This can be checked by drawing a profile record of a surface which 
shows a number of distinct irregularities easily identified on the 
profile. The tracer and chart are then returned to their original 
starting point. By means of the zero-adjustment control, the 
pen is moved over on the chart so that a duplicate profile can be 
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drawn below or above the first record. A second trace is-then 
made over the same surface profile, see Fig. 7. Comparisons 
between individual irregularities as to size and shape can then 
be made very readily. The agreement is excellent. 

4 Testing for broken or dull tracing points is accomplished 
as follows: The tracing point commonly used in the tracer is a 
pyramidal diamond which has a tip radius no larger than 100 
microinches, Due to the comparatively large width-to-height ratio 
of most surface irregularities, this tip radius is sufficiently small 
to bottom the contour of virtually all the irregularities encoun- 
tered by the tracer point. Small tip radius is unimportant when 
measuring. waviness because of the large horizontal spacing. 
For more finely spaced irregularities, experiment has shown that 
diamonds with a tip radius smaller than 100 microinches produce 
a profile record which shows scarcely any appreciable differences 


from that drawn with the 100-microinch tip radius. 
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(Magnifications: V-10,000, H-100, before 3 to 1 reduction. .This is con- 
venient test for determining whether or not instrument repeats itself faith- 
fully. Individual irregularities are readily compared on the two profiles.) 


However, it is possible for these diamond tips to become dull or 
damaged. This will ordinarily reduce the detail of the closely 
spaced irregularities, or fine roughness, shown on the chart. 
The reason for this is that the dull tracing point fails to bottom 
the fine irregularities on the surface being traced. The profile of 
ground glass is almost always characterized by a great deal of 
fine detail superimposed on the coarser roughness. Fig. 8(a) 
shows a profile of a standard ground-glass specimen. Therefore, 
if it is suspected that a tracer point is dull or broken, a profile 
should be drawn of a known ground-glass specimen. If fine de- 
tail shows up on the record, the tracer point is probably in good 
condition. However, if the fine roughness which characterizes 
ground glass is not present on the profile, Fig. 8(b), the diamond 
is either worn or broken. In making such comparisons, it is not 
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Fic. 6 Prorite or Gace-Biock Steps 


(Magnifications: V-5000, H-10, before 3 to 1 reduction. 
ness wrung onto an optical flat side by side provide steps of known height. 
is 0.0008 in. thicker than left block, and 0.0004 in. thicker than right. 
produces profile shown, which indicates sensitivity of instrument. 
Deviations of record from theoretical shape include tolerances 


due to chamfer on blocks. 


Gage blocks of different thick- 
“Middle block 
Tracing over blocks 
Crack between blocks is 


in gage blocks, uncertainties of mounting of blocks, and ‘tolerances in instrument.) 
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Fic. 8(a2) Prorite SHowinG Use or SHARP DriaMonp aS TRACER 
Point; Tip Raprus UNDER 100 MicroINcHES 
(Magnifications: V-10,000, H-100, before 3 to 1 reduction. Represents 


characteristic profile of ground-glass surface. Fine detail is lost when 
tracer point becomes dulled, see Fig. 8b.) 


proper to compare individual irregularities on the two graphs 
because it is not feasible to change diamonds and then run the 
second trace over exactly the same part of the profile as the first 
trace. 

Conclusions concerning diamonds may be verified by removing 
the tracer point and examining it under a high-power microscope 
(X400 or higher). Tracer points are mounted in such a way 
that they can be removed and replaced readily. 


PROFICORDER APPLICATIONS 


As indicated in the introductory paragraphs, the primary con- 
sideration in the development of the Proficorder was that of meas- 
uring surface waviness. The nature of the instrument is such, 
however, that it will draw a complete profile of the surface, in- 
cluding all irregularities traversed by the tracer point. This 
profile record shows the fine surface roughness superimposed 
upon the waves and other widely spaced irregularities, Fig. 9. 
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Fic. 9 PRoFILeE SHOWING ROUGHNESS SUPERIMPOSED ON WAVINESS 


(Magnifications: V-5000, H-20, before 3 to 1 reduction. This profile rep- 
resents all irregularities trav ersed by tracer point. More detail for closely 
spaced irregularities can be obtained by greater magnification.) 


Whether measuring waviness or roughness, or both, the useful- 
ness of the instrument depends to a large extent upon the variety 
of specimens or actual machined and processed parts which can 
be profiled in their natural state, condition, or position. The 
scope of the instrument in this respect depends largely on the na- 
ture and adaptability of the piloting fixtures which carry the 
tracing elements. 

As currently developed, therefore, there are three different 
basic types of piloting fixtures for different applications. Any 
one of these can be used with the standard Amplicorder unit 
which contains the amplifier-recorder, the variable-speed drive 
mechanism, and all necessary controls for operating the piloting 
fixtures. 

The Type RLA piloting fixture, Fig. 1, has been described at 
some length in this paper. It is mounted on a base plate which 
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PRrRoriLE SHOWING Usp oF Diamond 
Point; Trp Raprus or 600 MicroincHEes 
(Magnifications: V-10,000, H-100, before 3 to 1 reduction. Trace was 
made over same ground-glass specimen, not identical profile, as used for Fig. 

Note loss of fine detail as compared with profile in Fig. 8a.) 
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rests on legs. The fixture is stationary in character. It can 
accommodate a great variety of parts which are of such size 


that they can be brought to, and placed on, the table plate under 


Fie. 10 Type RPA Pivotine Fixture 


(Used primarily for large outside diameters and for measuring flats which 
are not readily moved from their location. 
specimen. 


Fixture is mounted directly on 
Over-all dimensions 3!/4 in. wide X 4!/:in. high X 12 in. long.) 


RCA PiLotine Frxture ror INTERNAL DIAMETERS 
(Used for taking profiles of cylinders.) 
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Fic. 12 Prorire Recorp or Worn CyLiInpeER Watt Usepd 
AUTOMOBILE BLocK 
(Left end of record represents top of cylinder. Magpifications: * V-1000, 


H-5, before 3 to 1 reduction. Step shows where piston ring stopped when 

piston reached top center position. Higher compression, poor lubrication, 

starting friction, all account for ereater . ed as piston approaches top of 
cylinder 
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the tracer unit. Profile records may be drawn of outside diame- 
ters (axially) as weil as flats. For large outside diameters, 
such as rolling-mill rolls and flats which cannot be moved con- 
veniently, or are too large to be placed on the table plate of the 
Type RLA piloting fixture, there is a portable piloting fixture, 


Fig. 10. This fixture can be carried to the specimen and placed 
directly on it. Sufficiently long cables for connection to the 
Amplicorder uvit are attached to the fixture. The necessary 


controls for leveling and vertical adjustment are on the fixture. 

A third fixture provides for measuring profiles in an axial 
direction on inside diameters such as cylinder walls, Fig. 11. 
The fixture is placed directly inside the cylinder and can be used 
for 27/s in. LD or larger. This fixture has a stroke of 2'/¢ in., 
which is somewhat longer than that of the other two fixtures. 
Fig. 12 shows the profile taken axially along the cylinder wall of a 
used automobile block. The step shown on the record is where 
the upper ring stopped during each stroke of the piston. 
ANGLES RELATIVE TO A GIVEN PLANE 


MEASURING SMALL 


This is a problem somewhat different from the one usually 
associated with the drawing of surface-profile records. However, 
the angle which one part of a surface makes with another part is 
a matter of profile, and as such, the Proficorder provides a means 
for measuring this angle. When the angle is very small, the 
Proficorder can be used to obtain a high degree of accuracy in its 
measurement, 

The profile record in Fig. 13 serves as an illustration. The 
setup is made in such a way that when tracing across the so- 
called reference plane, the line or profile drawn on the chart lies 
parallel to the lines of the chart and very near to one edge. As 
the tracer point moves over the plane which makes an angle 
with the reference plane, the line drawn on the chart will slope 
toward the other edge of the chart. When the pen reaches the 
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(Magnification: V-1000, H-50, before 3 to 1 reduction. Represents trace 
over two plane surfaces which meet at an angle. Angle A between the two 
is a function of a and b; a and b are scaled from chart.) 


opposite side of the chart, the tracing is stopped. The chart now 
has on it a line with a certain slope; the amount of slope being 
dependent upon the size of the angle and the horizontal and 
vertical magnifications used. This line may be considered as 
the hypotenuse of a right triangle. From the illustration, Fig. 
13, it is evident that the angle A, in question, is a function of the 
sides a and b. The sizes of a and b are scaled from the chart. 
Therefore the value of A is easily obtained from the following 
trigonometric relation 


Tan A = a/b = 


Angle A 


THE PROFICORDER—INSTRUMENT FOR RECORDING WAVINESS 


SUMMARY 


The Proficorder represents a major addition to industrially 
available surface-measuring instruments. It provides data 
which are highly essential in the study of surfaces and the proc- 
esses by which they are obtained. It is unique among surface- 
measuring instruments because of the following characteristics: 
(1) It reproduces, with appropriate magnifications, the actual 
profile of a considerable length of surface. This gives a profile 
record in which finely spaced irregularities, such as roughness, 
are superimposed on the more widely spaced irregularities, such 
as waves or bows. (2) It permits the study of individual irregu- 
larities as to size, shape, and relative position with respect to other 
irregularities. 

The implication of these two features is that the fields of ap- 
plication are very wide. In the industrial process, there are 
three general areas of usage which suggest themselves, as follows: 


1 The instrument can be used to good advantage for inspec- 
tion of production setups for waves and other surface character- 
These surface characteristics are determined, not only 
by the general condition of the machine (bearings, spindles, 
gears, balance, etc.), but more directly by the nature and con- 
dition of the cutting edges of tools and the cutting grits of wheels. 
It is next to impossible to specify these cutting edges; more- 
over, they may change significantly from setup to setup and 
during ordinary runs. Use of the Proficorder during machine 
setups allows these variables to be controlled, thus providing 
more consistent quality and preventing loss of time and material. 

2 Asan instrument for use in process engineering, it provides 
quantitative data for détermining the effectiveness of steps 
taken to improve or obtain certain surface finishes in machining 
or grinding operations. Moreover, it can be used to good ad- 
vantage in determining the effect of subsequent finishing proc- 
esses on surface character, particularly waviness and other widely 
spaced irregularities. 

3 Asa laboratory instrument, the Proficorder supplies indis- 
pensable information to all those who are interested in determin- 
ing the causes, effects, and characteristics of surface irregularities. 


istics. 


Discussion 


H. Biox.* In recording a surface profile, the conventional 
methods, including that employed in the Proficorder, consist of 
plotting the ordinates (heights) of the irregularities as a function 
of the abscissas; for further reference it is proposed to call this 
the Cartesian method. 

In a common variant of the Cartesian method, the scale of 
magnification for the ordinates is chosen larger than for the 
abscissas, because the mean slope of the irregularities as a rule 
is small and otherwise a great length of recording paper has to 
be used. The gain in surveyability outweighs the disadvantage 
of the distortion of the record. 

It is felt that further improvements may be achieved by 
changing over to another method of recording, i.e., to the polar- 
diagram method. The polar method is well known in the field 
of wave analysis (for example, analysis of electric currents), but 
apparently -has not yet received the attention from workers in 
the field of surface roughness which it undoubtedly deserves. 

In contrast to a Cartesian diagram, in ‘a polar diagram the 
ordinates y are not plotted as a function of the abscissas z, but 
as a function of the slopes dy/dx of the irregularities. For 
example, for a sinusoidal surface profile, the polar diagram proves 
to be an ellipse; by proper adjustment of the scales, the el- 
lipse may be transformed into a circle. Going a step further, 


3 Royal Dutch Shell, Delft, Holland. 
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it can easily be shown that for each truly periodic surface profile, 
which possesses no discontinuities in height or slope of the ir- 
regularities, a polar diagram will be found which consists of a 
single closed curve. In general, it can be proved that, for the 
purpose at hand, the polar diagram characterizes the surface 
profile mathematically as completely as the Cartesian diagram. 
It is true that the polar diagram cannot provide the level of the 
surface profile relative to some reference level but for this 
purpose, i.e., studying surface roughness, this is wholly unim- 
portant.‘ 

The polar method is not just a mathematical trick, but it 
presents several distinct advantages over the Cartesian method, 
particularly if the surface profile is to be studied in terms of 
statistics; some advantages are as follows: 


1 The polar diagram occupies much less space than the con- 
ventional Cartesian daigram. 

2 In studying the distribution (statistically speaking, the 
frequency diagram) of the slopes occurring in the surface profile, 
the polar diagram provides a more direct approach than the Car- 
tesian diagram. In the writer’s opinion, the distribution of 


4 Mathematically, the polar diagram relates the ordinates y to 
the corresponding values of dy/dy. From sucha relation (an ordinary 
differential equation of the first order), the relation between y and 
z, i.e., the surface profile, can be found by integrating once, for 
example, by well-known graphical methods. In this integrating 
process one indeterminate constant of integration is introduced: 
This feature explains why the polar diagram fails to provide the ex- 
act level of the surface profile. 
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slopes is in many cases no less important than the distribution 
of heights. 

3 In studying deviations from true periodicity of the ir- 
regularities, the polar diagrarh is more convenient than the Car- 
tesian diagram; in the polar diagram such deviations result in 
a branched curve intersecting itself and delineating a ring-shaped 
region. From the width of this ring the magnitude of the devia- 
tions may be judged at a glance. 

4 In combination with item 3, for the purpose of comparing 
the profile actually obtained in the finishing process with the 
profile prescribed, the polar diagram is more convenient than 
the Cartesian diagram. Whereas interpreting polar diagrams 
in terms of the actual surface profile requires experience and 
skill, for inspection purposes quite inexperienced personnel may 
be employed, as only a ring-shaped template with clearly in- 
dicated “tolerance widths” has to be compared to the polar 
disgram obtained. 


Finally, it should be remarked that polar diagrams may be 
plotted automatically by relatively simple electrical means. 


AutTuors’ CLOSURE 


Mr. Blok’s mathematical transformations are interesting. 
Thus far the authors’ purpose has been to develop a simple, 
rugged, versatile instrument for shop use. The profiles obtained 
show the actual surface irregularities in true relation to each 
other, and thus far the interpretations by shop personnel have 
been simple and straightforward. 
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Development of an Air-Operated 


Force-Measuring System 


By A. A. MARKSON! anp R. S. WILLIAMS,? PITTSBURGH, PA. 


The force-measuring system ‘described in this paper de- 
pends upon the principle of using a nonmetallic flexible 
diaphragm as a null-deflection frictionless measuring 
piston. This is accomplished by use of a simple auxiliary 
positioning pneumatic-relay system. A novel viscous 
stabilizing damper is described. The paper outlines the 
industrial development of this principle. Previous’ re- 
lated NACA work in this field is cited. Because the 
devices are now used in test measurements on cradle 
dynamometers, turbojet engines, rockets, and guided mis- 
siles, some essential data relating to the evaluation of such 
a system and its probable errors are given. It is shown 
that this principle is capable of yielding an unusually 
good combination of ruggedness and stable accuracy. 


INTRODUCTION 


HE use of flexible nonmetallic diaphragms as measuring 

elements is not new. Industrial draft gages, for example, 

employ this principle extensively. The development of a 
good force-measurement system, using a flexible diaphragm, in 
which the measurement is obtained as the product of a balancing 
air pressure acting upon the diaphragm area, involves problems 
to a degree not ordinarily encountered in usual good diaphragm- 
operated instruments. 

A particular engineering development in this field of measure- 
ment, the subject of the present paper, is known commercially as 
the “ThrusTorq” system of force measurement. Figs. 1 and 2 
are schematic diagrams which show the elementary devices and 
their method of operation. As force is applied to the measuring 
diaphragm of Fig. 1, a relay pilot valve automatically admits 
or exhausts air from the diaphragm chamber, acting as a null- 
point regulator of the diaphragm position. The balancing air 
pressure is suitably measured and, if the area of the diaphragm is 
satisfactorily constant, is a measure of the applied force. The 
system will be recognized as one in which instability is possible 
in the absence of damping. The required damping is supplied 
by a viscous damper. 


DeraAILs oF SYSTEM AND OPERATION 


Referring to Fig. 1, the construction of this unit consists of a 
molded diaphragm the outer edge of which is clamped between 
the diaphragm cage and cover. Clamped to the diaphragm is a 
rigid center which carries the exhaust port. The rigid center or 
thrust plate is attached rigidly to the force arm. A force applied 
to the force arm is transmitted to the measuring diaphragm by the 
arm and the elastic fulerum. The stabilizer capsule, attached to 
the force arm, reacts with the instrument frame through the 
stabilizer thrust buttons. Located in the diaphragm cover is the 


' Mechanical Engineer, Hagan Corporation. Mem. ASME, 

? Production Engineer, Hagan Corporation. Jun. ASME. 

Contributed by the Industrial Instruments and Regulators Divi- 
sion and presented at the Annual Meeting, Atlantic City, N. J., 
December 1-5, 1947, of THe AmeRICAN SocrteTy or MECHANICAL 
ENGINEERS. 

Nore: Statements and opinions advanced in papers are to be 
understood as individual expressions of their authors and not those 
of the Society. Paper No. 47—A-37. 
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Fic. 2. Meruop or OBTAINING AREAS IN SERIES 
double-seated poppet valve which acts as a null-position regula- 
tor of the diaphragm position. 

The operation of the system can be described by first explaining 
the poppet-valve construction and operation. The poppet con- 
sists of a solid stem, one end of which is formed into an inlet 
poppet head, the other end serving as an exhaust-valve stem. 
When the unit is in operation, the inlet poppet is seated in the 
inlet port. Th@ exhaust end of the valve seats in an exhaust 
port which is carried in the rigid center. With compressed air 
connected to the poppet-valve inlet, a movement of the dia- 
phragm toward the poppet valve under the action of increased 
load causes the inlet valve to open, the exhaust remaining closed. 
This admits air to the diaphragm chamber. 

The air pressure acting on the diaphragm area causes the dia- 
phragm to return to the null position, closing the inlet. A de- 
crease in load on the force arm allows the air pressure existing on 
the diaphragm to move it away from the poppet valve, thus 
opening: the exhaust port, while the inlet remains closed. As the 
air pressure bleeds enough to re-establish the balance between the 
pressure and the applied load, the diaphragm returns to the null 
position, closing the exhaust. Thus with an inlet port which is 
fixed in relation to the instrument frame, the diaphragm will be 
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regulated to a fixed equilibrium position under all conditions. 
The desired equilibrium position for the diaphragm is obtained 
by adjusting the position of the inlet port of the valve in rela- 
tion to the instrument frame. 

The balancing air pressure generated by the relay-valve action 
is a linear measure of the applied load. This pressure is taken 
in practice to standard types of pressure-indicating systems, re- 
motely located in many cases, on which the final load readings or 
records are made. The output pressure may serve simultaneously 
as a pneumatic signal for the operation of regulating and com- 
puting systems. 

This system will be readily recognized as one in which in- 
stability is possible when inertial forces are balanced hydro- 
statically in the absence of sufficient damping. The viscous stabi- 
lizer previously referred to is introduced to control this situation. 
This unit consists of the capsule in Fig. 1, composed of two dia- 
phragm chambers enclosed by flexible diaphragms and con- 
nected by a small orifice in the partition plate. The capsule is 
completely filled with damping liquid. The capsule is attached 
rigidly to the arm and moves with the arm. With the diaphragm 
and force arm set in the null position, the thrust buttons are ad- 
justed symmetrically so that they engage the capsule diaphragms, 
thereby serving as rigid centers for the capsule diaphragms. 
With the unit so adjusted, any movement of the force arm will 
cause liquid to be transferred through the orifice from one 
chamber to the other, thus providing the necessary viscous damp- 
ing for complete stability. This unit will be recognized as a type 
of dashpot from which static friction has been removed and 
alignment troubles practically eliminated. Stable damping con- 
stants are obtainable by the use of damping fluids of the silicone 
family, owing to complete control of damping by the orifice, since 
piston leakage is eliminated. In further contrast to a piston 
dashpot, equally high damping forces are obtained in both direc- 
tions as there is no barometric pressure limit such as determines 
the maximum force on the suction stroke of the ordinary dashpot. 
This permits the application of critical damping with the result 
that response speed is limited principally by the pressure-gage 
speed. 

Fig. 2 shows a variation of the basic elements. Here, two 
measuring diaphragms have been connected in series to give 
higher load capacities per unit. This particular unit is capable of 
_ balancing directly an 11,600-lb force. The series construction is 
accomplished by the use of a third small diaphragm as a flexible 
seal between the two main diaphragms, thus maintaining a fric- 
tionless construction. 

Since the applications of this system are now. numbered by 
several hundred, an idea of the present field of application may be 
obtained from some typical installation views, Figs. 3, 4, and 5. 

Fig. 3 shows a basic unit mounted on a horizontal turbojet- 
engine thrust stand. In the foreground appeags one of the four 
elastically suspended stand supports. This particular support 
-design uses a strip of spring sheet in the form of a loop with the 
two ends secured to the support pedestal. Carried in the loops 
are the pin shafts of the frame on which the jet engine is mounted 
for testing. This engine mounting is quite rigid to lateral motion 
but very flexible along the thrust axis. This type of support is 
used very effectively with a null-displacement measuring system, 
resulting in a completely “frictionless” method of measurement. 

Fig. 4 shows a basic unit applied to a cradled electric dynamome- 
ter used for automotive-engine testing. In this particular 
-setup, it is desirable to operate the system at an angle to simulate 
the actual operating angle of the automobile engine. Here the 
«lynamometer is mounted at 10 deg to the horizontal. The force- 
measuring unit on this dynamometer is a double ThrusTorg, 
«onsisting of two complete upper and lower diaphragm units 
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which allow measurement of forces in either direction. This may 
also be accomplished using a single unit having a preloaded up- 
scale zero on the recorder or manometer. 

Fig. 5 shows an installation of the integral-elastic-fulerum - 
device of the type shown in Fig. 1, applied to a batch-weighing 
hopper installation. A mercury manometer, indicating the 
weight in pounds, is equipped with an adjustable electric con- 
tactor which automatically cuts off the feed to the batch hopper 
at the desired weight indication. 


DEVELOPMENT BACKGROUND 


The first serious attempts to produce a satisfactory design of 
pneumatic-force instrument, which would be an advance in many 
fields of force measurement over previous devices, were reported 
by Moore, Biermann, and Voss,’ of the Aircraft Engine Research 
Laboratory, Cleveland, Ohio. 

Six machines of the type shown in Fig. 6,4 were built by the 


authors’ company for NACA from N ACA designs. These 
machines used a flat fabric-inserted rubber diaphragm as a meas- 


3“The NACA Balanced-Diaphragm Dynamometer Torque In- 
dicator,’’ by C. 8. Moore, A. E. Biermann, and F. Voss, NACA 
RB No. 4C28, March, 1944. 

4 Ibid., Fig. 6. 
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uring piston of approximately 67 sq in. effective area. In order 
to minimize the effect of diaphragm displacement on the linearity 
of the output, a nonbleed relay pilot valve, designed by the au- 
thors’ company, was incorporated in the design shown in Fig. 6. 

As in the authors’ development, the valve assembly consists 
of a valve pin with a poppet head seated in an air-inlet-valve seat. 
The other end of the pin is seated in an atmospheric-exhaust-port 
hole which is part of, and can move with, the measuring dia- 
phragm. As the inlet opens, compressed air flows into the 
diaphragm chamber and closes the valve. Following the instant 
that the poppet pin is fully seated in the inlet, a further with- 
drawal of the exhaust seat opens the exhaust port and lowers the 
pressure till the diaphragm returns, closing the exhaust port. 
The diaphragm is in positional balance when both exhaust and 
inlet ports are closed. 

In the NACA design, the exhaust port is adjustable in the 
diaphragm assembly. Since the equilibrium position of the dia- 
phragm is determined by the fixed valve length between exhaust 
and inlet seats, the equilibrium diaphragm position is adjustable 
by screwing the exhaust port in or out. When the exhaust port is 
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screwed toward the inlet, the diaphragm moves in the opposite 
direction. 

The unbalanced valve area is about 0.01 sq in. Errors from 
this unbalanced area are negligible so that relatively large changes 
in supply pressure have no effect upon the output of the device. 

The valve, being frictionless, produces no measurable effect on 
the sensitivity which is high. In the steady state, practically 
no air is consumed. 

The advantages of this design are good sensitivity, good ae 
arity, insensitive to minor misalignment. 

A t ypical NACA dynamometer-calibration result is shown in 
Fig. 7, as taken from the NACA report cited.* 

The sensitive performance of the NACA instrument and its 
convenient manipulative properties bring out the attractiveness 
of pneumatic systems for force measurement. However, limita- 
tions in the performance of this particular instrument design for 
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general application soon became apparent and it was evident 
that these would have to be overcome before a generally success- 
ful industrial system would result. 

The limitations other than commercial may be listed as follows: 


1 Low load-carrying capacity, as compared with other hydro- 
static systems; such as, pistons and liquid capsules. 
2 Instability under inertial loads. 


The development of a system overcoming these limitations has 
been carried out by the authors’ company since 1943, and has 
resulted in the pneumatic force-measurement devices of the pres- 
ent paper. 

Since these devices have attained considerable importance in 
many widely varied fields, ranging from industyal-belt-weight- 
ometer applications to research on rocket propellants, a fairly com- 
plete design account of this development is justified. 

In developing the necessary accuracy data for the design of a 
measuring system, two general methods of analysis are usually 
employed. From the designer’s point of view, the nature and 
magnitude of the errors in a well-designed instrument may be 
considered as being under reliable control within certain limits 
rather than as being subject to absolutism relating to presence 
orabsence. From this point of view, a knowledge of the perform- 
ance of the system components is required. Sufficient informa- 
tion of this type suffices, at least in theory, for the synthesis of an 
instrument. However, the over-all performance of the instru- 
ment, as constructed and as actually used is the final criterion 
for more than platitudinous reasons. Only then does the designer 
have the final knowledge of how all known and unknown com- 
ponent errors combine in practice to give over-all performance. 
The subject measuring system will be discussed from both view- 
points. 
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The potential sources of measurement error in the air-operated 
measurement system of the paper can be listed as follows: 

1 Characteristics of the measurement diaphragm with respect 
to its effective area and stability. 

2 Influence of the relay pilot valve and the viscous stabilizer 
on measurement accuracy. 

3 Performance of the final force-reading devices, such as 
manometers and pressure instruments; but, because this covers 
well-trodden ground, it can be omitted in the interest of concise- 
ness. 


EFFECTIVE AREA OF NONMETALLIC DIAPHRAGMS 


The effective area of a nonmetallic diaphragm used as a force 
piston may be defined as that area which multiplied by the dif- 
ferential pressure acting on the entire diaphragm gives the true 
measure of the normal forces resisted by the diaphragm system. 
To bring this out clearly, consider the diaphragm in Fig. 8. Part 
of the hydrostatic diaphragm forces are balanced by the load W, 
and part are absorbed by the diaphragm clamp ring. Eaton and 
Buckingham have analyzed this situation. By assuming as they 
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did that the diaphragm is a limp material incapable of force trans- 
mission, except by tension, it is easy to see (a) that all hydrostatic 
forces acting inside the dimension C must be transmitted to the 
load and all forces outside C are taken to the rim. It is readily 
seen that the diaphragm position in Fig. 8(a), has a smaller load- 
supporting area than that of Fig. 8(b), which in turn is less than 
that of Fig. 8(c). In other words, the effective area decreases as 
the weight is raised. Position, Fig. 8(b), is unique, according to 
Eaton and Buckingham, in that the effective areas of all slack 
diaphragms which could be installed in the given assembly are 
generally equal only at this point, which the present authors call 
the diaphragm neutral. The change of effective area with respect 
to displacement is a function of the depth of the cup or belly 
(refer to slackness ratio®), and the displacement from the neutral. 
In the neutral position the effective area is predictable within 
fairly close limits from the mean diameter (D + d)/2. 

Therefore the use of a slack diaphragm as a deflecting system 
connotes a nonlinear system. The degree of nonlinearity is a 
function of the diaphragm displacement from neutral and of the 
slackness ratio, other things being the same. 

Further, the ideal slack diaphragm of Eaton and Buckingham 
has a zero mechanical spring rate, that is, it is completely limp. 

The optimum conditions for reproducible use of a flexible dia- 
phragm for linear-force measurements are readily perceived. 
(1) The diaphragm should be used in its neutral position and not 


5 “Non-Metallic Diaphragms for Instruments,”” by H. N. Eaton 
and C. T. Buckingham, NACA Report No. 206, 1924. 
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permitted to deflect. (2) Any diaphragm-spring forces should 
be a minimum in this position. (3) The slackness ratio should be 
high and not depend upon the manner of installation so that small 
displacements from the neutral will result in small and control- 
lableerrors. (4) Inelastic hysteresis effects can be eliminated by 
not permitting large displacements. 

The diaphragm employed in the present development consists 
of a molded fabric which is covered by rubber bonded to the 
fabric. The diaphragm is relatively thick as compared with those 
discussed by Eaton and Buckingham, the assembly being approxi- 
mately */,. in. thick in the molded belly. 

However, such an assembly is capable of operating satisfac- 
torily at ratings up to 100 psi air pressure, which represents a load 
capacity of 100 psi of effective area or 11,600 lb for the unit in 
Fig. 2. 

The diaphragm has a finite spring rate and a definite area- 
displacement characteristic. Fig. 9 is a plot of experimental data 
on a diaphragm having a nominal area of 3.5 sq in., and a repro- 
ducible neutral area as molded of 3.53 sq in. Plotted against 
displacement from neutral are spring force and effective area 
determined at constant displacement. The error introduced by 
the change in the equivalent area with displacement is estimated 
quite readily. The effective-area curve is quite linear about the 
neutral point, and for 0.050-in. displacement on either side 
shows that the effective area changes at the rate of 0.1 sq in. for 
0.100-in. displacement, or 0.001 sq in. per 0.001-in. displacement. 
If the actual displacement under load is kept below, say, 0.005 
in. by the relay system, the limit of change of area will be 0.005 sq 
in., or under 1.5 parts per thousand. Since the displacement may 
be considered the result of over-all positioning and deflection 
characteristics of the system, the result is a slight decrease of ef- 
fective area, and the resultant measurement will be systematically 
high with respect to the neutral characteristic. 
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The diaphragm-spring force over the deflection interval around 
zero is 1.3 lb per in., or 0.013 lb per 0.001 in. For a 0.005-in. 
displacement, the diaphragm-spring force would be nearly 1 oz. 
For the case cited, this error happens to oppose the area-change 
error. However, the spring force of a rubber diaphragm is in- 
constant with temperature. Data on the variation of elastic prop- 
erties of rubber compounds has been given by J. D. Morron.* Fig. 


®“The Evaluation of Rubber and Rubber-Like Materials,’’ by 
J. D. Morron, presented at the Semi-Annual Meeting, Detroit, Mich., 
June 16-19, 1946, of Tae American Society oF MECHANICAL ENGI- 
NEERS, 
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107 shows typical curves for Buna N which indicate that tem- 
perature changes down to 32 F will produce spring errors due to 
the stiffening of the rubber. However, these errors are quite neg- 
ligible in their effect on the measurement. For changes extending 
much below zero F, the resultant errors are more serious and can 
produce instrument drifts of as high as 1] part in 500 from zero F 
to —30 F. 

When the measuring system is attached to an elastically sup- 
ported measuring stand such as in Fig. 3, the design of the partic- 
ular elastic system to give a negligible error for shifts in the 
mechanism producing an extraneous deflection of 0.003 in. was 
sufficient to insure satisfactory stability of calibration. Thus 
assume, in the 3.5-sq in. diaphragm system under discussion, 
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that the full-load output is 350 lb force. If the suspension is de- 
signed with, say, a force rate of 50 lb per in. in the direction of 
thrust, the force variation for 0.005 in. would be 4.0z. If the extra- 
neous displacement of the system is a pure and stable load func- 
tion, the effect on linearity is zero, the spring rate simply be- 
coming a small constant of the system. However, if the dis- 
placements are random, as might be caused by shifts in the entire 
measuring structure, handling these effects, which in the case 
cited could be as large as 1 part in 1400 of the full load, they may 
require careful attention when striving for the limit in accuracy. 


T Ibid., Fig. 27. 
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As the instrument is essentially linear, such effects will show up 
directly as small zero shifts. 


PiLot-VALVE INFLUENCE 


The pilot-valve area may be taken as 0.01 sqin. The unbalance 
of the valve is a constant of the instrument but is subject to small 
variations associated with the absolute tightness of the valve. 
It has been ascertained experimentally that the parasitic valve 
effects may be kept satisfactorily low by limiting the minimum 
size of the measuring diaphragm to 3.5 sqin. The critical over-all 
test of pilot-valve effect consists of subjecting the instrument to a 
10 per cent change in air-supply pressure. Resulting output 
change should not be readable. 


LABORATORY TESTS OF EFFECTIVE AREA 


Since the constraints operating on the diaphragm system itself 
are free of coulomb friction and lost motion, the sensitivity at all 
load points should be independent of the actual load. This turns 
out to be the case. For example, using a water manometer as the 
indicator, a repetitive deflection at any load point is readily ob- 
tained by applying a load of 1 part in 50,000 of the full load rat- 
ing. This figure was determined by the technique described more 
fully in the discussion of Figs. 11 and 12 which follows. This 
means that the limit of sensitivity is determined by the sensitivity 
of the external dynamometer system and the pressure-indicating 
system. While extreme sensitivity should not be confused with 
stable accuracy, high repetitive sensitivity is a valuable instru- 
ment characteristic in force-measurement systems because the 
frictional performance of the load-applying system can be most 
readily evaluated by use of a frictionless measuring system. 

A considerable number of field investigations have been made 
by users of this system which are generally confirmatory of the 
characteristics discussed. 

Fig. 11 gives the results of laboratory studies made by the 
authors based on the following test method: If a hydrostatically 
loaded diaphragm of area equal to the measurement diaphragm is 
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used to apply full load to the measurement diaphragm, then a 
water manometer may be connected differentially across the two 
diaphragms and will assume a zero reading corresponding to the 
weight of the parts carried by the measurement diaphragm. 
The smallest weight added to the measurement diaphragm, which 
will give an additional deflection on the manometer, yields the 
sensitivity at the time when the measurement diaphragm is 
under its full rated load output. 

Fig. 12 shows the system schematically. A double unit is used, 
the lower unit being the measurement unit under test. The 
upper unit pilot valve is removed and the exhaust blanked. 
Air pressure is applied to the upper unit by means of a precision 
dead-end reducing valve, and the hydrostatic force is transmitted 
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Fic. 12. Lasoratory Test METHOD FoR DETERMINING EFFECTIVE 
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to the lower unit which generates an output pressure, observed 
on a mercury manometer. A 100-in. water manometer is con- 
nected differentially between the upper and lower diaphragms. 
A test bar, carefully compared with class B weights and of a 
weight sufficient to give an output change o1 70 in. of water on 
the measurement diaphragm, is then poised on the system. The 
application of the test weight causes the output of the system to 
increase, and the increase is read on the differential water manome- 
ter. The instantaneous effective area can be calculated from 
these data and plotted against the observed mercury-manometer 
output, which gives the load point at which the effective area was 
determined. 

An investigation of the 60-sq in. unit was made, using the 
foregoing procedure over a 2-week period with the results shown 
in Fig. 11. This figure shows the mean-effective-area curve for 
the diaphragm, as determined from the individual daily runs 
which are also given. Between runs, maximum loads indicated 
were left on the instrument. No instrument adjustments were 
made during the test period, the principal object being to deter- 
mine the reproducibility of effective area over a relatively long 
time. Field tests generally confirm the character of these results. 

These results present a factual representation of the probable 
long-time stability of effective area and linearity characteristic, 
as determined by observations of a care and character found in 
industrial laboratories. 


OPERATING EXPERIENCE 


As mentioned, several hundred of these units have been placed 
in service. These installations have been used principally as test 
indicators and recorders on dynamometer systems of various 
kinds ranging from electric-cradle units to buzz-bomb and rocket- 
engine stands. Industrial applications have been very few and 
principally limited to automatic weigh-bin and conveyer opera- 
tion. 

The principal difficulties encountered in the applications of 
these units have been as follows: 


1 Mechanical troubles with the stabilizer units gave the most 
concern before complete liquid tightness and freedom from dia- 
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phragm breakage were finally achieved. It was found that in 
some cases the force arm lacked sufficient torsional rigidity, 
necessitating a design change on one frame size so that the stabiliz- 
ing force was applied in line with the applied force. 

2 It was found that occasionally a unit would be attached to 
a poorly designed testing mechanism, with the result that friction 
and lack of repetition would be attributed to the novel feature 
of the setup. An occasional unit would be badly installed or 
poorly adjusted. 

3 The probity of an instrument reading force on a mercury 
column or other pressure instrument had to be established to the 
satisfaction of the user of established methods, 


These experiences have not been one-sided by any means. 
The advantages of a simple frictionless diaphragm device using 
air and capable of the remote transmission, control, and record- 
ing of force measurements with acceptable accuracy have been 
sufficient to win a degree of acceptance by high-grade laboratories, 
which encourages further perseverance in this development. 


Discussion 


N. B. Nicnots* anp E. H. Woopnu It is believed that a 
more detailed examination of the pilot-valve reactions is de- 
sirable inasmuch as any nonbleed-type pilot yet encountered 
by the writers has an inherent dead zone about the equilibrium 
position. Neglecting the secondary forces produced by Venturi 
effects caused by flow through the ports, the following force 
equations can be written for the pilot valve shown in Fig. 6 of the 
paper; with the exhaust port closed and the inlet port opened 
an infinitesimal distance 


F, = — Ag) + PA; + ld, — Ad 


With the inlet port closed and the exhaust port opened an in- 
finitesimal distance 


= P5(Ap 


AF = F, — F, =-P,A,; + Fo — PalA; — Ag)... .[3] 
where 
F,, Fs = force applied to diaphragm by force arm 
Ap = effective area of diaphragm 
A, = area of inlet port 
A, = area of exhaust port 
Fy) = initial tension in valve spring 
P, = supply pressure 
P, = balancing air pressure 
AF = force dead zone 


. 
The foregoing equations show that for a constant supply 
pressure and a given balancing pressure, the applied force can 
change by an amount 


without changing the balancing pressure. Further, it is seen that 
this dead zone is not a constant but consists of a constant minus 
an effective area imbalance. The position assumed by the valve 
in equilibrium is dependent upon the relative sealing of inlet 
and exhaust ports. If the inlet port will seal more perfectly than 
the exhaust port, it is necessary for the inlet port to open slightly 
for a constant balancing pressure to be maintained; hence force 
Equation [1] applies. Also, if the exhaust port seals more per- 
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fectly than the inlet port, the exhaust port must remain slightly 
open and force Equation [2] applies. As the result of wear, oil 
film, and dirt from the air supply, or slight changes in alignment 
of the valve pin, it is possible for the balancing pressure to come 
to rest at either extreme of the dead zone. Unless a fixed bleed 
is introduced so as always to require one port to remain slightly 
open, it is impossible to predict with certainty which port will be 
slightly open at the equilibrium balancing pressure even for 
successive operations. 

That such a dead zone actually exists in devices of this type 
has been determined experimentally numerous times by the 
writers by the following procedure: A constant,loading force is 
applied to the diaphragm, and a constant flow of free air is metered 
into the balancing-pressure chamber from a separate pressure 
Air is bled to atmasphere from the chamber through 
an adjustable restriction and a flowmeter. 
pressure is measured with a manometer, 


source, 
The balancing 
By adjusting the re- 
striction across a range, data can be obtained for a plot of bal- 
ancing pressure versus net flow (either inlet or exhaust) to the 
chamber. It will be found that a change in the balancing pres- 
sure is required to cross from inlet to exhaust flow and that the 
magnitude can be predicted approximately by Equation [3] for 
this type of pilot-valve arrangement. Fig. 13 of this discussion 
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where point (1) is the condition expressed by force Equa- 
tion [1] and point (2) the condition expressed by force 
Equation [2]. 

When the analysis of the pilot-valve dead zone is applied to the 
apparatus in Fig. 12 of the paper, the possibility arises that some 
error in the instantaneous effective-area measurement can re- 
sult unless a check is made to insure that the equilibrium position 
of the valve is either (1) or (2) for allreadings. This is equivalent 
to saying that the “sensitivity’’ should be checked for constancy 
before each reading. A rough estimate indicates that if the 
sensitivity may be taken as 1 part in 50,000 of full load rating 
for the example in Fig. 11 of the paper, a definite error in instan- 
taneous effective area will result if the pilot valve does not always 
assume the same position, either (1) or (2) in Fig. 13 herewith, 
for each reading. 


The method of obtaining viscous damping is indeed very 
clever and, had the scope of paper permitted, a more detailed 
discussion of the damper and problems associated with various 
inertial loads would have been most interesting. 

This paper is considered a fine contribution to the industrial- 
instruments literature and the authors and their company are 
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to be congratulated for furthering the development of force- 
measuring systems. j 


AutTuors’ CLOSURE 


The discussion of Nichols and Woodhull amplifies the state- 
ments in the paper which deal with the effect 8f relay-valve 
parasitics on instrument accuracy and which state that exist- 
ence of such parasitics means that a measuring diaphragm area 
of 3.5 sq in. is about the minimum for which an instrument of the 
type described may be expected to operate in the fractional 
percentage-accuracy class. Many excellent industrial instru- 
ments of a one-per cent-accuracy class are constructed with 
smaller diaphragm areas. 

The mathematical analyses and experimental work described 
by the discussers are of course clear and correct as far as they 
go. However, the authors have had trouble in the interpretation 
of these results into terms of what Nichols and Woodhull call 
“dead zone and sensitivity.”” The authors therefore will redefine 
dead zone and sensitivity as used in the paper. Sensitivity is 
defined as the smallest increment of the measured force which 
will produce a reproducible change in the steady state instrument 
reading. It is not to be confused with “controller sensitivity.”’ 
Dead zone is more difficult to define but the authors will define 
this term as inversely synonomous with sensitivity. Again the 
controller definition should not be used; the subtlety involved 
is that a dead zone is often deliberately introduced into certain 
controller designs for practical reasons at variance with concepts 
of instrument accuracy. 

With this in mind, a satisfactory physical interpretation of the 
discussers’ equations and experiments is not too difficult. Equa- 
tion [1] is written ‘with the exhaust port closed and the inlet 
open an infinitesimal distance.” This should be interpreted to 
mean the exhaust port seated but having leakage flow. With no 
exhaust leakage flow, the hypothesized condition would not cor- 
respond to a steady state, for the balancing pressure would con- 
tinue to build up to a maximum. What is meant, therefore, is 
simply assumption of a condition in which the valve rests on the 
exhaust seat. Equation [2] is similarly interpreted as the inlet 
end seated, with leakage flow. Further, these assumptions are 
to be regarded only as setting limits. There is no necessary dis- 
continuity between them. For example, the valve load may 
theoretically be shared in any proportion between the two ports 
with leakage flows in both. 

Taking Equation [1] and applying a force increment to the 
left-hand side, it is seen immediately that the right-hand side 
‘an only equate by a change of balancing pressure because the 
areas are constants and a change in the small spring force Fp is 
only brought about by valve motion and this connotes change in air 
pressure. Thus Equation [1] indicates zero dead zone and in- 
finite sensitivity. Similarly Equation [2] indicates the same 
thing. The correct inference is not that sensitivity or dead zone 
is involved but that Equations [3] and [4] indicate the magni- 
tude of possible instrument errors between the two cases. The 
discussers’ ingenious experiment may be used to verify this mag- 
nitude. In the ThrusTorgq design, the pilot-valve action is quite 
free of the ambiguities theoretically possible by Equation [4]. 
The experimental condition of the discussers in which an auxil- 
iary air supply is introduced is only an experimental one since the 
actual instrument does not operate in this manner. The sugges- 
tion of introducing a positive air leak in the exhaust may not be 
without merit for some instruments using this valve principle. 
In the particular design of the paper, no great benefit is to be 
secured but on the other hand, the positional stiffness can be 
slightly impaired. 

The stabilizer design might warrant a separate paper because 
it is, as the discussers point out, interesting in its simplicity as 
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an example of a damped servo system. Such a paper would no 


quencies. The lengthy treatment of the nonlinearities involved 
doubt be instructional as it would cover the behavior of a very 


in the air spring and the relay valve precludes such an analysis 


simple mechanical system oscillating at damped resonant fre- in the present paper. 


Baye, 


Apparatus for Analyzing Reservoir Fluids 


By P. G. EXLINE! anno H. J. En DEAN,? PITTSBURGH, PA. 


In the petroleum industry the examination of subsur- 
face samples of reservoir fluids has become a well-recog- 
nized procedure. Entirely satisfactory methods of samp- 
ling have been evolved. The authors have developed 
laboratory equipment designed to secure essential data 
with greater facility than hitherto has been possible. The 
apparatus is described and illustrated in some detail in 
the paper. 


INCE the pioneering work of Lindsly (1)° in securing and 
examining subsurface samples of reservoir fluids, the recog- 
nition of the usefulness of this work has become widespread, 

and a substantial body of literature has been built up describing 
various techniques and applications. In this work, a reservoir 
fluid is understood to refer to the hydrocarbon liquids and gases 
as they exist in the producing formation, Samples of reservoir 
fluids may be secured by sampling with a specially designed bot- 
tom-hole sampler (1, 2, 3, 4) at the bottom of the well, or by 
taking samples of the liquid and gaseous phases in the proper 
ratios at the separator (5). Methods of securing suitable 
samples of either kind are described in the literature and require 
rather specialized techniques in order to secure representative 
It is assumed without further discussion that with 
proper techniques satisfactory reservoir fluids may be placed in 
laboratory equipment for analysis whether the material was 
secured by bottom-hole sampling or by recombination of surface 
samples. 

The data to be secured from the fluid include the initial satura- 
tion pressure or bubble point, the gas solubility in the oil at reser- 
voir temperature and pressure and at intermediate pressures down 
to atmospheric, the per cent shrinkage of the liquid phase at 
reservoir temperature and pressure at various pressures down to 
atmospheric, the viscosity of the reservoir fluid as a function of 
pressure from reservoir pressure down to atmospheric pressure, 
the deviation factor of the liberated gases, the density of the 
fluid at reservoir pressure and temperature and at intermediate 
pressures. 

The apparatus described in this paper was designed to perform 
these functions on reservoir fluids secured by both methods of 
sampling and to recombine the surface samples. In so far as was 
possible, the apparatus was designed to be highly flexible in opera- 
tion to permit use of various analysis techniques. Four essential 
features common to equipment for this purpose include a pressure- 
tight system suitable for working pressures up to the maximum 
pressures, means for varying the volume of the system, means 
for stirring the contents of the system, and ability to operate at 
temperatures as high as 350 F. Various shapes and sizes of 
pressure systems have been used by other investigators, some of 
them being the sampler itself which was used to collect the sample 


samples, 
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(1, 2, 3, 5, 6, 7, 8,9). In the apparatus described, a rolling-ball 
viscometer is included as part of the pressure system. 

The usual method of altering the volume of the system has been 
to introduce or withdraw mercury from it. Since mercury does 
notenter into combination with the reservoir fluids nor is it soluble 
with them, it can be considered as an inert material conveniently 
capable of altering the system volume. It has several draw- 
backs, as follows, which are desirable to avoid if possible: (a) 
Mercury is perhaps the most difficult fluid to hold in a pressure 
system since it can leak through crevices which are impervious to 
other liquids and®gases. (b) Although no apparent reaction takes 
place with some reservoir fluids, notably the sour crudes of the 
Permian Basin, the mercury becomes emulsified with the oil, 
requiring considerable labor to clean the apparatus and to re- 
cover the mercury following a run. In the present apparatus, 
the use of mercury for changing the volume of the system has 
been avoided by use of a variable-volume cell in which a metal 
piston, operating through a packer, is used for altering the vol- 
ume. 

The fluids in the pressure system usually have been stirred by 
shaking or rotating the pressure chamber, in order to get the 
necessary mixing action of the fluid. Especially when mercury 
is present, the fluid in a long cylindrical chamber will be violently 
stirred as the meréury is allowed to flow from one end to the 
other. In the apparatus described, a reciprocating pump with- 
draws fluid from the bottom of the variable-volume cell, pumps 
it through the system to return at the top of the cell where it is 
violently jetted downward toward the gas-liquid interface. This 
pump is operated by a magnetic solenoid and hence needs nu 
mechanical parts operating through a pressure seal. 


Tue CompLere PRESSURE SYSTEM 


A schematic diagram of the complete pressure system is shown 
in Fig. 1. This system can be described as being made up of three 
independent parts as follows: (a) The analysis section in which 
both the bottom-hole samples and recombined samples are ana- 
lyzed; (b) the gas-compression system used for the quantitative 
injection of gas into the analysis system for recombination with 
the separator liquid in the correct proportion; (c) the pressure- 
indicating system for indicating the pressure within either of the 
other two systems during a test. The analysis section consists of 
the variable-volume cell, the viscometer, the magnetic pump, and 
the necessary connecting tubing. The variable-volume cell and 
the viscometer are enclosed in an insulated cabinet containing 
equipment for heating and circulating the air to maintain con- 
stant temperature. During a test run, the analysis system is isu- 
lated from the other two sections. 

The gas-compression system is composed of two pressure cham- 
bers and a high-pressure pump used for displacing mercury from 
one bomb into the other to compress the gas to be injected into 
the analysis section. The two reservoir bombs are identical with 
those used for the recombination experiments of Botset and 
Muskat (5). 

The pressure-indicating system consists of two Bourdon-tube 
pressure gages, one of 2000 psi range, and the other of 7500 psi 
range. These two gages are connected to the system in parallel 
so that the lower-range gage may be isolated when operating at 
pressures above 2000 psi. A hand pressure pump, consisting 
simply of a small screw-operated piston working through a packer, 
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is used for taking up volume changes in the indicating system 
which result from changes in pressure. Two pressure transmitters 
are used for isolating the indicating system from the analysis and 
gas-compression systems, respectively. The transmitter con- 
sists of a small mercury U-tube with an electrical contact in one 
leg. During a test, the mercury level is maintained at the con- 
tact point by manipulating the hand pressure pump. The pres- 
sure-indicating system is completely filled with a light hydraulic 
oil, and the displacement of the hand pressure pump need be only 
that required to compensate for the compression of the oil and 
the expansion of the Bourdon tubes and other parts of the indi- 
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cating system. The contact of the pressure transmitter is con- 
nected with an electronic relay which causes a pilot light to glow 
when contact is made. 
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ANALYSIS SYSTEM 


The principal components of the analysis system are the varia- 
ble-volume cell, viscometer, and the magnetic pump which are 
shown in Figs. 2, 3, and 4, respectively. 

Variable-Volume Cell. The variable-volume cell consists of a 
heavy-walled tubular piece closed at one end and bolted to a 
section containing the packer through which the piston enters the 
cell. The cell assembly is supported from a heavy base (not 
shown in Fig. 2), which carries the mechanism for moving the 
piston. The clearance between the piston and the wall of 
the cell is large enough to permit fluid to flow past it freely to the 
lower outlet of the cell. One opening at the top is used for com- 
pleting the circuit through the other parts of the system while the 
other opening is used for withdrawing fluid from the system. A 
fourth opening at the center of the cell is used for injecting gas in 
the recombination experiments. Rotation of the piston is pre- 
vented’ by a guide working on diagonally opposite supporting 
A heavy screw attached to the piston is given longitudinal 
motion by means of a rotating nut located between thrust bear- 
ings. Rotation of the nut is accomplished by means of a hand 
crank through a worm-and-gear combination. 

A piston motion of 1 in. causes a change in volume of 20 ce, 
and the gearing is such that this travel is produced by 200 revolu- 
tions of the hand crank. Volurhe changes are indicated by means 
of a counter located directly above the hand erank, both of which 
may be seen on the right side of the panel in Fig. 7. The counter 
is coupled to the crankshaft by means of a Selsyn transmitter 
and a receiver. A magnetic locking device prevents the crank 
from turning when the Selsyn units are not energized. In prac- 
tice, the counter is set to indicate the actual volume of the system 
for a given piston position so that, subsequently, the true value 
can always be read from the counter. The counter indicates 
volume to 0.01 ce. 

The design of the packer offered the greatest difficulty of any 
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component in the variable-volume cell. The requirements for 
the packer are very stringent in that it must be absolutely leak- 
proof for both gas and oil at pressures up to 6000 psi, and tempera- 
tures as high as 350 F. Tests of commercial packing arrange- 
ments and compounds soon showed that they would be entirely 
inadequate for such service. The solution of the problem was 
found in the self-energizing packing having a U-cup section. 
This design was found to be satisfactory at low temperatures, and 
any one of a number of different synthetic-rubber compounds was 
used. The maximum temperature at which the best of these com- 
pounds could be used was approximately 235 F. Above this tem- 
perature, the material tended to re-form and to vulcanize to the 
piston and to the packing compartment. The only material found 
to withstand higher temperatures was ‘‘Teflon,” a recent du Pont 
development. While this material has met successfully all the 
temperature and pressure requirements, it does not have the 
resiliency of the synthetic-rubber compounds and requires ex- 
treme care in its manufacture and use. It has been our practice 
to use neoprene packers where temperatures do not exceed 200 F 
since their useful life is longer than that of Teflon. 

Rolling-Ball Viscometer. The rolling-ball viscometer shown in 
Fig. 3 is a modification of that previously described by Exline 
and En Dean (10). Design modifications have been incorporated 
in the present instrument to secure greater reliability and trouble- 
free operation. 

The instrument consists essentially of a tubular pressure cham- 
ber containing a precision-bore glass tube through which a steel 
ball can roll with a known clearance. The ends of the pressure 
chamber are closed by end plugs, each containing a solenoid mag- 
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net whose core communicates with the interior of the chamber 
and is electrically insulated from the chamber. With the ball 
held in contact with one of the end plugs by the magnetic field, it 
completes an electrical contact from the end of the magnet, 
through the ball to the metalized end of the glass tube and 
thence to a spring contact in the wall of the chamber. Com- 
pletion of this electrical circuit energizes an electronic relay which 
in turn controls a timing clock. The connection is such that the 
timing clock operates only when the contact circuit is open. In 
operation, the instrument is given a definite angular displacement 
by forcing one end of it against a cam which can be set to secure 
any one of four fixed angles. A switch is thrown de-energizing the 
upper magnet holding the ball which is then free to roll down the 
tube. As it leaves the contact, the electronic-relay circuit is 
opened and a timing clock is caused to start. When the ball trav- 
erses the length of the tube and strikes the lower contact, the 
clock is thereby stopped, giving the reading of the roll time. 

The principal design change in the instrument proper is the use 
of a precision-bore glass tube as the viscometer tube rather than 
depending on the inner bore of the pressure chamber for this pur- 
pose. In the past, difficulty had been encountered in making a 
precision bore to duplicate another tube closely. Since a number 
of these units were to be constructed, it was felt desirable that 
they all have interchangeable parts and that the calibrations be as 
nearly identical as possible. Since a large number of glass tubes 
can be formed over a single mandrel, their diameters can be held 
very closely to the same dimension without excessive expense. 
In the present design, the bore of the pressure chamber is drilled 
somewhat larger than the outside diameter of the glass tube. In 
order to prevent leakage of fluid between the tube and the bore of 
the pressure chamber, an annular groove is machined to take a 
synthetic rubber O-ring which would fit closely over the tube, 
making a perfect seal. 

Electrical conductivity from the ball to the tube is obtained by 
metalizing the inner, outer, and end surfaces of the glass tube for a 
distance of a little more than one half of the diameter of the ball 
from the end of the tube. This metalizing is a recent develop- 
ment of the Corning Glass Company and is carried out at its 
plant. A spring-loaded contact pin is located in the wall of the 
pressure chamber near either end so that the ball point presses 
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firmly against the metalized end of the glass tube, thus facilitating 
continuity of the electrical circuit. 

Other modifications of the original instrument include removing 
the jacket for circulating the temperature-control liquid and the 
insulation. This was done as it was found an air bath was much 
more convenient and satisfactory for temperature control. 

Fluid connections to the viscometer are located near each end 
plug so that fluid can be circulated through the viscometer without 
trapping gas bubbles. While the circulating-pump is operating, 
the tube is kept in an inclined position with the inlet at the lower 
end, 

Temperature Control. Fig. 6 shows the rear of the apparatus 
with the cover of the insulated cabinet removed. The variable- 
volume cell and the viscometer can be seen in the left portion of 
the cabinet which is separated from the plenum chamber to the 
blower by a baffle. The blower, which is driven by a motor 
mounted outside the cabinet, forces air into a duct containing a 
series of finned heaters, having a total capacity of 2500 w. The 
lower side of the duct contains a number of louvers for securing 
improved circulation of air in the chamber. An adjustable ther- 
mostat protrudes into the cabinet for controlling the temperature, 
and the bulb of a thermometer, used for indicating the tempera- 
ture, can be seen directly above the thermostat. Improved tem- 
perature control is obtained by placing but a part of the heating 
load on the thermostat. The voltage to the remainder of the 
heaters can be controlled by a variable-voltage transformer. 
Although the air temperature quickly reaches that for which the 
thermostat is set, its low heat-transfer coefficient requires that 1 hr 
or more pass before the heavy metal parts of the test elements 
reach that temperature. Once the correct temperature of the 
apparatus has been attained, any temporary disturbances of 
the air temperature are not perceptible in the temperature of the 
variable-volume cell or viscometer. 

Use of an air bath is preferable to an oil bath in that the parts 
are much more easily accessible, and higher temperatures can be 
reached without objectionable fumes or the danger of fire. 

Magnetic Pump. In quantitative analyses of this type where 
pressure and volume changes are produced in a system containing 
liquid and gas in contact, it is essential that a means of stirring or 
agitation be provided to assure equilibrium between the two 
phases. When the testing is conducted with a pressure system 
comprising interconnected pressure vessels, the most practical 
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method of obtaining equilibrium is that of circulating the test 
fluids. Any circulating device used must. be absolutely pressure- 
tight and must cause no volume change of the system by its opera- 
tion. The magnetic circulating pump shown in Fig. 4 was de- 
veloped to fulfill these two requirements. 


The pump is essentially a plunger pump with a traveling valve | 


carried on a piston and a standing valve located in the pump body. 
The check valves are those commonly used in a 1!/s-in, oil-well 
pump with §/s-in. balls. The piston is sealed by means of a small 
leather cup packing. The piston is attached to a soft iron bar 
which is pulled up into a conical pole piece when the solenoid 
winding, surrounding the pump body, is energized. This motion 
will pull fluid into the pump through the standing valve and at 
the same time force an equal volume of fluid out the upper con- 
nection to the pump. Upon de-energizing the magnet, the plunger 
will fall by gravity, causing fluid to pass through the traveling 
valve. The pump is driven by 100-volt direct current obtained 
by means of a commercial rectifier. The current is interrupted by 
means of a small motor-driven tip switch which interrupts the 
current at 2-sec intervals, the off time being substantially longer 
than the on time. The displacement of the pump is approxi- 
mately 3 ec per stroke, and the energy is such that differentia 
pressures as high as 300 psi can be built up. Each stroke is rapid 
enough that a pulse of fluid is sent around the system and jets into 
the variable-volume cell with considerable velocity, thus stirring 
the liquid contained there. 

The magnetic pump is mounted outside the insulated cabinet to 
avoid overheating and damage to the winding. The volume of 
fluid contained in the pump is small, and the leads in and out of 
the cabinet are short so that the disturbance to the temperature 
of the system through operation of the pump is negligible. 


Gas-CoMPRESSION SYSTEM 


The gas-compression system consists simply of two pressure 
chambers: one, the gas-compression chamber is shown in Fig. 5; 
the other, the reservoir bomb, is used for storing mercury which 
is displaced into the compression chamber to compress the gas. 

The compression chamber is surrounded by a resistance-wire- 
wound heater and an insulating jacket. A thermometer well is 
welded into the wall of the chamber and projects across the in- 
terior. This holds a mercury-in-glass thermoregulator with a 
fixed setting of 212 F, which is used for controlling the temper- 
ature of the chamber. A controlled temperature is used for two 
purposes; as a known reference temperature to be used in com- 
puting the gas volumes, and to prevent condensation of any of the 
heavier hydrocarbon fractions present in the gas. 

Two insulated contact pins are located in the cover plate of the 
compression chamber; one extending nearly to the bottom, and 
the other terminating just below the cover. These are used for 
locating the mercury-gas interface, and the volume contained be- 
tween two horizontal planes just touching the terminal points 
of the contact pins must be accurately known. 

The reservoir bomb is of identical construction, except that it 
does not have’ a thermometer well, being used at room tempera- 
ture. Its cover contains but a single contact pin, terminating 
close to the top. It is used to indicate when the mercury reaches 
its highest permissible level in the bomb. 

A small motor-driven reciprocating pump is used for pumping 
oil into the top of the reservoir bomb to displace the mercury. 


ACCESSORIES 


Tubing. All tubing connections are either 1/, in. OD X */i¢in. 
ID, or 1/, in. OD X 4/16 in. ID. The heavier tubing is used 
wherever possible because of its rigidity. Where flexibility is re- 
quired, as in the leads to the viscometer, the lighter tubing is 
used. Since the viscometer must be rotated through an angle of 
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over 90 deg, the leads are bent into spirals centered about the axis 
of rotation to secure sufficient length to keep the bending stresses 
down to a safe value. 

All end connections are identical, the smaller tubing having a 
1/-in-OD X !/s-in-ID X 2-in-long sleeve welded over either end. 
The ends are turned to 60-deg cones and threaded with !/,-in. 
28 left-hand thread for '/,in. A connector nut is slipped over the 
tubing and a small collar threaded on the end. When the con- 
nector nut is screwed into the female fitting, the conical end of the 
tubing is forced into a mating cone, providing a metal-to-metal 
seal of small area. This design of connection was first developed 
at the Fixed Nitrogen Laboratory and is now finding widespread 
use due to its reliability and simplicity. A joint may be made 
and broken many times without affecting its performance. 

Gasometer. The gasometer, Fig. 8, for measuring the volumes 
of gas removed from the pressure has been described (3). It con- 
sists of a cylindrical holder having a re-entrant bottom which 
forms an annular space. This space is filled with mercury which 
acts as the sealing fluid. An inverted bell is suspended by a thin 
metal tape which passes over a pulley to a counterbalance weight. 
The side of the pulley toward the weight is cut in a spiral so that 
as the bell rises the weight moves farther from the center of the 
pulley, thus compensating for the decrease in buoyancy as 
the immersion in mercury decreases. A semicircular scale on the 
pulley indicates volume in co-operation with a vernier attached to 
the supporting post. The total capacity of the gasometer is 
0.0160 cu ft, which can be read to 0.0001 cu ft by means of the 
vernier. 


CALIBRATION 


The volumes of all parts of the system must be accurately de- 
termined. If the piston of the variable cell is accurately made, 
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as it must be, this is a relatively simple process. The piston is 
retracted to its lowest position, the counter set to any arbitrary 
value V,, and the system filled with dry nitrogen to pressure Pi, 
usually 200 or 300 psia. The piston is then run in an arbitrary 
amount AV, and the new pressure reading P:, taken. Since ni- 
trogen is not an ideal gas, its deviation from ideal behavior must 
be taken into consideration. If Z, is its deviation factor at P; and 
the temperature of the experiment, and Z, its deviation factor at 
P: and the same temperature, then 


In this equation, V; is the total volume of the system with the 
piston in its initial position, and V2 the volume with the piston in 
its final position. However, Vi —AV = V2, which can be substi- 
tuted in Equation [1] to give 


PiVi P:(Vi— AV) 


Z2 
Solving this equation for V, gives 
AV 
= ——. [3 
(3) 


In practice, successive readings are taken while inserting the 
piston in stages to as high a pressure as desirable. Measurements 
are also taken while withdrawing the piston, stopping at the same 
values of pressure observed on the upward trip. A discrepancy 
in the counter readings when returning to the initial pressure is 
an indication either of leakage or of a small temperature change. 
Table 1 shows a set of data taken during an actual calibration run, 


TABLE 1 VOLUME OF VARIABLE-VOLUME 


P = observed pressures, absolute 

B = barometer pressure, 29.21 in. Hg 

Z = deviation factor of nitrogen at P 

AV = volume change 
» V = calculated volume variable-volume cell 
obs., Counter 
psia reading AV Zz V 

243.75 997.10 2.90 0.9974 
343.75 951.70 48.93 0.9967 160,84 
443.75 925.80 74.20 0.9961 160.84 
543.75 909 .85 90.15 0.9955 160.79 
643.75 898.81 101.19 0.9954 160.89 
743.75 890.77 109 .23 0.9960 160.95 
843.75 884.65 115.35 0.9960 160.94 
943.75 879.80 120.20 0.9960 160.97 
1043.75 875.93 124.07 0.9960 160.92 
943.75 879.78 120.22 0.9960 160.99 
843.75 884.56 115.44 0.9960 161.07 
743.75 890.66 109 .34 0.9960 161.12 
643.75 898.64 101.36 0.9954 161.18 
543.75 909 .57 90.43 °0.9955 161.30 
443.75 925.47 74.53 0.9961 161.57 
343.75 950.56 49.35 0.9967 162.28 
243.75 996.51 49 0.9974 


and the computed volumes. In each case, the initial readings 
were used for the starting conditions, and the AV was taken as the 
total volume change to that point. The agreement between the 
volumes calculated at the different stops is unusually good, 
although the greater weight should be given to the determi- 
nations using the larger steps. 

The only other significant calibration is that of the rolling-ball 
viscometer and this has been described elsewhere (10). This is 
done by observing the roll times when using fluids of known vis- 
cosity and density at atmospheric pressure. The assumption is 
made that any alteration of the dimensions of the glass tube and 
of the ball due to pressure is negligible. Previously, the cali- 
bration was shown as a series of curves with the absolute viscosity 
as ordinate plotted against 7'(p, — p.) as abscissa; where 7’ is the 
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roll time in seconds, py the density of the ball, and p,; that of the 
liquid. A different curve was given for each angle of inclination 
of the tube. However, in that work, both ball and tube were of 
metals having substantially the same coefficient of thermal ex- 
pansion. When a glass tube is used, the coefficients of expansion 
differ materially and a second parameter, temperature, is en- 
countered. 


CONCLUSION 


Recent work by the senior author has indicated that it may be 
possible to construct the calibration of a rolling-ball viscometer 
from the dimensions of the apparatus alone. It is hoped that 
this can be made the subject of a future paper and that, for the 
sake of brevity, one of the results can be accepted without proof. 
This is that the velocity of the ball is proportional to the third 
power of the clearance between the ball and the tube. The ex- 
perimental work has shown this to be true for the small changes 
of clearance caused by differential thermal expansion. As a result 
of this work, the calibrations are now expressed as a series of 
equations which include the temperature as a variable and the 
angle of inclination as a parameter. A group of such equations is 
shown in Table 2. The four positions indicate the four possible 
angles of inclination, and, for each angle, an equation is given for 
three sizes of balls. The tube diameter is 0.640 in. 


TABLE 2. CONSTANTS FOR USE IN VISCOSITY COMPUTATIONS 
Viscometer No. GLX-1049 
_ T(oB — oL)K 
1000 
T = roll time, sec 
pB = density of ball = 7.777 g per ce 


pL = density of liquid, g per cc 
K = viscometer constant, as computed from equations given in Table 
t = temperature, deg F 
Tube No. 1075: 
5/s + 0.006-in. ball...... Position 2 K = 12.60 — 0.00896 t 
3K = 8.70 — 0.00620? 
4K = 6.505 — 0.00465 t 
5/s + 0.009-in. ball.... Position 2 K = 5.775 — 0.00525 
3K = 3.980 — 0.00360 t 
4K = 2.980 — 0.002701 
+ 0.012-in. ball.... Position2 K = 2.160 — 0.00270 
3 K = 1.482 — 0.00183 
4K = 1.112 — 0.00138 


Tube No. 1078: 


5/s + 0.006-in. ball.... Position 2 K = 11.04 — 0.00820 
3K = 7.615 — 0.00565t 
4K = 5.69 —0.00420t 

5/s + 0.009-in. ball.... Position 2 K = 4.84 — 0.00460 
3K = 3.335 — 0.00315 ¢ 
4K = 2.50 —0.00240t 

5/s + 0.012-in. ball.... Position2 K = 1.66 —0.00220¢ 
3K = 1.147 — 0.00152 t 
4K = .858 — 0.00114 

Tube No. 1105: 

5/g = 0.006-in. ball.... Position 2 K = 11.77 — 0.00860 t 
3K = 8.12 — 0.00590 t 
4K = 6.075 — 0.00445 t 

5/s + 0.009-in. ball.... Position 2 K = 5.27 — 0.00490 
3K = 3.64 — 0.00340 t 
4K = 2.71 — 0.002502 

+ 0.012-in. ball.... Position2 K = 1.88 — 0.00240 
3K = 1.295—0.00165¢t 
4K = .973 —0.00125t 


The method of introducing the sample into the pressure system 
needs no additional description here nor does the technique of re- 
combining surface samples which has been adequately described 
by Botset and Muskat (6). The sole purpose of the paper has 
been to describe the design features of an apparatus which is com- 
posed of a number of elements, some new and some previously de- 
scribed. 
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Discussion 


W. E. Auven.‘ The writer will deal mainly with the use of 
the apparatus in a laboratory doing considerable routine bottom- 
hole sample analyses. We have one of these units at the Tulsa 
laboratory of the Gulf Oil Corporation, and although it has been 
in operation for a very short time, many advantages can be seen 
over the apparatus which was used in the past. 

Probably the greatest improvement is the elimination of the 
mercury from the analysis system. As the authors point out, mer- 
cury is difficult to hold in a pressure system. However, our 
main objection is its tendency to emulsify with the oil. The 
degree of emulsification is different with every sample analyzed, 
but we have never run an analysis without some emulsion being 
present. This always led us to question the accuracy of oil 
volumes measured with a metering mercury pump, with mercury 
emulsion in the system. Withdrawal of mercury from the system 
into the metering pump is bad practice because of the danger of 
getting some of the emulsion in the pump. The correction for 
the compressibility of the mercury is also eliminated from the 
volume calculations. 

The determination of the viscosity of the oil in conjunction with 
the differential liberation analysis results in a considerable saving 
in time, and there is always a direct correlation between the 
viscosity and the rest of the analysis. Frequent checking of the 
“roll time’”’ of the viscometer ball is a good means of determining 
when equilibrium has been reached within the analysis system. 

The elimination of mercury from the analysis system plus the 
way in which it is calibrated makes it possible to tell by a glance 
at the counter dial, the exact volume of the system. This is 
helpful to the operator and permits him to make rough calcula- 
tions as he progresses through the analysis. It also eliminates 
the old method of determining the saturation point and saturated 
volume of an oil. The usual method was to compress from a 
two-phase to a single-phase system or expand from a single- 
phase to a two-phase system by known increments of volume and 
record the pressure change. Plotting pressure change versus 
volume change gave two straight lines, the intercept of which 
gave the saturation point and the saturated oil volume. The 


variable-volume cell referred to in the paper permits a differential 


‘ Gulf Oil Corporation, Tulsa, Okla. 


APPARATUS FOR ANALYZING RESERVOIR FLUIDS 


285 


liberation analysis to be just that after the initial saturation 
point is determined. 

As previously mentioned, we have not had the unit a sufficient 
length of time to investigate fully all its possibilities in either 
routine analysis or reservoir work of a special nature. In spite of 
this, we are planning certain changes or improvements, whichever 
they may be called. The main purpose behind these changes is 
to make it possible for one man to operate the unit through the 
complete analysis. At present, two men are required at various 
times through the analysis and transfer procedure. 

One addition planned is to incorporate a needle valve in the 
block containing the pressure transmitter and place it so that the 
valve seats on the analysis-system side of the mercury U-tube. 
At present it is important to keep a fairly low pressure differential 
across the U-tube, lest the mercury be blown out due to too high 
a differential. This is mainly true during the transfer process or 
charging the analysis system with a sample. By closing the 
proposed valve, the U-tube is taken out of the system which 
eliminates the necessity of the operator’s trying to be in two places 
at the same time. 

It is also impossible to evacuate the analysis system without 
pulling the mercury from the U-tube with the present hookup. 
Although it is unnecessary to evacuate the system prior to charg- 
ing with a sample it may facilitate*the cleaning operation follow- 
ing an analysis. 


KENNETH ErLerts.’ There are two features of the apparatus 
described by the authors which have considerable novelty and, if 
they prove satisfactory in practice, will likely find application in 
equipment constructed for many other purposes. The use of 
an air bath for providing temperature control eliminates many 
of the inconveniences which attend the use of liquid baths. The 
U-cup packing which permits the use of a piston to change the 
volume of the equilibrium cell not only avoids the use of trouble- 
some mercury for this purpose but provides for increased ver- 
satility in the design of variable-volume apparatus. 

Our research at the Bureau of Mines on phase equilibria of 
natural hydrocarbon systems has involved P-V-T measurements 
in the temperature range, — 100 to 280 F. Liquid baths are used 
to obtain the desired precision and uniformity in temperature 
control. However, to cover this temperature range, at least 
three bath liquids must be used so that they will have the neces- 
sary fluidity and yet be free from fire hazards. Connections to 
the apparatus and certain accessories are, of necessity, submerged 
in the bath liquid and are inaccessible until the bath liquid is 
drained away and perhaps even the bath compartment itself is 
removed. Valve stems, tubing connections, or other parts which 
must be passed through the bath wall to the apparatus, require 
packing glands in the bath wall that may leak and be a source 
of trouble, particularly in portable equipment. 

These design difficulties would not be present in an air bath 
like that described by the author. It is necessary that the panels 
comprising the bath compartment be only heat-insulated, and a 
bath could be designed so that a panel or panels could be removed 
to expose the apparatus for service operations from any side or 
even from the bottom without undoing connections or destroying 
gaskets that would be essential if the bath held a liquid. If air 
or other gas baths can be constructed to provide adequate tem- 
perature control, the design and maintenance of certain constant- 
temperature apparatus will be greatly simplified. 

Mercury is a useful material in handling and studying hydro- 
carbons under pressure, but it does seem to leak and get in the 
wrong places on the slightest provocation. When scattered on 
floors and tables, it is a health hazard and a source of annoyance 
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to operators who like to practice good housekeeping. The piston 
for changing the volume of the equilibrium cell designed by the 
authors will help in avoiding some of the troubles associated with 
the use of mercury. 

The piston makes possible an important design advantage. 
When mercury is used to vary the volume of a cell, it is not 
possible to locate in the bottom of the cell a window for viewing 
the phases or a valve for removing samples of the liquid phase, for 
example, because mercury pumped into the cell to provide a 
specific pressure may cover the window or valve. If the volume 
and pressure of a sample in the cell can be varied from the top 
by means of a piston, windows and valves can be located at some 
lower level in the cell with the prospect of their being in the 
correct location to study or sample satisfactorily a liquid phase 
obtained at any pressure. 

This feature is particularly important in work with gas-con- 
densate systems. The volume of the condensate varies con- 
siderably with pressure but, at reservoir temperatures, is only a 
small, fractional part of the total fluid (gas and liquid) volume. 
If the pressure on a fluid is varied between 5000 and 1000 psi 
by means of mercury, a shallow layer of condensate will float on 
the mercury surface as the surface is moved from some level near 
the top of the cell at high pressure to levels near the bottom of the 
cell at low pressures. The advantage of fitting a cell with a piston 
at the top would be that liquid hydrocarbons would collect and 
stay in one position at the bottom of the cell while pressure was 
being varied. 

Other advantages are possible with a piston for varying the cell 
volume but all of them will depend on the serviceability of the 
packing which permits its movement. The ideal packing must 
permit movement of the piston and not leak gas at any of the 
pressures and temperatures of operation. The self-energizing, 
U-cup packing developed by the authors is placed in their cell 
so that it will be covered by a relatively viscous, lubricating, 
liquid phase, if one is present. However, this type of packing 
might also give satisfactory service if mounted in the top or at 
some other position in the cell where it will be in contact with 
only a gas phase. 
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AvuTuHors’ CLOSURE 


The discussions contributed by Mr. Allen and Dr. Eilerts are 
particularly esteemed because of the wide background of experi- 
ence in the analysis of reservoir fluids represented. Greater em- 
phasis is given to the salient features of the apparatus sought in 
its development, i.e., facilitation of routine operation by the 
combination of various components into a single unit with 
simplification of controls, elimination of mercury in the analysis 
system, and the cleanliness and convenience of the air bath for 
temperature control. 

The desirability of the isolating valve on the pressure trans- 
mitter described by Mr. Allen is recognized and the change has 
been incorporated in the apparatus. The original design of the 
transmitter used a steel ball floating on the mercury in the leg 
on the analysis side. A seat was provided at the top which could 
be closed by the ball as the mercury level rose to its maximum 
permissible height. However, the mercury thwarted our best 
efforts to produce a dependable tight seal at this point. 

The apparatus described was designed solely for use with 
heavy-oil systems. It is believed entirely feasible to construct a 
variable-volume cell for use with gas-condensate systems as pro- 
posed by Dr. Eilerts. During the testing and calibration of the 
apparatus gas was held under pressure for relatively long periods 
of time without benefit of a liquid in contact with the packer. 
A point which would require invéstigation is the loss of hydro- 
carbon gases through the packer. The permeability of rubber and 
other elastomers to hydrocarbon gases has been investigated by 
Stross, Riley, and Eby* who present quantitative results of their 
tests. A very rough estimate based on their data indicates that 
normal butane might be expected to pass through the neoprene 
packer at a rate of 0.05 ml per min from a system filled with gas at 
5000 psi containing 10 per cent of butane. It is unlikely that such 
a loss would appreciably influence the tests but, if so, methods to 
combat it might be developed. 


6 “Permeation of Hydrocarbon Gases Through Rubber Tubing”’. 
by M. J. Stross, J. F. Riley, and H. M. Eby, Journal of the Institute 
of Petroleum, vol. 30, June, 1944, pp. 153-166. 
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The 2000-Psi, 1050 and 1000 Reheat 
Cycle at the Philip Sporn and Twin Branch 
Steam-Electric Stations 


By PHILIP SPORN,? NEW YORK, N. Y. 


The economical generation of steam-electric energy is 
affected by such factors as site, fuel, cycle, and equip- 
ment. A discussion of these basic factors serves as intro- 
duction toa description of the program involving the addi- 
tion of 525,000 kw of generating capacity to the Central 
System of the American Gas and Electric Company at the 
Tidd, Philip Sporn, and Twin Branch Steam-Electric Sta- 
tions. The discussion of the design employing 2000-psi 
1050 F initial temperature with 1000 F reheat at the Philip 
Sporn Plant includes the location of the plant on the sys- 
tem, features of the site, the heat cycle, turbine, boiler, 
and plant layout. A net plant heat rate of 9270 Btu per 
net kwhr output is expected. 


FUNDAMENTAL Basts FOR ECONOMICAL GENERATION OF STEAM- 
ELEctTRIC ENERGY 


Introduction. The American Gas and Electric power systems, 
and more particularly the Central System, have almost from their 
inception been concerned with the economical generation of 
steam-electric energy as the foundation for a soundly conceived 
and successful electric-utility system. Elsewhere there have 
previously been described the developments at Philo (1),? where 
a 600-psi 725 F cycle with 725 F reheat was introduced in 1923; 
Deepwater (2), the first new station designed for 1250 psi opera- 
tion; Logan (3), the first-planned postdepression major topping 
operation; Twin Branch No. 3 (4), the first successful 2500-psi 
installation in the United States; and Missouri Avenue No. 7 
(5), the first commercial 1000 F unit. In that cycle there de- 
finitely also belongs Tidd Unit No. 1 (6, 7, 8, 9, 10), which fol- 
lowed Twin Branch No. 3, but which because of wartime exi- 
gencies could not take advantage of Twin Branch No. 3 ex- 
perience and thus advance on that. Tidd No. 2, now under con- 
struction, likewise could not be designed as a forward step in 
generation technology—the need to get capacity on the line in 
the minimum possible period made substantial duplication al- 
most mandatory. 

But with the gain of a breathing spell brought about by con- 
struction of Tidd No. 2 and with the greater freedom to plan new 
facilities in equipment that the postwar period brought in, it 
became possible to try again to move forward on the front of 
economical energy generation by steam-electric processes. This, 
it is believed, has been at least partially accomplished success- 
fully by the installations at Philip Sporn (Nos. 1 and 2) and at 
Twin Branch (No. 5) Stations. In each of these cases effort has 
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been directed to combine in optimum fashion the elements of site, 
cycle, fuel, and equipment. Each of these fundamental elements 
warrants further discussion. 

Site Considerations. Offhand, it would appear that the selec- 
tion of a site adequate for a power-station development is not an 
involved affair and that adequacy from the standpoint of area, 
condensing water, and location above flood plane are perhaps 
all one has to be concerned about. But this is a superficial view, 
for besides the factors enumerated, the following should also be 
considered: Location relative to present and future load centers 
and power flow on transmission lines; foundation conditions; 
amount of reasonably flat area available without moving roads or 
railroads, or moving large quantities of earth; railroad connec- 
tions; transmission requirements for handling output; availa- 
bility of economical coal supply; and ash-disposal facilities. 
Perhaps these are merely subsidiary themes to the main theme— 
location, but they are so important that they can be treated 
independently. There are, besides, lesser requirements for an ideal 
site. These are housing facilities for operating personnel, and 
tax costs. But the enumeration of the foregoing ought to be 
enough to indicate clearly the nature of the problem and to show 
why an exploration of a hundred miles or so of a typical river will 
frequently disclose, instead of the expected score or more of favor- 
able locations, not more than perhaps two or three first-rate plant 
sites. ; 

Fuel. As pointed out in the foregoing, fuel is a most essential 
element of site analysis and consideration. Yet fuel itself has an 
independent basis for study and examination. It should be 
apparent, for example, that a fundamental for developing the 
most economical energy supply is the need to exploit the lowest 
over-all fuel cost. This, however, does not mean necessarily the 
lowest-cost fuel in every case, and certainly not the lowest-cost 
fuel at the mine. It might, for example, definitely indicate the 
necessity for exploiting a high-quality fuel at locations at con- 
siderable distances from the mine; conversely, it might indicate 
the need, if the plant were located close to the mining regions, of 
exploiting a fuel of the very lowest quality—perhaps one that 
would have no commercial value if freight had to be added to its 
cost at mine. But this, in turn, raises the inevitable problem of 
making a determination as to whether to locate a power plant 
as close to the source of fuel as possible which will make lower 
fuel cost available but which will have added transmission cost. 
In contrast, it might be at some distance from the mine with 
higher transportation cost but lower electricity transmission cost. 
No answer will of course be attempted in this paper to this basic 
problem (11), but this needs to be emphasized: That the cost 
of fuel represents in most cases something between 70 and 85 per 
cent of the total production cost of energy at the bus bars. It 
seems inconceivable that a plant can be designed soundly without 
a thorough exploration of the fuel problem and a determination 
not only of what is available in the way of fuels, or what might 
be made available, but also without a study and determination 
of the probable trend of fuel costs over a reasonable period into 
the future. 
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Equipment. The type of equipment best suited for a particu- 
lar development would obviously depend primarily on the sys- 
tem for which it is going to furnish the energy. For example, 
such questions as the size of unit, the pressure and temperature 
employed, and the cycle chosen will depend to a considerable ex- 
tent on the fuel that can be developed, on the projected trend of 
fuel cost, and on the system and therefore to a considerable ex- 
tent also on planned load factor. But there are still other factors 
that are bound to influence the choice of equipment. For ex- 
ample, if the system in question has a large proportion of indus- 
trial load and if it is the intention of those responsible for the 
policies of the company to continue to foster and develop such 
load, such a conviction must be reflected in the equipment in the 
power plant and the efficiency with which such equipment can 
produce electric energy. After all, it is inconceivable that 
central-station service can compete with isolated generation in 
the long run if central-station service is not on at least a par with 
performance being obtained by industrial plants. If such think- 
ing is projected to its logical conclusion, and if recognition is 
given to the fact that there is no way of keeping from industry 
the benefits from developments by electric-utility systems of 
economies in generation, it follows that such advantages that a 
utility system derives from advances in the art of generation 
can be maintained only by continuing to be in the forefront of 
progress in the art. 

It is pertinent, perhaps, to make the observation here that there 
has been a considerable amount of questioning of economies to 
be obtained from the successful development on a commercial 
scale of generation at higher pressures and temperatures, and 
therefore at higher thermal efficiency. Unquestionably, thermal 
efficiency alone can never be a proper objective in a successful 
commercial operation. But the developments in power genera- 
tion over the last quarter of a century at least have clearly shown 
the economic benefit of more efficient generation. Looking back 
historically, it is now clear that many of those who have ques- 
tioned the economics of more efficient generation have merely been 
slow in acknowledging the economic benefits that have flowed 
from such new developments. It is true that in holding back, 
many have been able to take advantage of the development work 
carried out and the concomitant headaches borne by others. 
But such a course can hardly be recommended as part of a pro- 
gram and philosophy of advancing technology to the end of 
achieving economic gain. 


GENERATION Capaciry ADDITIONS ON CENTRAL SYSTEM OF 
AMERICAN GAs AND ELEcTRIC COMPANY 


Basis for Capacity Additions. The principal or basic reason 
for the determination to proceed with the capacity additions 
discussed here was growth of load, or expected growth. This is 
the predominant reason for most capacity-addition projects and 
therefore presents nothing new. What is new, however, is 
judging the time factor—the time when it was expected the new 
capacity would be needed. When, early in 1946, the load and ca- 
pacity situations on the system were reviewed, it seemed to be 
quite clear that no additional capacity would be required until 
sometime in the fall of 1949. This judgment seemed to be 
strongly corroborated by the fact that a large addition of capac- 
ity—100,000-kw Tidd Unit No. 1—had been brought on the line 
in September, 1945, at a period past the time when the all-time 
war peak load had been met. However, by early spring of 1946 
it was apparent that the expected contraction of load in the post 
V-J period had been overestimated and that new capacity would 
be required by the early summer of 1948. To meet this schedule, 
the addition would have to be made at a location where such 
speed would be possible. This, in turn, pointed to a location where 
material and equipment specifications were already available. 
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Hence the decision to place the next capacity addition at Tidd. 
The fact that the only necessary transmission capacity for de- 
livering it to the system could be provided by a simple double- 
circuiting operation of an existing double-circuit line between 
Tidd and Canton, Ohio, helped in this decision. 

Subsequent further studies of the load and capacity situation 
on the Central System led to further revisions upward of the ex- 
pected loads to be met in the succeeding four years. This, 
coupled with the further lengthening out of deliveries, led to the 
decision to proceed with the installation of Twin Branch Unit 
No. 5 and Philip Sporn Units Nos. 1 and 2° It was expected 
that with the placing into service of the last of these units, all the 
requirements for load on the Central System through the winter 
of 1950-1951 would be met. 

Program of Capacity Additions, Their Location, and Trans- 
mission Connections. The program finally developed consists of 
the blocks of capacity additions as outlined in Table 1. 


TABLE 1 
————— Capacity —— 

Location Nominal Feeder capabilit Date of completion 
Tidd No. 2 100,000 kw 112,500 kw August, 1948 
Twin Branch 

No. 5 125,000 kw 137,500 kw April, 1949 
Philip Sporn 

YO. 125,000 kw 137,500 kw July, 1949 
Philip Sporn 
No. 2 125,000 kw 137,500 kw July, 1950 


The location of this capacity on the system, including some of 
the new transmission facilities required to bring it into the sys- 
tem and deliver it to load centers, is shown on the map, Fig. 1. 
It has already been indicated that the only transmission change 
involved in connecting Tidd Unit No. 2 to the system is the 
double-circuiting of an existing line between Tidd and Canton. 
In Table 2 are shown all the additional transmission lines re- 
quired to place the entire block of 525,000-kw capacity on the 
system. 

TABLE 2 


Line Voltage Tower miles Circuit mile 
Twin Branch-Fort Wayne 132 kv 82 82 
Tidd-Torrey 132 kv 6 56 
Sporn-Portsmouth 132 kv 65 65 
Sporn-Philo 132 kv 7 14 
Sporn-Turner 132 kv K§ 14 
Sporn-South Point 132 kv 15 30 


This represents a total estimated cost of $4,410,000 or a total cost 
per kilowatt net capacity involving the entire program, including 
Tidd, of $8.40. 


Capacity ApDDITION AT 


The subject of this paper being the 2000-psi, 1050 F, 1000 F 
reheat additions at Twin Branch and Philip Sporn, no attempt 
will be made to give an engineering discussion of the Tidd Station. 
The original Tidd Plant and the Unit No. 1 installation have been 
described elsewhere (6, 7, 8, 9, 10). The plant was definitely 
a wartime development and the engineering reflects to a con- 
siderable extent the limitations that power-plant designers and 
erectors were subject to during the wartime period. Neverthe- 
less, Tidd No. 1 was designed to emphasize low capacity cost and 
economy in operation and has, it is believed, demonstrated ad- 
vances in that direction. The plant is ideally located from the 
standpoint of load center, fuel, and water; the performance of 
Unit No. 1 has amply demonstrated these facts. In the planning 
of Unit No. 2 advantage was taken of that experience and a good 
many features of Unit No. 1 were duplicated. This is true of the 
turbine and of the heat cycle. But by the time Unit No. 2 came 
along, a considerable change had taken place in the price level 
of equipment and materials and therefore a number of major 
innovations were made to combat in so far as possible the rising 
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trend in costs. Included among these are the adoption of a single 
boiler for an output of 120,000 kw, a more shallow condenser 
pit, a totally different arrangement of step-up transformers, mak- 
ing possible more economical foundation construction and a 
lesser cable cost, and a number of other changes, all of which were 
of material help in counterbalancing to a considerable extent the 
rising cost factors. But because of the speed with which the job 
had to be brought on the line, no major change, either in cycle 
or in equipment, except in the boiler, was made from Unit No. 1, 
and the next major step in economical development of generation 
was left for Twin Branch Unit No. 5 and for the Philip Sporn 
Station, 


Capacity AppITION AT Twin BRANCH STATION 


Of all of the major stations on the Central System, Twin 
Branch is the most poorly located from the standpoint of fuel, that 
is, it is the farthest in location from the center of mining and it 
has therefore the highest freight rate. Nevertheless, the de- 
cision which was made to install another unit at Twin Branch 
was sound, it was concluded, for the following principal reasons: 
1, The large saving in transmission investment that was pos- 
sible; 2, it represented an incremental installation—perhaps the 
last increment that could be made at Twin Branch within the 
limits imposed by the circulating-water facilities; 3, the present 
addition of Unit No. 5 at Twin Branch fitted into a future pro- 
gram of developing an additional power-plant site in Indiana 
situated nearer local coal supplies, the development of the Philip 
Sporn Station, and the interconnection facilities between Ohio 
and Indiana. 


Because Unit No. 5 at Twin Branch is similar from a stand- 
point of equipment, cycle, and basic arrangement, to the equip- 
ment, cycle, and arrangement followed at Philip Sporn, no space 
will be devoted to any discussion of these features at Twin Branch; 
the discussion later given of these features at Philip Sporn will 
apply almost equally well to the Twin Branch Station. 


SPorRN STATION 


Location and Organization. Fig. 1 shows the location of Philip 
Sporn Station on the Ohio River at the boundary of the two larg- 
est groups in the Central System—The Ohio Power Company 
and Appalachian Electric Power Company. Further, being 
located so close to the Portsmouth-Trenton-Muncie line, it is 
brought into juxtaposition to the system of Indiana and Michigan 
Electric Company. Thus the station could have been made a 
joint station for not only Ohio Power and Appalachian Electric 
Power, but for Indiana and Michigan Electric likewise. That a 
final decision was reached to make it a joint station of only the 
first two of these companies was due to a number of factors, among 
which are the balancing of the economics of locating a block of 
capacity at Twin Branch, and the decision to ultimately develop 
the additional new site in Indiana. But it needs to be emphasized 
that there is no basic physical or economic handicap to preclude 
such a triple-joint arrangement in the future. 

From an ownership standpoint, the station will be so laid out 
that clear lines of demarcation of ownership can be established 
between the two parties to the joint operating agreement. This, 
however, does not mean that any duplication of facilities will 
be resorted to. On the contrary, every advantage will be taken 
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of the larger scale of operations a joint plant makes possible, to 
obtain all the economies for the two parties to the joint operating 
arrangement that could have been obtained in a single job of 
the same magnitude as the joint operation. 

Site Features. The site itself consists of approximately 275 
acres with 6000 ft of frontage on the Ohio River, see Fig. 2 
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Here, too, are shown the location of contiguous coal reserves in 
Ohio and in West Virginia amounting to approximately 22,340 
acres and an estimated 132,000,000 tons of coal. This contiguity 
extends to the coal on the Ohio side because of the ownership of a 
sufficiently large block of connecting coal under the river bed of the 
Ohio River. The river at that point is not only navigable with 
9 ft slack water navigation channel, but has a minimum flow of 
about 2200 cfs so that there is no question about the adequacy 
of the site for the development of a plant of at least three times 
the size of the present project. Furthermore, the coal reserves 
available give ample assurance of adequacy of economic coal 
supply with a minimum of transportation cost, both in the pres- 
ent and in the future, for a period extending over the depreciable 
life of the plant. The-extent of that coal supply and its con- 
tiguity to the plant give further assurance that developments in 
underground gasification, if they should materialize, can be ex- 
ploited in the future for such savings as may become possible. 
Thus the site seems to meet every requirement for economical 
generation discussed in the earlier part of the paper. 

The Heat Cycle. The 2000-psi, 1050 F initial temperature, 1000 
F reheat cycle that was adopted is shown in Fig. 3. In developing 
this cycle the major objective was optimum financial return, 
taking into consideration not merely economy of fuel but also re- 
liability, for fuel economy means little to a plant that is shut 
down. 

The heat rate at a net plant output of 141,000 kw is estimated 
at 9270 Btu per net kwhr output with an expected 90 per cent 
boiler efficiency. This is a better heat rate than has been in- 
corporated into any steam-electric station up to the present time. 

In studying the economic possibilities of the various cycles, 
there was no question that a regenerative-reheat cycle offered the 
best heat performance. This led to comparative cost estimates 
of reheat versus nonreheat, with the balance in favor of reheat. 
As finally adopted, reheat gave roughly 5 per cent better heat 
rate, with a higher first cost of about 2 per cent. Needless to say, 
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this makes the reheat cycle for this station a most attractive in- 
vestment. 

Although the condenser is being designed for minimum con- 
densate refrigeration and 0.03 cc per liter oxygen content at rated 
load, a deaerator to operate under positive pressure is being in- 
stalled to insure thorough deaeration of the feedwater even under 
extreme load changes. In the past, the source of air in-leakage 
to condensers and other oxygen contamination of condensate 
has been difficult to track down completely, and the incremental 
cost of a deaerator over the equivalent closed heater is felt to be 
good insurance against boiler corrosion which, in turn, would 
adversely affect plant reliability. 

Only six stages of bleed heating are used to ¢chieve a final 
feedwater temperature of 441 F. Because of the large size of the 
installation, gland steam leak-off condensers and a separate evapo- 
rator condenser were found to be justified. Placing the heater 
drain pump on the 18th-stage heater was found more economical 
than on the 20th-stage heater which cascades its drips to the 
condenser, 

The means used to cool the main generator is another example 
of the effort made to incorporate high reliability in the cycle. 
After leaving the condenser, a portion of the condensate is passed 
through the generator hydrogen coolers. The purpose is to 
preclude the frequent cleaning of the hydrogen coolers which 
would result if river water were used. After heavy rains the 
Ohio River is extremely turbid and the silt combines with leaves 
and twigs to plug tubes and small openings with a feltlike mat. 
It usually is satisfactory to use river water to cool equipment that 
may be cleaned without occasioning a plant shutdown, but with 
the particular type of hydrogen coolers available for the low-pres- 
sure generators, cleaning cannot be readily accomplished with- 
out losing generator capacity. 

Although condensate temperatures are sufficiently low during 
winter months to cool the hydrogen and the generator, condensate 
temperatures are too high during the summer. A _ conden- 
sate cooler is therefore provided in which river water cools the 
condensate to the degree required in the summer. However, 
even after passing through the hydrogen coolers, the water is 
still cooler than in the main condensate stream. Therefore 
the cool condensate is sent to the suction of the hydrogen-cooler 
pump to pass again through the hydrogen cooler to condensate 
cooler to pump cycle. The cool condensate in this cycle ‘‘floats” 
on the main condensate stream but does not mix with it. Thus 
not only is the objective of reliability attained, but also fuel 
economy, since the main condensate stream is not cooled off by the 
cooler condensate in this subeycle. 

Turbine and Its Features. The new cross-compound turbine is 
a new combination of high-pressure and low-pressure turbines. 
The 3600-rpm high-pressure element has a rating of 35,000 kw 
and a capability of 42,000 kw. Its throttle conditions are 2000 
psig, 1050 F. The two emergency stop vaives as well as the 
turbine inner shell will be chrome-nickel-molybdenum, colum- 
bium stabilized. The turbine outer shell will be molybdenum- 
vanadium. 

The 1800-rpm low-pressure element has an intermediate- 
pressure turbine in tandem with a double-flow low-pressure sec- 
tion. The whole is rated at 95,000 kw with a capability of 
108,000 kw, and its generator will be almost identical with 
those at Glen Lyn No. 5 and Tidd No. 1 and No. 2. The inter- 
mediate-pressure section receives steam from the reheater at 375 
psig, 1000 F, and exhausts at about 8 psia to the double-flow 
low-pressure section. Its high-temperature parts will be of 
molybdenum-vanadium. 

Among the features that improve the reliability and safety of 

these turbines are the following: Protection against sudden tem- 
perature changes by an initial-pressure regulator; protection 
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against excessive starting speeds by a two-speed, motor-oper- 
ated, synchronizing device on the main operating governor; 
automatic steam-seal regulator and unloading valve; and auto- 
matic low-vacuum trip. 

Boiler. The total heat input of 1,300,000,000 Btu per hr to 
produce 150,000 kw gross generation, makes the boiler one of 
the largest, if not the largest from the standpoint of net input that 
has been projected anywhere. It is designed for maximum con- 
tinuous steam output of 935,000 lb per hr at 2035 psig, 1050 F 
at the superheater outlet. A temperature of 1050 F will be main- 
tained between 850,000 to 925,000 lb per hr by an attemperator 
between the primary and secondary portions of the superheater. 

After passing through the high-pressure turbine, the steam will 
be exhausted at about 400 psi, and some 850,000 lb per hr will be 
returned at 650 F to the reheater where it will be raised to 1000 F. 
This temperature will be maintained at 1000 F between flows of 
750,000 and 850,000 lb per hr by an attemperator just before the 
inlet header to the reheater. 

Flue gases discharged from the Ljungstrém air heaters go into 
the stack at about 235 F. The 12-in-long cold-end layer of the 
air heater will be made of Cor Ten steel, which, together with re- 
covery of air heated by boiler-room radiation losses, will resist 
corrosion caused by the low flue-gas temperature. 

Five coal pulverizers will be furnished for each boiler. There 
will be ten burners per boiler of -the multiple-intertube type. 
These fire vertically downward into the completely water-cooled 
tangent-tube furnace. The furnace is divided laterally by a cur- 
tain wall of bare tubes which serve to provide a substantial incre- 
ment of cooling surface to realize reasonable heat-release rates. 
The curtain wall tubes are staggered in groups in the lower portion 
of the furnace to permit ready equalization of furnace pressures. 

Another outstanding feature will be the attempt to run with- 
out induced-draft fans. To do this the entire casing will be made 
tight for a furnace pressure of 15 in. of water. However, induced- 
draft fans will be installed in case this forward step in the art of 
coal burning is not successful. 

Electrical Arrangement. The electrical arrangement is shown 
diagrammatically in Fig. 4. The outstanding feature of the 
whole is its extreme simplicity: A 3-phase 52,500 and two 62- 
500-kva 3-phase transformers step up the high-pressure generator, 
and the two windings of the low-pressure generator, to 132,000 
volts through a single switch to each of the two 132,000-volt 
buses. No low-voltage switches or buses are employed. Auxil- 
-iary power is furnished by two 6000/8000-kva transformers 
connected one to each of the two low-pressure generator windings 
and stepping down to 2300 volts. Seven feeders at 132,000 volts 
take the output of the station to the system. Each of these is 
switched through a single oil switch operable on either the main 
or the reserve bus. 

Special Features. Prominent among factors that make for low- 
cost power generation is availability. Although it has been 
mentioned before in this paper, it can bear repeating that high 
thermal efficiency means little to a plant that is shut down. It 
is felt that availability must be inherent in the design of the 
equipment and its layout in the plant rather than merely provid- 
ing a duplicate or a spare. True, availability must be correlated 
closely with plant investment as too much can be spent to avoid 
an outage. The designer keeps in mind that, after all, the plant 
is connected to a highly developed and reliable transmission 
system. 

Being conscious that coal from strip mines must often be ac- 
cepted, a straight down spout from the coal bunker to the pul- 
verizer mill feeder will preclude hang-ups. To facilitate this lay- 
out no coal scales will be installed for individual boilers, but all 
incoming coal for the entire station will be weighed while on the 
belt. 
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Four mills will ordinarily carry the load of one boiler; the fifth 
mill will act either as a spare to permit repairs on other mills, or 
may be called into service when the coal is of such poor quality 
that boiler capacity may be endangered. 

It is trite to say that a clean plant is usually an efficient plant. 
It is likewise correct to say that a clean plant makes for low main- 
tenance cost. This comes about in many ways, such as less 
cleaning of motors, relays, exposed threads on valves and last, 
but not least, the morale of the operating and maintenance force 
and their attitude toward the plant and their work. So it is 
natural that special effort be made to design for a clean plant in 
the many little design details in which this can be done. For ex- 
ample, a major source of dust and dirt within a plant is the ex- 
pansion joints in the hot-air ducts between Ljungstrém air heat- 
ers and the burners. In the Philip Sporn plant all hot-air ducts 
under pressure will be welded, and bellows-type expansion joints 
will replace the usual slip-type joints. 

Initially, outside air will be brought in on the windward river 
side of the plant at a point where the cleanest air should be ob- 
tained by taking advantage of prevailing winds. Such air will 
be distributed throughout the boiler room and condenser pit by 
two large ventilating ducts on each side of the elevator shaft. 
This clean air will be distributed throughout the boiler room to 
pick up heat and force dirty dust-laden air to the forced-draft 
fans, this action being aided by natural thermal air currents. 
Provision is being made to install air filters m the future, should 
these prove necessary. 

Throughout the design, cognizance is taken that the plant 
operating organization has been brought down to the almost 
irreducible minimum, and that one of the major remaining prob- 
lems of the designer is reduction of the maintenance organization 
which frequently has outgrown the operating organization in num- 
bers. Reduction of maintenance organization automatically in- 


MAY, 1948 


; 
| 
| 
52,500 kvo. 
132 kv 
| 
Busses 
750 750 1000 1.000 500 500 
kvo kvo kva kvo kva kvo 
t 
) 
0 
t 
I 
y 
i 
f 
t] 
t 
‘ 


SPORN—PHILIP SPORN AND TWIN BRANCH STEAM-ELECTRIC STATIONS 
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PERFORMANCE OF ANY STEAM-ELEcTRIC STATION PROJECTED UP TO THE PRESENT TIME 


volves optimum station availability and low maintenance cost. 
An outage of efficient equipment costs money by necessitating 
operation of submarginal equipment, besides the cost of fixing 
the failure. 

The central control room that proved so successful at Tidd 
Unit No. 1 will be repeated at Philip Sporn as there is little doubt 
that the incremental cost of centralized control over decentralized 
control is warranted by the simplification of organization and re- 
duction of outage time after trip-out. 

Full condenser backwashing will be provided as the Ohio 
River becomes so extremely turbid after heavy rains. Long 
experience with other stations on that river has indicated that re- 
volving screens are insufficient to cope with keeping condensers 
in operation under such conditions. It is possible to reverse 
the flow completely through each half of the condenser, thus 
removing the accumulation of leaves and leaf stems that become 
woven into a feltlike mat on the condenser tube sheet. Experi- 
ence at the Windsor, Glen Lyn, Tidd, and Philo plants indicates 
no really satisfactory alternative to full-capacity backwashing. 

Station Arrangement. The Station cross section, Fig. 3, shows a 
compact and simple plant arrangement. For example, there are 
few plants in which the hot-air duct between air heater and fur- 
nace is as short or which so greatly simplifies the plant layout. 

The steelwork is simplified by placing the stack over the coal 
bunker rather than over the boilers, making it possible to install 
the dust collector in a simple and economical layout. 

As was the case at Tidd, the two center units of the ultimate 
six-unit plant are being installed to make it possible to place 
the office, machine shop, and storage facilities in the center of 
the plant, while the future extensions will be two units to the 
north side and angther two units to the south. 

Instead of an auxiliary bay between the boiler and the turbine, 
the auxiliaries will be placed between the two boilers. These 


auxiliaries are bleed heaters, evaporators, deaerators, and boiler 
feed pumps. 

As Fig. 3 also clearly shows, the main power transformers 
have been placed immediately behind the riverward wall of the 
turbine room. This not only makes for the shortest possible 
leads between generator and transformer, but makes possible 
also an ideal location for auxiliary transformers. Structurally, 
too, this provides a very low-cost support for the heavy weights 
involved. 

The design of Tidd No. 2, Philip Sporn Nos. 1 and 2, and Twin 
Branch No. 5 is being handled by the American Gas and Electric 
Service Corporation which is also supervising all of the construc- 
tion operations. 
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Axial-Flow Compressors for Gas Turbines. 


By A. I. PONOMAREFF,' LESTER, PA. 


The development of the gas turbine during the last 
decade has opened a new field for compressor application. 
The compressor is an essential component of every gas- 
turbine power plant. It delivers air at some elevated pres- 
sure to the burner in sufficient quantity to maintain an 
efficient combustion of fuel and to cool the products of 
combustion to some acceptable temperature at the tur- 
bine inlet. The axial-flow compressor is particularly 
adaptable to gas-turbine applications for aviation, marine, 
or land service. This paper deals with the operating prin- 
ciples, characteristics, types, and other data pertaining to 
the axial-flow compressor. 


NOMENCLATURE 


The following nomenclature is used in the paper: 


7 
he L CHORD LENGTH — 
MAX THICKNESS 
« @ CAMBER ANGLE 
TRAILING FOGE 
LEADING 
EDGE 
¢ 

§ STAGGER 

ANGLE 


S BLADE PITCH 


TypicaL ArrFoiL BLADE SEcTION AND TERMINOLOGY USED IN Con- 
NECTION BLapinG oF AXIAL-FLOW CoMPRESSOR 


C,, = mean relative velocity, fps 
C,, = lift coefficient 

k = ratio of specific heats 

lL = blade-section chord, ft 

N = speed, rpm 

P, = inlet pressure, psia 

P, = intermediate pressure, psia 

P, = discharge pressure, psia 

Q = volumetric flow, cfm 

S = blade pitch, ft 

T = absolute temperature, deg R 

'. = absolute inlet temperature, deg R 
T, = absolute discharge temperature, deg R 


T, = standard temperature, deg F 


U = blade speed, fps 
W = weight flow, lb per sec 


= outlet-flow angle; between relative velocity leaving 
rotating row and axis of rotation 

1 Manager, Pump and Blower Engineering Section, Steam Division, 
Westinghouse Electric Corporation. Mem. ASME. 

Contributed by the Gas Turbine Power Division and presented 
at the Annual Meeting, Atlantic City, N. J., December 1-5, 1947, 
of Tue American SocreTy oF MECHANICAL ENGINEERS. 

Nore: Statements and opinions advanced in papers are to be 
understood as individual expressions of their authors and not those 
of the Society. Paper No. 47—A-28. 
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inlet-flow angle; between relative velocity entering ro- 
tating row and axis of rotation: 
kinematic viscosity sq ft per sec 
INTRODUCTION 


When applied to a gas-turbine plant, the compressor must 
meet very rigid specifications. ‘The compressor absorbs roughly 
about two thirds of the power developed by the turbine, and its 
efficiency therefore is of paramount importance. Fig. 1 shows 
the effect of the compressor efficiency on the over-all efficiency of 
an open-cycle gas turbine operating at various pressure ratios. 
The large amount of excess air necessary for cooling the products 
of combustion requires a large volume of air to be handled by the 
compressor even for a gas-turbine plant of relatively small out- 
put. » For a marine application, the compressor must be light in 
weight and occupy small space, while for aviation service it must 
have a small frontal area as well. 


— OPEN CYCLE — 


CYCLE EFFICIENCY PERCENT 


80 as 
COMPRESSOR EFFICIENCY PERCENT 


Errect or CoMPRESSOR EFFICIENCY ON NONREGENERATIVE 
Open-CycLe 


Fic. 1 


The axial-flow compressor fits in exceptionally well as a com- 
ponent part of any gas-turbine power plant for aviation, marine, 
or land applications. It is a high-efficiency, high-capacity, and 
high-speed machine. 


PRINCIPLES OF AxIAL-FLow COMPRESSOR 


An axial-flow compressor in construction, resembles the familiar 
reaction steam turbine. However, there is a material difference 
in the fundamental dynamics of the flow associated with these 
two machines. In a steam turbine the blade path is arranged 
for an expanding or accelerating flow; in a compressor, for a dif- 
fusing or retarding flow. In the expanding passage of a turbine 
the pressure decreases’ in the direction of the flow, and the 
boundary layer is continuously supplied with energy to accelerate 
the gas particles, which have been slowed down by friction, thus 
producing a stable flow. In a diffusing passage of a compressor, 
the flow is inherently unstable. With a negative pressure gra- 
dient, the pressure forces are acting in a direction opposite to the 
flow, and tend to retard further the gas particles in the boundary 
layer, producing eddying and backflow. 
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In an axial-flow compressor, air or gas flows in a general axial 
direction through a bladed annulus concentric with the axis of 
rotation. In the rotating row of blades, the air or gas is de- 
flected through a small angle in the direction of rotation. This 
change in direction of the flow is accompanied by a decrease in 
relative velocity with resultant pressure rise through diffusion. 
Due to the unstable nature of the flow in a compressor, only a 
small change in direction of the flow or pressure rise is possible 
across a stage. Hence a large number of stages are required to 
obtain even a small compression ratio. The necessity for small 
turning angles across a stage compels the axial-flow-compressor 
designer to discard already developed steam-turbine blades and 
seek new aerodynamic sections.? 

While the condensing steam turbine for the pressure ratio of 
500:1 or over is in common usage, the pressure ratio above 7:1 
is seldom developed in one compressor cylinder without resorting 
to intercooling. 

Intercooling. In compressor applications involving relatively 
large pressure ratios, it is the usual practice to employ two or more 
compressors in series with intercoolers between. Intercooling 
between the compressor stages makes the compression approach 
somewhat the isothermal process, resulting in a considerable re- 
duction in the power required. In a gas-turbine power plant, 
the saving in power required to drive the compressor due to the 
subdivision of compression and intergooling does not result in 
a corresponding improvement in the fuel rate or cycle efficiency. 
In a simple (no regeneration) open-cycle gas-turbine power plant, 
for instance, the improvement in cycle efficiency is so small that 
the introduction of an intercooler in many cases cannot be justi- 
fied. Ina regenerative cycle, a substantial improvement in cycle 
efficiency may be obtained through intercooled compression and 
it is a general practice to use at least one intercooler. 


2 “The Characteristics of 78 Related Airfoil Sections From Tests in 
the Variable-Density Wind Tunnel,” by E. N. Jacobs, K. E. Ward, 
and R. M. Pinkerton, U. S. National Advisory Committee for Aero- 
nautics, Report No. 460, 1933. 
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A convenient method of analyzing the effect of intercooling on 
both the work.and efficiency of the over-all cycle is to analyze the 
small intercooled portion of the entire cycle as a separate cycle 
after which its work and efficiency may be added to the original 
cycle without intercooling, and the combined effect estimated. 
Subdivision of compression ratio into two equal parts with 
intercooling after the first-stage compressor results in a minimum 
work of compression. In a gas-turbine power plant, however, 
such division of the compression does not result in the best cycle 
efficiency unless 100 per cent regeneration isemployed. The best 
division of compression ratio for the maximum improvement in 
the cyele efficiency depends upon the over-all cycle efficiency and 
amount of regeneration employed. Fig. 2 shows the optimum 
ratio of the compression ratio of the high-pressure-stage to that 
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CYCLE EFFICIENCY WITHOUT INTERCOOLING - PERCENT 


Fic. 2. Ipgat Division or Compressor WorK FOR INTERCOOLING 
(Pi = initial pressure, abs; P: = intermediate pressure, abs; P: = final 
pressure, abs; 2; = low-pressure cylinder pressure ratio; R: = high-pressure 
cylinder pressure ratio.) 


z of the low-pressure-stage compressor for 
9 90} : various cycle efficiencies and degrees of 
as regeneration. 
as Characteristic Curves. For evaluation 
of the usefulness of a compressor, its 
é performance is usually presented in the 
0 - form of characteristic curves such as 
shown ,in Fig. 3 for the Westinghouse 
9-stage axial-flow compressor, Fig. 4, in- 
N=V@ RPM. stalled in 1946 in the aviation gas tur- 
bine. laboratory to supercharge anot her 
24 ® 4000 24-stage axial-flow compressor, Fig. 5. 
* 5000 The curves in Fig. 3 show the pressure 
22}—+— rend oo ratio and efficiency versus the flow in 
20 j been pounds per second (volumetric inlet air 
2” flow in cubic feet per minute may be 
— used also) for various test speeds from 
3000 to 6500 rpm. 
Unless some torque-measuring device 
g + is used for compressor tests, the effi- 
ciency is usually based upon the pressure 
4 SS and temperature measurements at the 
| Ail | and an isentropic temperature rise, Fig. 
10 20 30 40 50 60 70 80 6, for the corresponding pressure ratio 


WEIGHT FLOW sec. 


Fic. 3 CHARACTERISTICS OF 9-STaGE AxrAL-FLOW COMPRESSOR 
(Test results based upon 14.7 psia and 80 F inlet-air conditions.) 


and air-inlet temperature. This isen- 
tropic, sometimes called adiabatic, effi- 
ciency may be expressed as follows 
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Fig. 4 Cross-SecTionaL View or 9-Stace Axtar-FLow COMPRESSOR 


5 View oF AxtAL-FLOw COMPRESSORS 
(2:1 at left arranged to supercharge 4:1 at right.) 
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(Data from the ‘‘Thermodynamic ‘Properties of Air,” by J. H. Keenan and 
Joseph Kaye, 1945.) 


AT (isentropic) P, 


AT (actual) 


In actual applications the compressor may be subjected to 
operation over a wide range of inlet pressure and temperature 
conditions, which will affect its performance materially. The 
turbojet compressor, for instance, must operate at an inlet- 
temperature range from that existingon the ground to —67 F 
at 40,000 ft elevation, and the pressure range from atmospheric 
to 2.7 psia. In order to correlate the compressor performance 
under variable inlet conditions, the following expressions are 
used for variables involved in the compressor characteristic 
curves 


Mass flow: 
Volumetric flow: 
Speed: (4] 

Power: [5] 


where 6 is ratio of the temperature to an arbitrarily selected 
standard temperature and 4 is the ratio of the inlet pressure to the 
selected standard pressure. The standard temperature and 
pressure may be those of the design conditions or any others, 
such as, standard sea-level conditions of 59 F and 29.92 in. Hg 
abs adopted’by the National Advisory Committee for Aeronau- 
tics. The foregoing expressions are derived from the laws of 


TRANSACTIONS OF THE ASME 


MAY, 1948 


similitude, and it can be proved that these relations are correct 
over a wide range of operating conditions, if variations in the 
value of the gas constant and Reynolds number are neglected. 
The compressor operating range at various efficiency levels may 
be conveniently represented by contour lines of equal efficiencies 
on the pressure ratio - flow plot, as shown in Fig. 3. Axial-flow 
compressors of a moderate or high pressure ratio exhibit steep 
pressure-flow curves. This may impose some limitations as to 


‘the operating range for a constant-speed application. In gas- 


turbine applications, where the temperature and speed control 
rather than flow control is used, the operating range at any given 
speed is very narrow and the axial-flow compressor is well adapted. 
In Fig. 7 the operating range of the 2000-hp gas-turbine generator 
unit® for the temperature limits between 1000 and 1300 F is rep- 
resented by two system pressure ratio - flow lines superimposed 
on the characteristic curves of its own compressor. 
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Fic. 7 CHaractTeristic Curves or AxIAL-FLow COMPRESSOR 
AppLieD TO Gas-TURBINE PLANT 


Tests of this unit up to date indicate that this 20-stage axial- 
flow compressor develops the maximum efficiency of about 86 per 
cent at 7200 rpm. The compressor efficiency at any other speed 
above or below 7200 rpm is somewhat lower. The reduction in 
the compressor efficiency at the lower speeds is due to operation 
of the individual stages off the design velocity ratio, while at the 
higher speeds the effect of a high Mach number is responsible for 
the decline of the compressor efficiency. 

The operating pressure ratio - flow lines of a variable-speed gas- 
turbine power-plant system do not follow the line of the com- 
pressor maximum efficiency but usually cross it at about the 
design speed, Fig. 7, and approach the “limit of stability line” 
at somewhat lower speed. The limit of stability line sometimes 
referred to as “surge line,” or “pumping limit” is formed by the 
points on the pressure ratio - flow curves at which the compressor 
ceases to develop a steady discharge pressure. Surges in dis- 
charge pressure, accompanied by a large increase in noise and 
mechanical vibration characteristic of operation beyond this 
point, sometimes prohibit operation of compressor at the higher 
speeds. 

Stall and Limit of Stability. An airfoil subjected to flow at 
some small angle of attack will develop a lift foree. This lift 
force will increase with increase of the angle of attack until at 
some critical angle the maximum lift force is attained. With 


3 **A 2000-Horsepower Gas-Turbine Generator Set,’’ by Thomas 
J. Putz. Presented at the ASME Annual Meeting, New York. 
N. Y., December 2-6, 1946. 
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PONOMAREFF—AXIAL-FLOW COMPRESSORS FOR GAS TURBINES 
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Fig. 8 Pressure-Capaciry Curve or Ax1aAL-FLow StTaGe Oper- 
ATING AT Low SPEED THROUGH RANGE OF INSTABILITY; AND Errect 
oF INSTABILITY ON PRESSURE AND SOUND PULSATIONS 


the flow at angles of attack above this critical value, detachment 
of flow from the surface of the air foil commences at the trailing 
edge of the convex side with a resultant decrease in the lift force. 
The airfoil then is said to begin to “stall.” With further in- 
crease of the angle of attack the flow separation progresses toward 
the leading edge with a larger decrease in the lift force. 

The pressure rise across an axial-flow compressor stage has a 
definite relation to the lift force of the blade section used (Equa- 
tion [6]) and varies with the angle of attack. Referring to a 
pressure-capacity (flow) curve of a compressor stage at a constant 
speed, Fig. 8, the large capacity and therefore high relative 
velocity correspond to the small angles of attack and small pres- 
sure rise. With the decrease in flow (relative velocity), the angle 
of attack increases with a resultant higher pressure rise. At the 
capacity some 20 per cent below that corresponding to the maxi- 
mum efficiency of the stage, the flow and angle of attack reach 
their critical value,and a further decrease in capacity results in flow 
separation from the convex surface of the blade and a drop in 
pressure. 

In a diffusing flow passage formed by two adjacent blades of 
an axial-flow compressor stage the detachment of flow from the 
blade surface results in a reversal of flow due to negative pressure 
gradient. This separation also destroys locally the radial equilib- 
rium in the stage and establishes radial flow due to the centrifugal 
force. 

Compressors usually operate in a system in which the flow is 
some function of pressure. _ The flow in such a system establishes 
the pressure against which the compressor must operate. During 
the operation at the critical angle of attack, the drop in pressure 
due to flow separation is accompanied by a reduction of delivery 
to the system as a result of radial and backflow in the compressor 
itself. This momentarily re-establishes flow equilibrium which is 
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destroyed again as the system permits the original flow and pres- 
sure conditions. This cycle is repeated with a frequency de- 
pending upon the character of the system of which the compressor 
is a part. 

Laboratory investigations of the flow in some axial-flow com- 
pressor stages operating beyond the stability limit indicate that, 
after the flow separation has progressed to cover almost the entire 
blade surface, a strong reverse flow at the outer periphery of the 
stage is established. Under these conditions the pressure rise 
due to the centrifugal force is usually sufficient to balance the 
system pressure at the levels above the maximum attained by the 
stage at the limit of stability, and the operation becomes stable 
and free of pressure pulsation again. 

The apparent stabilizing effect of a steady reverse flow during 
the operation beyond the stability limit led the author’s company 
to the development of a special suction ring, Fig. 9. This suc- 
tion ring when applied on the suction side of an axial-flow stage 


Fig. 9 ARRANGEMENT OF SucTION R1iNnG INSTALLED TO STABILIZE 
OPERATION OF Ax1AL-FLow BLOWER 


prevents recirculation of the reversed flow air across the rotating 
row, eliminates pulsation of the pressure, and is responsible for 
producing a slowly rising pressure-capacity curve throughout the 
zone of instability, as shown by a dash line in Fig. 8. The use 
of such a suction ring made possible the installation of a very large 
number of single-stage axial-flow blowers for forced-draft applica- 
tion on ships of the U. S. Navy, under a rigid specification in re- 
spect to the stability of operation over the entire range from the 
shutoff to the maximum delivery. The suction ring was applied 
successfully to two- and three-stage axial-flow blowers, designed 
for static pressures in excess of 100 in. of water. The application 
of a modified form of such suction ring to a multistage axial-flow 
compressor is being investigated. Fig. 10 shows the character- 
istic curve at a constant speed obtained from the tests of a three- 
stage axial-flow blower. 

The inherent instability of an axial-flow compressor during the 
operation beyond the limit of stability line does not present a 
major problem when such compressor is used in a gas-turbine 
power plant. Usually it is possible to arrange a by-pass control 
on a compressor or a temperature control in the gas turbine to 
keep operating conditions within the limits of stable operation. 


. Furthermore, compressor proportions can be selected so that the 


operating system line always lies under the limit of stability line 
or crosses it at low speeds where the pressure surges are mild and 
safe. 
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BLowER, EquipPED WITH Suction 


Types or AxIAL-FLow COMPRESSORS 


In the design of an axial-flow compressor a great many dif- 
ferent arrangements of blades and velocity diagrams may be 
employed effectively. Axial-flow compressors which have been 
used successfully here and in Europe may be classified broadly 
into two types; symmetric or constant reaction, and nonsym- 
metric or vortex. The nonsymmetric-stage blading may be 
arranged for air to enter the rotating row either axially or with a 
swirl in the direction opposite to rotation. The orientation of 
rotating and stationary-row blades, velocity vectors, and pres- 
sure rise characteristics for symmetric and two types of non- 
symmetric stages are shown in-Fig. 11. For the purpose of il- 
lustration of their salient characteristics, the same blade form 
for the rotating rows and equal values of axial velocities are as- 
sumed for each type. Under these conditions the blade section 
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of the rotating row will produce the same pressure rise for all 
three types, and the stage performance can be compared on the 
basis of the blade speed and the reaction of the stationary blades. 

Symmetric-Stage Compressor. In a symmetric stage, often re- 
ferred to as constant reaction, air enters the rotating row with an 
initial swirl in the direction of rotation. The orientation of the 
blades and their sections in the rotating and stationary rows on 
the same diameter are identical but mirror images. Fig. 11 
shows that the vectors of absolute air velocities entering, C), and 
leaving, Cy, the rotating row are symmetrical with the relative 
velocities C; and C3, indicating that the pressure rise in the sta- 
tionary row is equal to that obtained in the rotating row. The 
equal pressure rise in the rotating and stationary rows leads to 
still another name for the symmetric-stage compressor, namely, 
50 per cent reaction. 

In the symmetric type of compressor, the initial swirl in the 
direction of rotation permits the use of high air velocities and 
blade speeds without producing high velocities relative to the 
rotating blades which may be detrimental to compressor effi- 
ciency as a result of Mach number effect. The aerodynamic de- 
sign of this type of compressor requires a higher axial velocity at 
the base of the blade, which tends to produce an equal relative 
velocity or Mach number along the blade height. Blade-tip 
speeds exceeding the velocity of sound, and axial air velocities 
up to 700 fps have been employed successfully by designers of 
the symmetric type of compressor. High air velocities and blade- 
‘tip speeds of symmetric compressors result in small over-all 
dimensions and high rotative speeds, while a large pressure rise 
in stationary blades keeps at a minimum the number of stages 
required for a given pressure ratio. These features make the 
symmetric compressor highly suitable for aviation gas-turbine 
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A 19-In. TursoseT Unit With Compressor Cover ReMovep To SHow DETAILS OF 


SYMMETRIC-TYPE COMPRESSOR 


applications. The 19-in. turbojet built by the author’s com- 
pany and used by the U.S. Navy to power the McDonnell FD1 
“Phantom” is a good example of such an application, Fig. 12 
In this 19-in. turbojet, a six-stage 15°/,-in-tip-diam symmetric- 
type compressor delivers 25,000 cfm of air at a pressure ratio of 
3.5:1 when operating at a speed of 18,000 rpm. 

In the field of land transportation and in marine applications 
where high efficiency and reliability throughout a long operating 
life rather than small weight and frontal area are of the utmost 
importance, the symmetric compressor does not occupy the lead- 
ing position. High axial air velocities result in high leaving 
losses and unfavorable blade aspect ratio. High pressure rise 
across the stationary rows requires an intricate sealing arrange- 
ment to reduce leakage and to eliminate the flow disturbance at 
the base of rotating blades. These features and, perhaps, the 
extreme complexity of flow pattern of the symmetric type of 
compressor are responsible for selection of the vortex or non- 
symmetric type of compressor design for many gas-turbine power 
plants for land and marine applications. 

Nonsymmetric-Stage Compressor. In a nonsymmetric stage, 
the vectors representing the absolute air velocities entering and 
leaving the stationary row are not symmetrical with those repre- 
senting the relative velocities C, and C; in Fig. 11. The blade 
sections in the rotating row are arranged to produce a constant 
axial velocity and constant work at all diameters of the stage. 
As a result of this the absolute tangential component (swirl) is 
made to vary inversely as the diameter, in a manner similar to 
the so-called ‘“free-vortex’”’ motion of fluid in an unrestricted 
space. The conditions of the free-vortex flow may be found in 
the following types of nonsymmetric stages: 

1 Axial inlet stage. 

-2 Vortex inlet flow stage. 

In (1) the air enters the rotating stage axially and the free- 
vortex flow is established after the rotating row. In (2) the 
free-vortex flow is established by the stationary row by im- 
parting a tangential component (inversely as the diameter) in 
direction opposite to rotation. In this case the air leaves the 
rotating row axially. 

Arial Inlet Stage. In this type of nonsymmetric compressor 
the stationary blades are designed to give a pure axial flow at the 
exit, and the sections of the rotating blades are oriented to pro- 
duce a swirl the magnitude of which varies inversely as the 
diameter. The pressure rise in the stationary row, obtained 
through removal of the swirling component of the air velocity is 
very small, and this compressor stage is at times referred to as a 
“ten per cent reaction,” which implies that only 10 per cent of 
the stage pressure rise is obtained in the stationary row. Small 


pressure rise across the stationary rows permits the use of con- 
stant-section stationary blades, as well as the omission of the inter- 
stage seals with but a small sacrifice in the over-all compressor 
efficiency. 

Axial velocities up to 400 fps and blade speeds up to 750 fps 
are used with this type of compressor. These relatively low 
axial velocities and blade speeds are conducive to the lower 
leaving losses, good blade aspect ratio, and moderate rotative 
speeds suitable for direct drive by a gas turbine. The experi- 
mental 2000-hp gas-turbine generator unit of the author’s com- 
pany, Figs. 13 and 14, is served by a 20-stage nonsymmetric com- 
pressor of this type. Simplicity of the flow pattern and design 
make this type of stage very attractive for use on single-stage 
applications, such as blowers and ventilating fans. The recent 
tests of the 9-stage compressor of this type indicated efficiencies 
up to 88 per cent. 

Vortex Inlet Stage. In this type of nonsymmetric compressor 
the blades in the stationary rows are arranged to produce a swirl 
in a direction opposite to rotation. The blades in the rotating 
rows are designed to remove this swirl and re-establish axial 
velocity at the entrance to the stationary row of the succeeding 
stage. Inspection of the velocity triangles in Fig. 11 shows that 
high relative velocities may be obtained even with low axial 
velocities and blade speeds. Adverse effects of high Mach 
number limit the velocities and blade speeds of this type of com- 
pressor stage to very low values. Axial velocities as low as 200 
fps, and blade speeds below 500 fps are common. 

Low axial velocities and blade speeds result in large dimensions 
and low rotating speeds. These features make this type of com- 
pressor extremely suitable for the low volumetric capacities which 
are encountered in closed-cycle gas-turbine applications where 
the air enters the compressor at some elevated pressure. The 
Escher Wyss-AK closed-cycle turbines, described by Keller,‘ are 
served by the vortex-inlet-stage compressors. 

Negative reaction or pressure drop in the stationary rows, 
and limitations as to the velocities result in a larger number of 
stages as compared with the other types of axial-flow compressor. 
The large number of stages, however, does not reflect too un- 
favorably on the axial length of the compressor as the low blade 
speeds and loading permit the use of smaller blade chords. A 
favorable blade aspect ratio, low air velocity at the discharge 
from the last stage, and relatively small effect of radial blade 
clearances contribute to the high efficiencies obtainable on this 
type of nonsymmetric compressor. 


4“The Escher Wyss-AK Closed-Cycle Turbine, Its Actual 
Development and Future Prospects,’’ by Curt Keller, Trans. ASME, 
vol. 68, 1946, pp. 791-812. 


= 
ae 
= 
4 
Aye 

7 


TRANSACTIONS OF THE ASME 


MAY, 1948 


Fic 13. Expertmmentar 2000-Hp Gas-Tursine Unit 


FoR 2000-Hp 


14 NonsyMMetrRic 20-STaGe COMPRESSOR 
EXPERIMENTAL GAs-TURBINE UNIT 


Fia. 


Factors AFFECTING PERFORMANCE OF AXIAL-FLOW COMPRESSOR 


The volumetric flow, pressure-generating capacity, and the 
efficiency of an axial-flow compressor with any chosen type 
of velocity diagram, depend upon many variables. Some of 
these variables affect the compressor performance because of the 
geometric configuration of blades in the stages, while the others 
do so because of the dynamics of the fluid flow established by the 
arrangement of the blades and their speeds. Among these 
variables the most important are the following: (1) Velocity 
ratio; (2) blade spacing; (3) hub-tip diameter ratio and blade 
aspect ratio; (4) reheat; (5) Mach number; (6) Reynolds num- 
ber. 

Velocity Ratio. It is well known that the relation between the 
fluid velocity and blade speed of a steam or hydraulic turbine 
determines the basic efficiency of the machine. In a similar way 
the ratio of the air velocity to blade speed has a pronounced 
effect on the efficiency of the axial-flow compressor. 

In the design of an axial-flow compressor for a given flow, 


pressure ratio, and speed, a favorable velocity ratio, conducive 
to the maximum efficiency, is usually selected for all stages by 
an arbitrary assignment of the axial velocities and blade speeds. 
With the selected axial air velocities, the flow area in all stages 
is established from the pressure and temperature conditions at 
each stage. During operation at reduced speeds the compressor 
discharge pressure falls very rapidly with the speed, and the 
volumetric flow through the compressor stages does not decrease 
as rapidly. Since the flow area is proportioned for the design 
speed and compression ratio, this results in a progressive increase 
in the velocity ratio from the first to the last compressor stage 
with a resultant drop in the compressor over-all efficiency as 
shown in Figs. 3 and 7. The operation of the individual com- 
pressor stages when off their design velocity ratios results also 
in the flatter pressure-flow characteristic curves at the reduced 
speeds. 

At the design speed the axial velocities and amount of turning 
corresponding to the assigned velocity diagrams at various 
diameters of the compressor stage are obtained through the 
orientation of the blade sections at the proper angle with the axis 
of rotation (stagger angle), and the selection of the correct blade- 
camber angle (illustrated in nomenclature). This usually 
leads to twisted blades of a variable camber for both rotating and 
stationary rows, while the blade-stress considerations dictate 
blade sections tapered in ared#from the base to tip. 

Pitch-Chord Ratio. In an axial-flow compressor the blade 
section, stagger angle, and pitch-chord ratio describe completely 
the geometry of the air-flow path in the rotating and stationary 
rows. The stagger angle y (see nomenclature) or orientation 
of the blade in respect to the axis of rotation, determines the 
magnitude of the axial air velocity. The camber angle @ of the 
blade section sets the amount of turning which this section will 
produce. In an axial-flow compressor the amount of turning 
which the given camber can produce depends to a large extent 
upon the spacing between two adjacent blades of a given chord 
length. The designers ‘of steam turbines and axial-flow com- 
pressors usually express the blade spacing in terms of ratio of the 
pitch of blades to the blade chord at the same diameter or pitcl- 
chord ratio. 

It can be shown that the amount of turning, lift coefficient, and 
pitch-chord ratio of the compressor blades are related as follows 
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2(tan 6 — tan a) 


The effect of the pitch-chord ratio (S/L), on the performance 
of the blade section of a given camber has been the subject of 
extensive experimental investigations here and abroad. The 
cascade-flow tests of various blade arrangements, us well as 
the actual tests of rotating compressor stages, indicate that the 
amount of turning affected by the blade grid of a given blade 
section is always smaller than the camber angle of the blade sec- 
tion. 

The amount of this deviation in the turning angle is a function 
of the pitch-chord ratio and can be approximated from the fol- 
lowing empirical formula 


= 1 17] 


This correctiorfactor, as suggested by A. R. Howell® in a some- 
what different form, has been applied by the author for the se- 
lection of the blade camber for the desired turning, with satisfac- 
tory results. 

Hub-Tip Diameter and Aspect Ratios. The flow path of an 
axial-flow compressor is designed according to the ‘‘continuity 
equation” with the flow area gradually decreasing toward the dis- 
charge end, corresponding to the assigned velocity, actual pres- 
sure and temperature state at each stage. This results in a 
gradual decrease in the blade height and an increase in the ratio 
of the compressor rotor hub to the blade-tip diameters. The 
decrease in the blade height is usually accompanied by a decrease 
of the aspect ratio or ratio of blade height to the chord length. 

The tip and base of the compressor blade operate in boundary 
layers formed at the bounding walls of the flow passage and the 
performance of these portions of the blade suffers to a considera- 
ble extent, owing to the prevailing low velocities. This inactive 
portion of the blade becomes larger in proportion to the total 
height of the blade as the hub-tip diameter ratio increases toward 
the discharge end of the compressor, with a resultant decline in 
efficiency. 

Tests conducted by many investigators indicate that the 
efficiency of an axial-flow compressor deteriorates rapidly with 
the increase of the hub-tip diameter above a value of 0.85. The 
hub-tip diameter ratios in excess of 0.9 should be avoided unless 
the flow is sufficiently large to permit the use of relatively long 
blades, 

This limitation as to the maximum hub-tip diameter ratio 
provides the incentive for the use of smaller hub diameters for 
the first compressor stages, especially when a large pressure ratio 
is involved. The use of a small hub diameter usually leads to 
undesirable blade spacing at the hub, and at times to some me- 
chanical difficulties in design of the blade attachment. These 
two factors in many cases limit the lower value of the hub-tip 
diameter ratio to 0.5. 

Reheat. In a steam or gas-turbine stage losses reappear in 
the form of heat energy part of which is available for work in the 
succeeding stages. The reheat effect results in a better over-all 
internal efficiency as compared with the individual stage effi- 
ciency. The designer of a compressor is in a less fortunate posi- 
tion. The friction losses of a compressor stage produce the effect 
of preheating, which decreases the over-all compressor efficiency. 
The effect of reheat on compressor efficiency depends upon the 
operating pressure ratio and stage efficiency as shown in Fig. 15. 

Mach Number. Subacoustie flow of fluids through a passage 
or around a body completely immersed in that fluid follows a cer- 


*“Development of the British Gas Turbine Jet Unit,’ The Insti- 
tution of Mechanical Engineers, London, England; ASME re- 
print for distribution in the United States, 1947. 
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tain pattern depending upon the geometry of the passage and the 
Reynolds number. At the velocity equal to that of sound 
shock waves form, and s complete change in flow pattern takes 
place. In the passage designed for subacoustic flow, such as in 
an axial-flow-compressor stage, this change of flow pattern is 
accompanied by a serious loss known as the losses due to the 
Mach number effect. 

When applied to the performance of a compressor, the Mach 
number is defined as the ratio of the mean air velocity rela- 
tive to the blade to the local velocity of sound. With this ac- 
cepted definition it is apparent that the Mach number effect on 
the compressor stage performance would be observed in the opera- 
tion at Mach number values below 1.00. Large deviation of the 
local velocities from the mean flow velocity, due to the flow pat- 
tern around an airfoil exerting lift, results in the fact that even 
in a well-designed compressor stage the Mach number as low as 
0.60 may show detrimental effect on the efficiency. 

The Mach number effect manifests itself in a pronounced re- 
duction in compressor efficiency, and in reduction of flow co- 
efficient. When operating at high mean velocities corresponding 
to the Mach number above the critical value, the increase of 
compressor speed does not produce the expected increase in flow. 
This results in the steeper pressure ratio - flow curve which may be 
observed at the higher speeds of the compressor. As the Mach 
number approaches the value of 1.00, an axial-flow compressor 
reaches its limiting flow, and the pressure ratio - flow curve be- 
comes the vertical line of the constant flow machine. 

Reynolds Number. In evaluating performance of axial-flow 
compressors of various designs, especially the performance of a 
low-speed model, another dimensionless criterion of the flow dy- 
namics must be taken into account, namely, Reynolds number. 
The Reynolds number is well known in fields of hydraulics and 
aerodynamics as a scale effect. In the physical sense, the Rey- 
nolds number is the ratio of the inertia forces to the viscous forces 
acting on fluid particles. A small Reynolds number, say, 1500, 
for flow of oil in a pipe indicates viscous flow or a predominant ef- 
fect of fluid viscosity on the flow pattern, while a high Reynolds 
number, say, 500,000, of air flow in a compressor indicates turbu- 
lent flow and the preponderance of inertia forces. 

When applied to the flow through an axial-flow-compressor 
stage, the Reynolds number is expressed as a ratio of the product 
of blade chord and mean relative velocity to the kinematic vis- 
cosity of fluid, or 
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Fie. 16 Low-Sprep-Compressor Move. Test TUNNEL 
(Insert shows arrangement of dynamometer and test gages.) 
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Axial-flow compressor blades usually operate at Reynolds 
numbers above 500,000, while a slow-speed stage model may op- 
erate at but one tenth of that value. As both high Reynolds 
numbers and Mach numbers are associated with high relative 
velocities, the use of variable-density tunnels for separation of 
these two effects on the performance of airfoil or compressors 
stage is widely employed. Figs. 16, 17, and 18 show the three 
types of wind tunnels extensively used by the South Philadelphia 
Works of the author’s company for aerodynamic research. 

The isometric diagram, Fig. 19, shows the effect of the Mach 
and Reynolds numbers on the efficiency of a nonsymmetric type 
compressor tested in the variable-density tunnel. 
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CONCLUSION 


The gas-turbine power plant is the product of development of 
the last few years. The development of the aviation gas-turbine 
plant was conducted at an accelerated rate because of military 
necessity and the inherent limitations of the reciprocating engine. 
The aviation gas-turbine plant has already become a reality. In 
the fields of marine transportation and land applications, the 
gas-turbine power plant is still in the experimental stage, and its 
reduction to practice will require the solution of a great many 
problems by planned research and development. 

At the present time, when all gas-turbine power-plant problems 
have not been fully explored as yet, the axial-flow compressor 
stands out as a natural choice for its essential component as being 
highly efficient, light in weight, and well adaptable to the service 
of system compressor. Tremendous strides have been made in 
the development of the axial-flow compressor during the last 5 
years. However, many problems remain to be solved. The 
most important one being the design of an efficient compressor 
which can be manufactured at a low cost, so that the gas-turbine 
power plant with its compressor may compete with the highly 
developed steam turbines and reciprocating engines. 
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Discussion 


G. M. DusinBeRRE.® Since there is not yet a widespread 
familiarity with the vector diagrams of the axial-flow compressors, 
it may be helpful to offer the following extension of the author’s 
treatment. 

The two diagrams for the symmetric stage may be combined 
as shown in Fig. 20 of this discussion. This gives us the impor- 
tant vector AB, which determines the tangential force on the 
blading, 175/g = 5.43 lb, per lb of gas per see. Combining this 
with the blade speed gives the work, 175 xX 1211/778g = 8.46 
Btu per lb, and, in connection with the efficiency, gives the stage 
pressure rise. Angles ACB’ and BDA’ determine the blade shapes 
(incidence and deviation being here neglected). 

In the author’s analysis the moving blade shape and axial 
velocity have been left unchanged. Hence the vector triangle 
ABC is unchanged and all the author’s diagrams can be combined 
as in Fig. 21 of this discussion. Here we can readily visualize the 
decreased work per stage (requiring more stages for the same pres- 
sure rise) and also the altered shapes required for the fixed blades. 
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ComMMoN DEFLECTION IN MoviING 
BLADES 


FOR SYMMETRIC STAGE 


It is evident that we have to have vortex flow at some point in 
The question whether we have a “free’’ vortex or not 
depends on conditions along the length of the blades. 

We might expect to avoid radial flow by providing for the same 
rise of total pressure at all points along the blade length. With 
constant efficiency, this means equal work at all points. Since 
the blade speed varies directly as the radius, the vector AB should 
then vary inversely as the radius for equal work. If the present 
diagrams are intended to represent conditions at meari blade 
radius, say, r = 0.9, then at r = 1.0, AB = 158, and at r = 0.8, 
AB = 197. This condition will call for “twist” in the blading. 

But if we wish to provide for free vortexes, we must meet the 
conditions noted by the author. This can be done by varying 
the vector AD’ in the same proportion as the vector AB, in other 
words, “sliding” the vector AB to an appropriate position relative 


any case, 


_® Division of Mechanical Engineering, University of Delaware, 
Newark, Del. Mem. ASME. 


305 


to CD. Thus we are not necessarily limited to the second two 
diagrams of Fig. 11 of the paper, as a basis for free-vortex de- 
sign. The first diagram might also be used, as shown in Fig. 22 
of this discussion. The construction is simpler in the other cases 
because AD’ or BD’ is zero. 
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One general principle can be seen from any diagram of this 
type: Other things equal, the greater the axial velocity, the less 
will be the deflections required. 

Everyone interested in gas turbines will have arrived at some 
scheme similar to the foregoing; the writer’s only excuse for offer- 
ing it is that the presentation has been found useful in classroom 
and may be helpful to engineers who only recently have become. 
interested in this field. 

As a minor correction, the blade speed in the author’s second 
diagram, Fig. 11, should be 693 fps, not 639. 


A. J. Stepanorr.’ In discussing performance of the axial- 
flow blower shown in Figs. 8 and 9, the author attaches too much 
importance to the ring baffle in the blower inlet. There are 
numerous blowers on the market, nationally advertised, which 
obtain a constantly rising head-capacity characteristic without 
the use of such a baffle. All these (including the author’s in Fig. 
9) approach hydraulically the design of axial-flow pumps, i.e., 
have higher impeller discharge and stagger angles, fewer and 
longer impeller vanes, greater axial length per stage. It might be 
mentioned that early centrifugal and axial-flow pumps (Wood 
patent) had unstable regions in their characteristics. However, 
modern pumps are free from these defects. 

The blade-design procedure outlined by the author is based on 
“streamline” or “blade-element” theory. A free-vortex ve- 
locity distribution is assumed for velocity diagrams. It is a 
general belief that only a free vortex is stable radially. The 
writer has demonstrated’ that a free vortex is only one of many 
possible types of vortexes, depending upon the angular velocity 
distribution along the radius, all of which are stable radially. 
The writer would like to call attention to the “forced vortex’ as 
a pattern of flow for centrifugal and axial-flow pumping machin- 
ery (water or air). The definition and properties of a forced vor- 
tex are as follows: 

1 The absolute angular velocity of flow through the machine 


is constant along the radius. This applies to guide vanes, im- 
peller, and stationary vanes. 


7 Development Engineer, Ingersoll-Rand Company, Phillipsburg, 
N.J. Mem. ASME. 

8 “Centrifugal and Axial Flow Pumps,” by A. J. Stepanoff, John 
Wiley & Sons, New York, N. Y., 1948, p. 14. 
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2 The same pattern of flow (forced vortex) prevails at all 
rates of flow from zero capacity to zero head points. 

3 For axial-flow machines, the head produced is greater at the 
impeller periphery than at the impeller hub. This is equalized 
when the tangential component is taken out of the flow by the 
stationary vanes by “conduction” (without “crossflows’’), a 
term borrowed from heat transmission. Both pressure energy 
and heat energy are due to molecular kinetic energy, and are 
interchangeable, as is well known in thermodynamics of gases.® 

4 When applied to axial-flow machines, the forced-vortex 
pattern of flow produces the same ‘‘dimensionless head”’ along the 


radius, or 
us 
= H /— = const 


where H is the total head and wu is the peripheral velocity. 

5 The forced vortex results in identical theoretical treatment 
and impeller design procedure for straight centrifugal, mixed-flow, 
and axial-flow machines. 


Based upon the forced-vortex reasoning, the writer has con- 
structed a diagram,'® which incorporates in it performance char- 
acteristics, controlling design elements, actual and theoretical 
velocity triangles for all pumping machines, i.e., centrifugal, 
mixed-flow, and axial-flow. 

By a comparison, the free-vortex pattern of flow is maintained 
at one point on the head-capacity curve only. At partial ca- 
pacities, the actual total-head of the machine is frequently higher 
than u?/g (maximum possible theoretical head) at the hub of the 
impeller, which has no sense. Expressions of dissatisfaction of 
the free-vortex theory and deviations from it (“half-vortex’’) 
have appeared repeatedly in recent writings.!! There are some 
scattered bits of information on forced-vortex pattern of flow in 
literature. A definite statement by Hayne Constant is found in 
author’s reference (5).!2 

The method of the impeller-vane layout, such as prescribed by 
the forced vortex, was used many years ago. Schmidt!* used it 
for a blower design prior to 1928. His theoretical reasoning was 
entirely different, and the writer confesses that he has been un- 
able to understand it to the present day. 


AvuTHOR’s CLOSURE 


The lack of a widespread familiarity with vector diagrams in 
general led the author to the presentation of the vector diagrams 
for the axial-flow compressors in the form shown on Fig. 11, 
with the emphasis placed on the blading arrangement rather than 
on the velocity vectors. Mr. Dusinberre’s treatment of the 
vector diagrams is a valuable contribution to the understanding 
of the flow dynamics of an axial-flow compressor. The combined 
diagrams, Figs. 20 and 21, bring out important vectors describ- 
ing the work and the pressure rise across a compressor stage. 


**Centrifugal and Axial Flow Pumps,” by A. J. Stepanoff, John 
Wiley & Sons, New York, N. Y., 1948, p.11. ~ 

'© Tbid, p. 185. 

‘1 Author's reference (5), pp. 421 and 456. See also ‘‘Minutes 
of Axial Flow Compressor Meeting of June 26 on German Articles,” 
by C. W. Smith, Bureau of Ships Code 445A, Navy Department, 
1946, p. 40. 

12 Tbid., p. 421. 

13 ‘Some Screw Propeller Experiments,’’ Journal of the American 
Society of Naval Engineers, vol. 40, no. 1, February, 1928. 
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Mr. Dusinberre’s diagram of a free vortex design, symmetric 
at mean radius, Fig. 22, is one of the many that are at disposal 
of the axial-flow compressor designers. This design permits a 
high pressure rise per stage with the added benefit of the free 
vortex flow pattern. 

The author is indebted to Mr. Dusinberre for calling attention 
to the numerical error in the vector diagram of Fig. 11. 

The author does not agree with Dr. Stepanoff’s statement that 
modern pumps and blowers exhibit a constant rising head- 
capacity curve and are free of unstable regions in their character- 
istics. It is true that there are some low-pressure fans and blow- 
ers on the market that may be operated free of instability 
throughout the entire operating range. However, such blowers 
are usually designed for a low-pressure rise per stage, and the 
application of their features obviously cannot be justified in a 
multistage compressor. The designer of modern centrifugal or 
axial-flow-type compressors is still facing a difficult problem of 
flow stability in a certain operating range. The same holds true 
in the case of axial-flow pumps. In this connection the author 
could not fail to note that the recently installed 24 in. axial-flow 
pumps, the construction and tests of which are credited to Dr. 
Stepanoff,'* exhibit unstable head-capacity and hp-capacity 
characteristics at all runner vane settings. The sharp break 
and the reversal of curvature in the characteristic curves 
of these pumps point definitely to blade stall and unstable 
flow conditions, which the author believes may be eliminated 
through the application of the “suction ring,’’ such as shown 
on Fig. 9. 

Dr. Stepanoff is to be complimented on his untiring efforts in 
advocating the hydraulic treatment of all pumps as one con- 
tinuous series, irrespective of their runner designs, with the 
specific speed,'® as an index number indicative of the type. This 
hydraulic family includes the low specifie-speed centrifugal 
pumps, medium speed mixed-flow and the high specific-speed 
axial-flow or propeller pumps. The benefit derived from such 
treatment is generally recognized now by both pump designers 
and pump users. It is believed that the similar treatment of 
compressors will be a welcome addition to the technical litera- 
ture that will lead to a further advancement of the art. 

The author agrees that the forced vortex flow pattern ad- 
vocated by Dr. Stepanoff may be successfully used, as well as 
many other patterns, in designing of an axial-flow compressor. 
The author has no reason, however, to express dissatisfaction 
with the free-vortex blade design and theory, especially in view 
of the excellent performance reported by many independent in- 
vestigators of this type of compressor. The test results of 9-stage 
axial-flow compressor, Fig. 3, indicated a remarkably close 
agreement with the calculated performance. The fact that the 
theory based on the free-vortex flow pattern does not render the 
performance calculations possible beyond the “stall” region or 
near the shutoff is of secondary importance. 

The euthor regrets that at the time of this writing Dr. Stepa- 
noff’s ‘“Centritugal and Axial-Flow Pumps,” to which the 
numerous references in discussion were made, was not out of 
press and the author has not had the opportunity to examine 
what undoubtedly will be an excellent treatise on pumps. 


Adjustable Vanes Match Pumps,’”’ Power, March, 1948, pp. 
92 and 93. 

1 “Centrifugal-Pump Performance as a Function of Specific 
Speed,” by A. J. Stepanoff, Trans. ASME, vol. 65, 1943, pp. 629-647. 
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Ignition and Flame Stabilization in Gases 


By BERNARD LEWIS? ann GUENTHER von ELBE,’ PITTSBURGH, PA. 


The self-ignition of a volume of explosive gas mixture 
is understood to be the transition from slow to very rapid 
chemical reaction with approximately adiabatic heat 
evolution. Two known processes bring this about. They 
are distinguished as thermal and branched-chain explo- 
sion. In the former, the chemical reaction becomes self- 
accelerating owing to the temperature rise. In the latter, 
the self-acceleration is caused by the formation of chemi- 
cally active particles at a rate that exceeds the rate of 
destruction of these particles. A peculiar process of the 
latter type plays an important contributory part in engine 
knock. Local ignition, as by a spark, results in the forma- 
tion of a combustion wave which propagates through the 
explosive mixture in a manner analogous to Huyghen’s 
principle for the propagation of a light wave. Small 
sparks do not produce ignition. The minimum ignition 
requirement of electric capacitance sparks in mixtures of 
methane or other hydrocarbons with oxygen and nitrogen 
is found to be only the spark energy. This is theoretically 
explained, and the minimum spark-ignition energy is 
shown to be a function of the burning velocity, the width 
of the combustion wave, and other variables of the gas 
mixture in agreement with experimental data. A com- 
bustion wave in a stream of explosive gas mixture becomes 
stationary, i.e., the flame becomes stable, when the burn- 
ing velocity is equal to the gas velocity somewhere in the 
wave and is nowhere larger than the gas velocity. The 
mechanism is described by which the condition of equal- 
ity of burning velocity and gas velocity is realized at the 
rim of a burner tube. It is shown that the limits for 
flash back and blowoff correspond to critical values of the 
gas-velocity gradient at the stream boundary. This ap- 
plies equally to the outer boundary and any inner bound- 
ary formed by solid objects in the stream. 


N explosive mixture of fuel and oxygen may be ignited essen- 
tially in two ways, as follows: 


1 The mixture is passed into a vessel, or through a tube, 
and subjected in bulk to high temperature or pressure. Under 
such conditions ignition occurs almost simultaneously in every 
part of the vessel after a time lag ranging from less than a milli- 
second to hours, according to circumstances. This type of igni- 
tion may, for brevity’s sake, be termed “self-ignition.” 

2 The mjxture is ignited locally, as by a spark, and a com- 
bustion wave propagates from the spark through the mixture 
somewhat in the manner of a light wave, that is, every point in 
the wave front serves as an ignition source and the propagation 
of the wave conforms to Huyghen’s principle. This type of igni- 
tion is referred to as ‘ignition by a local source.”’ 


! Published by permission of the Director, Bureau of Mines, U. S. 
Department of the Interior. 
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ment Station, Bureau of Mines. 
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When a combustion wave has been formed in a stream of ex- 
plosive gas mixture, it moves with the stream, that is, the flame 
blows off when the gas velocity everywhere exceeds the burning 
velocity, which is the velocity of the wave with respect to the 
unburned gas; the wave moves against the stream, that is, the 
flame flashes back when the burning velocity exceeds the gas 
velocity at any one point in the wave; and the wave remains 
stationary, that is, the flame is stabilized when the burning 
velocity equals the gas velocity at any one point and does not 
exceed it anywhere. 

In this paper the two types of ignition and some principles of 
flame stabilization in a stream are discussed. 


SeELF-IGNITION 


The self-ignition of an explosive mixture enclosed in a vessel is 
found to depend upon a number of variables, namely, tempera- 
ture, pressure, mixture composition, and in most cases also upon 
gas motion and vessel factors, such as size and the condition of 
the inner surface of the vessel. In some cases ignition can be 
produced by irradiation. The phenomenon of ignition is under- 
stood to be the transition from a slow to a very rapid chemical 
reaction with approximately adiabatic heat evolution. Two 
known processes bring this about. One is self-acceleration of the 
reaction by the heat developed until the rate of heat liberation 
exceeds the rate of heat less to the surroundings, the so-called 
“thermal explosion;” the other is self-acceleration caused by the 
formation of chemically active particles, such as atoms and free 
radicals, at a rate that exceeds the rate of their destruction, the 
so-called ‘‘branched-chain explosion.” 

A sharp division between these two types of explosions cannot 
be made, since both processes may occur simultaneously. How- 
ever, a purely thermal explosion arises when the chemical reac- 
tion is of a simple order, like a unimolecular reaction for which 
there is evidence in the decomposition of azomethane (1)* and 
ethyl azide (2). The quantitative treatment (3) of the tempera- 
ture-time relations in the reaction vessel is based upon the equa- 
tion for the rate of heat g, accumulating in the vessel, viz. 


dq/dt = QVmAe~ — aK(T — T,)........ [1] 


where Q is the heat of reaction per mole of gas decomposed, V the 
volume of the reaction vessel, m the number of moles of reacting 
gas per unit volume, £ the energy of activation, R the gas con- 
stant, a the wall area, 7 and 7) the temperatures of the gas and 
the reaction vessel, respectively, and K and A _ constants; 
Ae~ ®/RT — k, the reaction-rate coefficient. From the equation 
—dm/dt = km, and assuming k to be constant during the induc- 
tion period where the temperature rise is small, m = moe“, 
where mp is the initial molar concentration. The first term on 
the right side of Equation [1] is the rate of heat production, and 
the second term the rate of heat loss. On dividing the equation 
by the total heat capacity of the gas in the vessel, it becomes an 
equation connecting temperature with time. Its solution by 
numerical method leads to the result that above a certain sharply 
defined initial pressure a sudden temperature rise, corresponding 
to an explosion, occurs after an initial stage of slow temperature 
rise which may be regarded as the induction period. The fore- 
going illustrates the complexity of the quantitative treatment, 
even for the simplest case of a unimolecular reaction. In the 


« Numbers in parentheses refer to the Bibliography at the end of 
the paper. 
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more common case of a complex reaction mechanism involving 
a sequence of many elementary reactions, the treatment becomes 
quite unmanageable. One may, nevertheless, appreciate the 
main features of the thermal theory by the general formulation 
of the explosion condition, that is, the boundary between non- 
explosive and explosive reaction is defined by the condition that 
the rates of heat liberation and dissipation are equal 


dq/dt = QVr —aK(T — =0........... [2] 


ris the number of moles of gas reacting per unit time and volume, 
and, in most instances, is a complicated and incompletely known 
function of all the variables just enumerated. It is generally, 
however, a function of pressure in the sense that it increases with 
the latter, and of temperature in the form of a factor e~#/87, 
If Equation [2] has a real root in 7’, the system will come to 
equilibrium at this temperature, and the reaction will proceed 
normally; but if for fixed values of the other constants the pres- 
sure or 7° is increased sufficiently, the equation will have no real 
root, dq/dt will be always positive, the temperature will increase, 
and the process of self-acceleration of the reaction, i.e., explosion, 
will set in. This shows that the ignition temperature 7 is 
lowered by increasing pressure and also by increasing vessel 
diameter which increases V more thana. A plot of ignition tem- 
perature versus pressure may generally be expected to follow 
approximately an equation of the form log P = A/T». + B, where 
A and B are constants, the latter depending, among other things, 
upon vessel factors. The latter equation agrees with many ex- 
perimental observations, but since a similar equation holds for 
branched-chain explosions where the active particles are destroyed 
at the wall of the vessel, this general form does not serve as a 
criterion to distinguish between thermal and branched-chain 
explosions. 

It has, nevertheless, been possible to draw this distinction by 
reviewing chemical facts and quantitative data on explosion 
processes. Two cases in point are the self-ignition of mixtures 
of hydrogen and of carbon monoxide with oxygen. Notably the 
former is now rather thoroughly understood. It is a branched- 
chain explosion with a more or less negligible contribution of the 
heat liberation, depending upon experimental conditions (4). 

An interesting recent publication deals with the self-ignition 
of mixtures of gasoline-type fuels and air under conditions ap- 
proximating engine knock (5). The mixtures were rapidly com- 
pressed under conditions assuring a well-defined temperature and 
pressure at the end of the compression, and records were obtained 
of the subsequent pressure rise due to heat liberation. These 
pressure-time records show two phases: In the first phase the 
pressure rises at an increasing rate for a while and then levels 
off. In the second phase the pressure rises from the new level at 
an increasing rate to explosion. The two phases respond dif- 
ferently to experimental variables. Tetraethyl lead is found to 
lengthen the second phase only. The first phase is largely inde- 
pendent of the fuel-air ratio over a wide range; the second phase 
is strongly dependent upon the fuel-air ratio. The two phases 
together constitute the time lag in the self-ignition of such mix- 
tures. Their separate appearance conforms to other experience. 
It has long been known that mixtures of oxygen and paraffinic 
fuels, notably those of low octane numbers, are capable of a 
specific chain-branching reaction which attains a maximum rate 
at a fairly low temperature and, remarkably, vanishes as the 
temperature rises; thus the rate of fuel consumption or heat 
liberation initially tends toward a branched-chain explosion but 
the process is stopped by the temperature rise. Subsequently, 
a self-accelerating oxidation reaction of another type resumes 
the trend toward explosion, probably by a thermal mechanism. 
Under conditions of predominant branched-chain reaction, 
copious amounts of aldehydes are formed and a bluish lumines- 
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cence, commonly referred to as cool flame, appears in the mix- 
ture. 

The initial trend toward a branched-chain explosion has been 
indirectly confirmed by the observation that the rate of heat 
liberation in the first phase is inconsistent with the thermal- 
explosion equation. The experimental conditions are such that 
the second term in Equation [1] or [2] is negligible, and it is only 
necessary to investigate whether the experimental values of the 
rate of pressure rise (~dq/dt) can be consistently represented by 
an equation of the form, const X e~ ®/"7 with chemically possible 
values of FE. This was found to be not the case (5). 

Engine knock is caused by self-ignition of fuel-air mixture 
ahead of the normal combustion wave, and the foregoing con- 
tributes considerable new information to the subject. 


IGNITION BY LOCAL SOURCES 


It is possible to pass small sparks through a combustible mix- 
ture without producing ignition. A comprehensive experi- 
mental and theoretical investigation of the boundary conditions 
which govern ignition has recently been made for electric capaci- 
tance sparks in mixtures of methane, oxvgen, and nitrogen. 
Because certain basic principles have developed which are ap- 
plicable to other fuels as well, this work is reviewed here at some 
length. For further details and additional experimental data 
the original papers should be consulted. 

In the experimental part of the investigation (6), the gases 
were admitted to a stainless-steel bomb at room temperature 
(approximately 25 C). The spark electrodes were mounted in 
the center of the bomb and connected to the plates of the air 
condenser whose capacity could be varied from 8 to 5000 yuf. 
The experimental arrangement is shown in Fig. 1. After the 
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GIES OF IGNITING SPARKS 

bomb had been charged with an explosive mixture*of accurately 
determined composition and pressure, the condenser was slowly 
charged and the voltage V at which the spark occurred was ob- 
served. If no ignition occurred, the capacitance was increased 
and the experiment repeated until by trial and error the critical 
capacitance C for ignition was found. The minimum ignition 
energy ('/.)CV? of the circuit represents essentially the energy 
imparted to the gas between the electrodes in the form of heat 
and ionization. 

It was possible to vary the breakdown voltage considerably 
by applying an overvoltage, either taking advantage of the break- 
down time lag or using a special switch for closing the circuit. 
The minimum ignition energy was found to be essentially inde- 
pendent of overvoltage, that is, as the gap voltage was increased, 
the capacitance had to be correspondingly decreased. 

The distance between the electrodes could be adjusted accu- 
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1 atm pressure.) 


ately by a built-in micrometer. Fig. 2 shows the effeet of dis- 
tance using '/js-in-diam electrodes with rounded points, either 
free or mounted flush in glass plates as sketched. Above a 
critical distance, the data practically coincide; «below this dis- 
tance the minimum ignition energy increases abruptly with 
plate electrodes and gradually with pdint electrodes. This dis- 
tance marks the farthest penetration of the flame-quenching 
effect of the solid electrode material and is analogous to the eriti- 
cal diameter of a tube below which flame will not propagate 
through the tube. 

As shown in Fig. 2, at distances above the quenching distance, 
the minimum spark energy remains remarkably constant over 
a considerable range. The curve turns ultimately up agzuin; 
this is not shown here. The existence of a range of constant energy 
suggests that the spark is not incendiary along its whole length. 
Otherwise, as the column of gas traversed by the spark increases, 
the energy required to raise the gas temperatur® everywhere to 
the ignition point would also increase. Therefore it appears that 
most of the conversion of electrical to thermal energy occurs at. 
some point along the spark path. This accords well with the 
known charge distribution during discharges in gases. The 
largest decrease of potential along the spark path occurs near 
the cathode due to the accumulation of positive ions. The high 
concentration of positive ions and fast electrons at the end of this 
zone of steep potential drop must result in a dissipation of energy 
much larger than anywhere else along the path of the spark. 
Thus a virtual point source of ignition is formed independent 
of the length of the spark. 

One may further visualize that as the electrode distance is de- 
creased, the ignition source approaches the electrodes to within 
& critical distance and the flame is quenched—abruptly in the 
case of plate electrodes and gradually with point electrodes. If 
the source is always closer to the cathode than to the anode, then, 
in the case of a point electrode facing a plate electrode, the quench- 
ing effect should be larger when the plate is the cathode than when 
it is the anode. This has been confirmed by experiments in 
which one of the electrodes was a small sphere and the other a 
plate. 

In the constant range of the electrode-distance curve the 
minimum spark energy is dependent only upon the variables of 
the explosive gas mixture. The minimum spark energy and the 
quenching distance increase with decreasing pressure and pass 
through a minimum when the methane percentage is increased 
from the lower to the upper limit of inflammability. Typical 
curves are shown in Fig. 3. Families of curves of minimum igni- 
tion energy versus methane percentage at constant ratios of 
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nitrogen to oxygen have been determined for various pressures. 
Fig. 4 shows the curves for 1 atm pressure. They illustrate the 
profound effect of inert-gas dilution. Comparing, for example, 
measurements for air and pure oxygen near stoichiometric com- 
position, the minimum spark energy of the latter mixture is found 
to be about one hundredth of the former. 

The theoretical part of the investigation (7) is based upon con- 
siderations of the distribution of temperature and energy in a 
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(he = sum of thermal and chemical energy per unit mass before and after 
combustion.) 


Fic. 5 


combustion wave, as illustrated in Fig. 5. For the case of a 
plane wave the origin of the «-co-ordinate is placed at a constant 
distance from the wave, and, correspondingly, the gas flows from 
left to right at the velocity of flame propagation. At any point 
xr, the sum of the rates of heat gain or loss in a unit volume of a 
layer dx due to thermal conduction, mass flow, and chemical reac- 
tion is zero. This is expressed by the following equation 


/dx? — pSe,AT /dx + q(z) = 0....... 
where 
T = temperature 
uw = heat-conductivity coefficient 
p = density 
S = velocity of gas flow 
c, = specific heat 
q(x) = rate of heat release by chemical reaction per unit 


volume 


The temperature rises from 7’, of the “unburned” gas to 7’, of 
the ‘‘burned” gas. The chemical term q(x) is initially very 
small; hence according to Equation [3], d?7'/dz? ~ dT'/dz, 
which means that the temperature gradient and also the tem- 
perature increase exponentially with z, until at some tempera- 
ture 7’; the chemical term becomes significantly large; d?7'/dx? 
now decreases and finally becomes negative, corresponding to 
the dotted temperature curve in Fig. 5. Accordingly, as shown 
in the lower part of the figure, a mass element entering the com- 
bustion wave first acquires some excess energy by heat conduc- 
tion from preceding elements and then returns this ‘‘borrowed” 
energy to succeeding elements; so that, as demanded by thermo- 
dynamics, its thermal energy after passage through the com- 
bustion wave is equal to the sum of its thermal and chemical 
energy before it entered the combustion wave. In the aggregate, 
the mass elements inside a plane wave segment of unit area carry 


an excess energy 
f 
— 
0 


where / represents the sum of thermai and chemical energy per 
unit mass and the subscript zero refers to the state before and 
after passage through the combustion zone. 

The initial small flame which is formed around a spark derives 
its excess energy from the spark itself. It is the function of the 
latter to initiate the reaction by producing a high local concen- 
tration of heat and chain carriers, and to furnish at least as much 
energy as is necessary to satisfy the excess-energy requirement 
of the smallest flame sphere that is capable of self-propagation. 
Such a flame may be visualized as a burning sphere of the smallest 
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volume consistent with the condition that the rate of heat pro- 
duction should equal the rate of heat conduction to the surround- 
ing unburned gas. As the flame grows, the additional energy 
required by the growing flame surface is taken from the burned 
gas, that is, the combustion temperature is slightly lower than 
the temperature 7’) of the plane wave. However, the spark 
must furnish at least the energy corresponding to the integral 


f — ho)dr 


of the smallest self-propagating flame, r being the distance from 
the center of the flame. 

The calculation of this energy from other data, notably data 
on the burning velocity and the diameter of the smallest flame, 
is made possible by substituting for the actual temperature 
gradient the simple approximate gradient illustrated in Fig. 5. 
The term q(x), Equation [3], is taken as zero up to the tempera- 
ture 7,, and thus the gradient initially rises exponentially.  Be- 
tween 7, and 7,, q(x) is taken as constant and d?7'/dz? as zero, 
and the gradient thus remains constant. A mass element 
within this part of the gradient neither loses nor gains h = 
thermal + chemical energy. However, heat is continually being 
furnished to the fresh gas at 21; this heat is being produced at the 
constant temperature level 7, from residual chemical energy) 
between z2 and 2x;, and transported down the gradient by a ficti- 
tious mechanism. Although the resulting temperature and 
energy distributions are not physically possible, they closely 
circumscribe the actual distributions. They can be calculated 
numerically from data on the width of the reaction zone x; — 4), 
the burning velocity S,, the temperatures 7’, and 7',, and the 
heat conductivity, density, and specific heat of the unburned gas 

For the present problem of calculating the minimum ignition 
energy, the heat-balance equation for a spherical combustion 
wave must be developed, using the foregoing approximation 
The development of the equations has been given elsewhere 
(7). The solution of the differential equations yields the tem- 
perature distribution in the exponential part of the gradient at 
radii greater than ry. 
tion for the excess energy in this part of the gradient. 


ri 


This makes it possible to solve the equa- 


-T dr... [4] 


The energy between rz and r; is given by 


| iri ri 
\H| = f (T, — T,)dr... [5] 
r2 
It can readily be shown that the value of | H | is less than one 
ire 
third that of | H | The excess-energy term H > 8 consider- 
| | 


ably less than 'H| and therefore can be neglected. 


The gradient (7, — 71)/(ri — rz) is stable and thus the flame 
can propagate when the rate of heat production in the volume 
(4/3) equals the heat flow across the area From this 
condition a relation between 7; and r2 is derived and the gradient 
between r; and r2 can be calculated. This furnishes the necessary 
boundary condition for the integration of Equation [4]. It now 
becomes possible to write the equation of the ignition energy H, 
which is found to be 
H =  4/T,/T. (T, — 

Sy a 
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where S, is the burning velocity determined for a plane com- 
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bustion wave and u, the coefficient of heat conductivity of the 
unburned gas. 17’, is the average temperature between 7’, and 
7’, and is found from the condition that the energy 


H 


H 


Ta 


va 


The function a, is given by 


The relation between a, and a is 
—ar 
l/agn = 1 — arne™ ——<dr...... [8] 
ri r 


Burning velocities of mixtures of methane and oxygen and 
nitrogen have been determined by the Bunsen-burner method 
(8). Values for ¢, and » and p are available in handbooks. 
Values of the flame temperature 7’, are calculated from thermo- 
dynamic data. 

The remaining unknown quantity in Equation [6] is m. The 
diameter 27, evidently must be smaller than the quenching dis- 
tance d between plane parallel electrodes mentioned in the ex- 
perimental part of this paper. This follows immediately from 
inspection of the temperature distribution in a spherical .com- 
bustion wave, Fig. 5. Since, for minimum ignition conditions, 
none of the excess energy may be removed, it is obvious that the 
cooling surfaces must be well outside the exponential part of the 
temperature gradient. It is difficult to state how great this 
distance should be. It is not sufficient to note where the tem- 
perature has dropped to nearly 7, because considerations of the 
quenching mechanism suggest that a plate distance which may 
be sufficient for the initial development of the flame may result + 
in quenching at a later stage of flame development. 
able estimate of the ratio d/2r, is ~2. 


A reason- 


Equation [6] has been used to calculate values of 27; from the 
measured minimum ignition energies, and these values are com- 
pared with measured values of d. Results are given in Table 1. 
The examples chosen include a wide range of mixtures of methane, 
oxygen, and nitrogen. 
and 2r; is noted. 

Iquation [6] is of such a form that H, as a function of the 
radius r;, passes through a minimum. 


A reasonable correspondence between d 


This is a consequence of 
the approximating assumptions embodied in the treatment and 
cannot be considered physically significant. In some cases this 
calculated minimum value is larger than the experimental value of 
H, and it becomes impossible to satisfy the experimental value 
by any choice of r,. It then appears proper to solve the equation 
for the minimum value, as this is the closest approach to the 
experimental value of H. 
done in three cases corresponding to low methane percentages. 


It is noted in Table 1 that this was 


The discrepancies gre not serious. 
The treatment thus establishes a concept of the minimum 
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ignition energy of sparks which links this quantity with the 
variables of flame propagation, in agreement with experimental 
data. . However, it may be noted that in these experiments the 
spark energy is the sole’ minimum ignition requirement only 
because (a) the high concentration of energy in the sparks insures 
rapid chemical reaction, and (b) the time of ~10~7 sec, during 
which the energy of a capacitance spark is released, is small 
compared with the time required for a substantial growth of the 
initial flame. For example, in the case of the fast-burning mix- 
ture of 25 per cent methane and 75 per cent oxygen, a 50 per cent 
increase of the flame radius r; requires ~10~® sec, according to 
the values of S, and r, in Table 1. Future experiments with 
greatly increased duration of the electric discharge should 
demonstrate a dependence of the minimum ignition energy upon 
the discharge time. 

Local ignition by hot wires and heated surfaces, in general, 
represents a very different picture. Experimentally, it is usually 
possible to determine #® minimum ignition temperature. Its 
value depends upon many variables and is often much above the 
temperature range in which self-ignition in heated vessels occurs. 
For example, mixtures of methane and air, which ignite spon- 
taneously in vessels below 750 C, require local ignition tempera- 
tures generally above 1000 C and up to 1500 C, depending upon 
many factors, such as the nature of the heated surface and its 
vertical or horizontal position (9). 


FLAME STABILIZATION (10) 


Consider an explosive gas mixture in a tube whose diameter is 
sufficiently large to permit the propagation of a combustion wave. 
The wave cannot approach the wall of the tube closer than the 
quenching distance. This distance is a function of the composi- 
tion of the mixture, the temperature, and the pressure. It is 
somewhat smaller than one half the quenching distance between 
plane parallel plates. The burning velocity is zero within the 
quenching distance and at larger distances increases to its normal 
value. This is shown schematically by the heavy curve in Fig. 
6. The other lines in the figure are curves of gas velocity for 
three different gas flows. The gas velocity is zero at the wall and 
rises toward a maximum in the axis of the stream. If the flow 
corresponds to curve 1, the gas velocity falls partly below the 
burning velocity, and the flame flashes back through the tube. 
If the flow corresponds to curve 2, the combustion wave remains 
stationary in an unstable equilibrium position. If the flow corre- 
sponds to curve 3, the gas velocity. is everywhere larger than the 
burning velocity, and the flame is blown out of the tube. 

In the latter case, as the combustion wave propagates in the 
free stream beyond the rim of the tube, the quenching effect of 
the tube rim gradually vanishes, and, consequently, the curve 
of the burning velocity shifts closer toward the stream boundary. 
This is illustrated in Fig. 7. Three burning-velocity curves are 
shown corresponding to three heights, A, B, and C above the 
rim. At height A, close to the rim, the burning-velocity curve 


‘ION OF FLAME DIAMETERS 21, TEMPERATURES T», Ti, AND Ta, AND GRADIENTS (T) — Ti) /(r1 — r2) FOR SMALL- 
STERS ey FLAME-QUENCHING DISTANCES d BETWEEN PARALLEL 
; Tu = 300 DEG K 


—~Mixture composition,—~ Minimum ignition energy 
per cent H, cal. X 108 
CH, Ne Se. ———— Deg K————-~ Experi- Calcu- 2n, d, deg C/ 
em/sec Tb Ti Ta mental lated@ em em d/2r; em X 105 
10 90 80 2200 1330 587 19 36 0.038 0.072 1.9 3.5 
15 85 175 2650 1570 658 3.1 3.9 0.017 0.050 2.9 9.5 
25 75 304 3000 822 515 1.4 ie 0.016 0.028 1.8 8.0 
40 60 305 3000 605 435 5.0 is 0.032 0.051 1.6 3.5 
a0 50 122 2650 446 379 110 ae? 0.106 0.165 1.6 0.8 
52.5 7.5 ae 87 2500 388 343 430 aan 0.192 0.38 2.0 0.38 
10 18.8 roe 36 2200 1115 348 170 382 0.090 0.28 3.1 1.3 
16.3 29.3 54.4 110 2620 1100 567 20 ay 0.035 0.079 3.3 3.8 
21.5 39.75 39.75 170 2810 791 501 9 ve 0.031 0.053 1.7 3.9 
26.4 49.1 24.5 240 2940 592 429 5.3 0.030 0.045 1.5 36 


* Values obtained by minimizing Equation [6] 
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is about the same as in the diagram, Fig. 6. At height B, it has 
shifted toward the boundary. The shift toward the boundary 
continues up to height C. Here the quenching effect of the tube 
rim is very small, but the curve drops to zero at the stream 
boundary because by interdiffusion with air and transfer of 
momentum an outermost layer of nonexplosive gas is formed. 
At heights exceeding C the nonexplosive boundary layer broad- 
ens, and correspondingly the burning-velocity curve recedes 
from the boundary; hence if the gas velocity is large as shown in 
curve 5, it exceeds the burning velocity everywhere and the flame 
blows off the tube. At any flow between the limiting curves 2 
and 4, the flame settles down to such a height above the rim that 
gas-velocity curve and burning-velocity curve meet each other 
tangentially. For example, let us suppose that the gas stream 
is adjusted to correspond to the gas-velocity curve 3. If the com- 
bustion wave drops below the height B, the burning-velocity curve 
shifts to the right, the gas velocity is larger everywhere, and the 
combustion wave lifts up again toward the height B. If it should 
exceed this height, the burning-velocity curve shifts to the left, 
the gas velocity falls below the burning velocity at some dis- 
tance from the boundary, and the combustion wave is driven 
back to its equilibrium position at height B. 

The flame thus remains stable between a critical lower and 
upper gradient of the gas velocity at the stream boundary, rep- 
resented by the slopes of curves 2 and 4, and corresponding to 


13 TI 


8 


NATURAL GAS, PERCENT 


MAY, 


1948 


flash back and blowoff, respectively. For a flame burning in air, 
the blowoff gradient increases sharply when the mixture is en- 
riched with fuel gas, because in this case the interdiffusing air 
increases the burning velocity at the boundary. Therefore rich 
flames are much more stable. However, if the surrounding 
atmosphere does not consist of air, but of some inert gas, such 
flames blow off readily. 

If the velocity distribution in the gas stream is known, the 
critical boundary-velocity gradients can be calculated from data 
on the critical flows for flash back and blowoff. For laminar 
flow in a cylindrical tube of radius R, the velocity U at the dis- 
tance r from the axis is given by 


—(a/4n)(R? — (9) 


where 7 is the viscosity and a the hydrodynamic pressure gradient 
along the tube. The flow V is 


R 
V= 2rUrdr = 
0 


From Equations [9] and [10] the boundary velocity gradient g 
is found to be 


— (a/4n)(w/2)R4........ [10] 


= lim (—dU/dr) = 
r—R 


(11) 


Fig. 8 shows critical flows for flash back of natural gas-air 
flames in cylindrical tubes of various diameters. Fig. 9 shows 
the same data plotted against g instead of V. In this plot the 
curves coincide substantially, as expected. Exceptions are 
noted whenever the tube diameters approach the limiting di- 
ameters for flame propagation. This is to be expected, because 
the quenching distances are no longer small compared to the tube 


“yadii and therefore the gas velocity does not increase linearly 


over the quenching distance, that is, the concept of a critical 
boundary-velocity gradient is no longer applicable. Another 
exception is the notable protrusion of the curve for the largest 
tube (1.550 cm diam). This is caused by the asymmetric dis- 
tribution of the gas velocity induced by the thrust of the flame 
gas, as illustrated by an example shown in Fig. 10. Here the 
flow exceeds the critical flow for flash back but the combustion 
wave has partly entered the tube. The thermally expanding 
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flame gas exerts a thrust normal to the tube axis which causes a 
deflection of the stream of unburned gas. The resulting change 
of velocity distribution causes a decrease of the boundary-velocity 
gradient, below the critical flash-back value, in the region where 
the flame penetrates into the tube; this permits the combustion 
wave to propagate against the stream. As the wave travels 
downward, the resistance of the flow of unburned gas to the de- 
flecting thrust increases, due to the increasing confinement by 
the tube wall, and a position of equilibrium is reached in which 
the boundary velocity gradient at the deepest point of penetra- 
tion has become equal to the critical gradient for flash back, but 
exceeds the critical value at lower points in the burner tube. 
The tendency toward tilted flames of this type increases with 
increasing tube diameter, and the flame is not always arrested in 
an equilibrium position but flashes back with an irregular wave 
front, indicating induced turbulence in the stream. The flash- 
back region may thus be increased beyond the normal boundary, 
as exemplified in Fig. 9. 

Observations of blowoff in the laminar-flow range have shown 
no appreciable effect of the tube diameter on the critical bound- 
ary velocity gradient, and the stability range of laminar flames 
of natural gas-air mixtures burning in air is essentially cireum- 
scribed by the curves in Fig. 11. If the flames are surrounded 
by some other gas instead of air, the flash-back curve remains 
unchanged, but the blowoff curve is shifted considerably. Oxy- 
gen on the outside greatly enlarges the stable-flame region, and 
inert gases, notably helium, greatly reduce the region. 

The general considerations just cited are evidently applicable 
as well to an inner stream boundary, as, for example, the surface 
of a wire mounted axially in a cylindrical tube. Fig. 12 shows 
& flame stabilized by such a wire while blowing off at the outer 
stream boundary. For laminar flow, the velocity gradient at the 
Wire surface can be calculated from the equation of flow through 
an annular channel (11). Observations of blowoff from wires 
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are summarized in Fig. 13. The critical velocity gradients are 
constant over a considerable range of wire diameters. For very 
fine wires they become smaller, and for very large wires they 
become larger, as may be expected from additional considerations 
of the modification of the gas flow above the wire. 

The effect of dilution or enrichment by the surrounding at- 
mosphere does not enter into the blowoff from an inner stream 
boundary. Hence for lean mixtures, tlhe “inner” blowoff gradi- 


Fig. 10 Frame or Natura Gas ANpb Air, PartraLLty Drawn 
Burner Tuse.at Gas Flow Just Excerepine Critica FLow FoR 
Back 
(Mixture composition, 8.1 per cent natural gas in air; gas flow, 52 cu cm per 
sec; inside diameter of tube, 1.068 cm. A, Particle tracks in vertical center 
plane. B, Diagram of flow pattern and velocity distribution. Solidly 
drawn flow lines are so located that mass flow between any two adjoining 
lines is the same.) 
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ents are larger than the “outer” ones, while for rich mixtures the 
reverse is true. 
The applicability of the concept of critical boundary velocity 


Fic. 12.) FLAME ANCHORED IN CENTER OF STREAM OF COMBUSTIBLE 
Gas BY Means or Ax1aALLy Mountep Wire, Forminc INVERTED 
CONE 
(Interrupted lines are tracks of fine magnesium-oxide particles, made. visible 
by stroboscopic illumination to show direction and velocity of streamlines.) 


gradients to the turbulent-flow range has been recently demon- 
strated on flames of propane and air (12). 
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Discussion 


J.P. LonGwe.uu.® The work reported on ignition sources gives 
quantitative information on the energy required for ignition that 
is of considerable value in understanding this process. The 
progress made in describing mathematically the stability of simple 
systems such as the spark-ignition apparatus and the Bunsen 
burner by setting up idealized systems has given a better under- 
standing of combustion apparatus. It is to be hoped that it will 
soon be possible to describe more rigourously these relatively 
simple systems and to apply similar methods of analysis to the more 
complex systems encountered in practice. The thickness of the 
flame front used in the analysis of the minimum energy required 
for spark ignition is an impoftant part of this. analysis and is of 
considerable interest in itself. It would be appreciated if the 
authors would give a reference to the source of the information on 
flame thickness. 

It is hoped that studies such as those made by the authors can 
be used to develop tests which will rate fuels used in jet-propul- 
sion equipment according to their ease of ignition and combus- 
tion, so that the relative performances of fuels in various types of 
combustion equipment can be predicted. It would be desirable 
that this test measure some basic quantity which depends only 
upon the composition, pressure, and temperature of the mixture 
and is independent of the particular test equipment. Measure- 
ments of such quantities as burning velocity or minimum spark- 
ignition energy could possibly serve this purpose. Examination 
of the data indicates that a large increase in flame velocity is re- 
flected in a decrease in minimum spark-ignition energy and mini- 


5 Process Division, Esso Laboratories, Linden, N. J. 
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mum plate spacing. While this correlation was rough it indi- 
cated, as did the analysis, that these three quantities are not inde- 
pendent, and probably do not indicate entirely different charac- 
teristics for purposes of rating fuels. It is hoped that data on the 
hydrocarbons used in jet-propulsion practice will be obtained so 
comparisons can be made with the performance of these fuels in 
more complex combustion equipment. 

A related study is being carried out by the Standard Oil De- 
velopment Company partially supported by the Office of Naval 
Research. In this work various-size capacitors, charged to 600 
volts, are discharged through a spark gap of 2.8 mm in mixtures of 
hydrocarbon, nitrogen, and oxygen. The present phase of this 
work is concerned with ignition at very low pressures, and Table 2 
of this discussion shows the minimum pressure at which ignition 
could be obtained for various capacitances, 


TABLE 2 CAPACITANCE RE 
HYDROCARBON AIR MIX 


UIRED FOR IGNITION OF 
URES AT LOW PRESSURES 


-———Minimum pressure at which ignition——— 
Capacitance, can be obtained, mm Hg 
mfd Iso-octane N-Butane Butadiene 
4 44 46 26 
8 37 34 26 
18 31 28 21 
48 31 28 21 


These mixtures were all slightly richer than stoichiometric, and 
it is indicated that considerably larger capacitors are needed at 
these low pressures than were used in the Bureau of Mines work 
at higher pressures. It is also noted that increasing the capaci- 
tance beyond 18 mfd did not allow ignition at lower pressures, so 
that this pressure might be taken as the minimum pressure at 
which ignition can be obtained with the particular hydrocarbon- 
air mixture. The effect of addition of oxygen in making igni- 
tion easier is demonstrated by the fact that, in these tests, ignition 
was possible at less than 3 mm pressure with mixtures of butane 
and oxygen. Studies at such low pressures are made difficult by 
the fact that the spark discharge becomes quite diffuse. 


G. C. Witurams.- The present paper exhibits the carefully 
performed experiments and thorough attempt at elucidation of 
experiment in terms of theoretical analysis characteristic of the 
authors’ writings in this field. Because of the summarizing 
nature of the present paper, several questions which appear to be 
rather incompletely answered in this presentation may, in effect, 
be answered by reference to more detailed supporting articles in 
another journal (authors’ references 6 and 7). 

In the description of the function of the excess-energy concept 
for the spreading combustion wave, it is clearly stated that a num- 
ber of assumptions are made to arrive at a manageable mathe- 
matical relation between minimum ignition energy H and mini- 
mum flame radius 7. No mention, however, is made of assump- 
tions regarding the importance of heat flow by the mechanism of 
radiation. Allowance could be made for this mode of heat trans- 
fer by proper choice of a fictitious thermal conductivity u for the 
gas. However, this would entail different fictitious values of » 
for every flame temperature and surroundings temperature. In 
addition, it can be demonstrated mathematically that if radiation 
from the flame front is sufficiently important, the gases at some 
point within the flame front can be at a higher temperature than 
that corresponding to the adiabatic equilibrium flame tempera- 
ture, and the temperature and enthalpy curves in Fig. 5 of the 
paper would have to be modified to allow for heat reception by 
nonluminous burned gases. The question can bg raised as to 
appropriateness of the use of burning velocity S, for a plane com- 
bustion wave in a relation for flame propagation in systems having 
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such small radii of curvature. It appears probable that a lower 
value would obtain for propagation from a “point” than for 
planar propagation. Whether this difference would be of no 
greater magnitude than that introduced by the approximations 
acknowledgedly made may be worth investigating. 

Presumably the data given in Table 1 of the paper are for ex- 
periments made at latm. A statement of the test pressure or of 
values of q for each of the tests would be enlightening. Appar- 
ently both minimum ignition energy and quenching distance in- 
crease with decrease in pressure. Comparison of Figs. 3 and 4 of 
the paper indicates that for a given gas composition the propor- 
tionality of minimum energy with pressure is approximately in- 
verse. It would be of interest to know the effects of mixture 
pressure and temperature on both the variables H and 7. 

The statement regarding the effect of spark-discharge time on 
minimum ignition energy brings to mind another rather practical 
question: Are there any data on the effect of mixture velocity 
flowing past a spark gap on the minimum energy or quenching 
distance? It would appear offhand that the former, if sufficiently 
rapid in discharge, might be relatively unaffected unless turbu- 
lence scales of the order of, or smaller than, 27; were involved; 
whereas the latter, if measured by the spark gap, might be con- 
siderably reduced by increased velocity. 

The statement that blow-off gradients for ‘inner’? boundaries 
are less than those for ‘‘outer’’ boundaries in the fuel-rich region 
does not appear to be borne out by any experimental data in the 
papers quoted. In any event, application of the concept of 
critical inner-boundary velocity gradients should certainly be 
made carefully to systems where heat transfer from the flame to 
the boundary and thence to the fresh gas can result in considera- 
ble preheating of the gas mixture before arrival at the flame 
front. In such cases the thermally conducting axial length of 
the flame anchor may be quite as important as the developed 
boundary layer in stabilization of inverted flames. 


AutTHors’ CLOSURE 


We have estimated the temperature changes in the combustion 
wave due to radiation, using values of emissivity and absorptivity 
of water vapor and carbon dioxide given by Hottel and Mangels- 
dorf,’ also Hottel and Smith,$ and find that they cannot exceed a 
few hundredths of a degree. This estimate was arrived at by con- 
sidering the energy absorbed by a layer of pure water vapor 
(whose absorptivity coefficient is considerably larger than that of 
combustion gases) of the thickness of the combustion wave, dur- 
ing the time of passage through the wave. The layer is assumed 
to be exposed to the radiation of a black body at the flame tem- 
perature. 

The burning velocity in a plane combustion wave is propor- 
tional to the function a,,, defined by Equation [7] of the paper. 
The burning velocity for any radius of curvature is smaller by a 
factor a/a... The value of a is found from Equation [8]. 

The data given in Table 1 are for burning-velocity determina- 
tions at atmospheric pressure; by an oversight mention of this 
was omitted. Bunsen-burner measurements of burning velocity 
have thus far been carried out only at atmospheric pressure. 

The minimum ignition energy and quenching distance in- 
creases with decreasing pressure. Details of these results are 
given in the paper referred to in reference (6). 

There are no data on the effect of gas velocity on the minimum 


7“Heat Transmission by Radiation From Non-Luminous Gases. 
II—Experimental Study of Carbon Dioxide and Water Vapor,” by 
H. C. Hottel and H. G. Mangelsdorf, Trans. AIChE, vol. 31, 1934- 
1935, pp. 517-549. 

8 ‘Radiation From Nonluminous Flames,” by H. C. Hottel and 
V. C. Smith, Trans. ASME, vol. 57, 1935, pp. 463-470. 
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ignition energy and quenching distance. As Professor Williams 
points out, one should expect for sufficiently rapid discharge no 
effect on the minimum ignition energy unless turbulence scales of 
the order of, or smaller than, 27; were involved. One may visual- 
ize, in principle, that with sufficiently high gas velocity the flame 
will clear the quenching surfaces, assuming the latter to consist of 
small plates parallel to the flow. 

It is true that no data are given in the paper to substantiate the 
statement that blowoff gradients for inner boundaries are less 
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than those for outer boundaries in the fuel-rich region. However, 
as the limit of inflammability is seached, burning velocities 
become very small, hence the critical velocity gradient for 
inner boundary blowoff must vanish, while the gradient for outer 
boundary blowoff remains large owing to diffusion of atmos- 
pheric oxygen into the outer boundary. This can be illustrated 
simply by decreasing gradually the air supply to an ordinary 
Méker burner. As the mixture becomes rich the small inner flame 
cones blow off, giving way to one large cone anchored to the rim. 
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Gas-Turbine Plant Combustion-Chamber 
Efficiency 


By A. L. LONDON,' STANFORD UNIVERSITY, CALIF. 


Concepts of gas-turbine plant combustion-chamber 
efficiency are considered. Three distinct efficiency terms 
are required, one applying to incomplete combustion and 
setting losses, one to the flow friction and auxiliary-drive 
energy requirements, and the third to the influence of 
these losses on over-all plant thermal efficiency and output. 
These efficienciesare defined and details of application indi- 
cated. The proposed concepts are recommended for con- 
sideration as standards since they are thermodynamically 
meaningful, unambiguous, and relatively easy to apply 
both in evaluation of test performance and in cycle analy- 
sis. 


NOMENCLATURE 


CyCe = gas unit heat capacities at constant pressure and vol- 
ume, respectively, Btu/(Ib deg F) 
= combustion-chamber auxiliary-drive energy require- 
ment, Btu/Ib of turbine flow 
ff; = fuel requirement of the actual and ideal combustion 
chambers, respectively, lb/lb of air supply 
h = unit thermal enthalpy, Btu/Ib. The substance con- 
sidered is designated by a subscript, e.g., a for air, 
p for products, f for fuel, \ for the \ mixture 
Ah = change of unit thermal enthalpy, Btu/lb. The tem- 


° perature limits for the change are indicated as ¢, Av,. 
The subscript @denotes an isentropic process change 


bh, = difference between the two Ah© magnitudes defined in 
Fig. 2, Btu/Ib 
AH = thermal enthalpy change for the combustion chamber 
flow from inlet fuel and air to outlet products, Btu /Ib 
of inlet air , 
HHV, = fuel “higher heating value,” Btu/Ib of fuel 
IC = “incomplete combustion chemical energy,” Btu/lb of 
air 
k = specific heat ratio c,/c, 
LHV, = fuel “lower heating value,” Btu/Ib of fuel 
P = gas pressure. Subscripts 1 and 2 refer to combustion- 
chamber inlet and discharge respectively, and sub- 
script 3 to turbine exhaust 
AP = combustion-chamber pressure drop, P;—P2 
P* = ideal pressure ratio, inlet to combustion chamber 
divided by the turbine exhaust pressure, P;/P3 
Q, = combustion-chamber setting loss, Btu/Ib of air 
t = temperature, F. Subscripts: a refers to air, p to 
products, f to fuel, o to reference state 
V = gas volum: ‘¢'/lb of air supplied to the combustion 
chamber 
Wnet = net gas-turbine plant work, Btu/Ib of turbine flow 


4, 5 as a prefix denotes a difference. 
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n. = combustion-chamber combustion efficiency. Sub- 
script 1 refers to Equation [1] definition, subscript 
2 refers to Equation [2] definition. 

nw = combustion-chamber mechanical efficiency. 

n, = combustion-chamber over-all efficiency 


nr = turbine-shaft isentropic efficiency 

gas mixture defined as H,O, COs, ete., products of 
combustion minus the O, used on complete combus- 
tion, lb/lb of fuel 

a denotes air 

f denotes fuel 

i denotes ideal system 

o denotes reference state except for 7, 

p denotes products of the combustion chamber 

© denotes an isentropic process 


INTRODUCTION 


ANY different groups and organizations are working on 

“the gas-turbine plant combustion-chamber develop- 

ment. Consequently it is highly desirable that some 

standard definitions of efficiency applying to combustion-charh- 

ber performance be established. While this paper makes specific 

recommendations in this regard, it is aimed primarily at stimulat- 
ing discussion with a view to early standardization. 

Any standard definition of efficiency of a system should satisfy 

the following requirements: 


1 The definition should be “thermodynamically significant,” 
that is, it should relate to the efficiency of conversion of one form 
of energy to another desired form; or, it should compare actual 
system performance to that of an “ideal system.” 

2 The 100 per cent magnitude should represent the ‘‘asymp- 
tote of performance” of any actual system, that is, ‘defined 
perfection” should be an approachable goal. 

3 It should allow ready critical comparison of performance 
of different systems. 

4 It should be easy to apply in cycle analyses. 

5 It should be readily calculable from experimental measure- 
ments. 


The function of the combustion chamber of a gas-turbine plant 
is to produce hot gas under pressure from the ‘‘internal combus- 
tion” of a fuel with compressed air. Qualitatively, performance 
may be judged by the following criteria: 


1 The gas must be “clean” to avoid fouling and erosion of 
the combustion chamber, turbine, and regenerator. 

2 The “heat leak’ (or ‘‘setting loss’’) must be “small” for 
maximum plant efficiency. 

3 The combustion must “closely approach” thermodynamic 
completeness for maximum plant efficiency. , 

4 The flow friction expenditure must be “small’” for maximum 
plant efficiency and output. 

5 The energy requirements for the auxiliaries must be “small” 
for maximum plant efficiency and output. 


Aside from the first criterion the remainder all relate to plant 
efficiency and are susceptible to quantitative expression. It is 
the purpose of this paper to define three efficiency expressions, 
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y” relating to criteria 2 and 3; the 
second a “mechanical efficiency” relating to criteria 4 and 5; 
and the last an ‘‘over-all efficiency’ combining the first two ex- 
pressions and certain cycle parameters. 

The foregoing combustion efficiency will also be compared to a 
definition stemming from the orthodox concept of the steam- 
generating efficiency of a boiler. 


one a “combustion efficiency 


CoMBUSTION EFFICIENCY 
The effect of heat leak from the combustion chamber and in- 
complete combustion may be expressed in terms of a combustion 
efficiency. This term is defined and discussed in the following 
development, which parallels that given in reference (1).? 
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Fic. 1 ScHEMatTic DeEscRIPTIONS OF THE ACTUAL AND Two 
IpEAL CoMBUSTION-CHAMBER SYSTEMS 
(Material quantities are given relative to one pound of air flow.) 


Consider the schematic illustration of the “actual” combustion- 
chamber system shown in Fig. l(a). Steady-state flow condi- 
tions are postulated so that for each pound mass of inlet air flow 
at temperature f, there are f lb of fuel at t, and (1 + f) lb of 
products at temperature t,. The setting loss is symbolized by 
Q, Btu/(lb of air). Any incomplete combustion is evidenced in 
the products by combustible components. 

If it is granted that the function of the combustion chamber 
is to produce hot gas at a temperature t, from the supply air at t, 
with a minimum expenditure of fuel, then an ideal combustion 
chamber may be defined as depicted in Fig. 1(b). For this ideal 
system the following restrictions obtain: 1, Temperature of 
entering air, inlet fuel, and exit products are equal to the corre- 
sponding operating temperatures of the actual system; 2, com- 
bustion is adiabatic, that is, the setting loss is zero; and 3, the 
reaction of fuel and oxygen is ‘‘complete” so that no further 
combustion is possible for the exit products at the temperature f,. 
As a result of these specifications the fuel requirement of the ideal 
system, f;, will be less than that of the actual system, f. 

The significance of the term ‘‘complete combustion” requires 
clarification. In most gas turbines using hydrocarbon fuels and 
air, the temperature t, is sufficiently low so that dissociation is 


2 Numbers in parenthesis refer to the Bibliography at the end of 
the paper. 
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negligible, and consequently, ‘‘thermodynamically complete’’ 
combustion is identical to ‘“stoichiometrically complete” com- 
bustion. However, for combustion-chamber operation at higher 
temperatures (as, for instance, in ramjets), dissociation may be 
significant. In such cases, to secure true thermodynamic signi- 
ficance to the concept of the ideal combustion chamber, com- 
plete combustion should mean thermodynamically complete, as 
can be calculated from the equilibrium constants for the chemical 
reactions which form the combustion process. 

The ideal combustion chamber, Fig. 1(b), evolved from the 
concept that the function of the combustion system was to pro- 
duce products at temperature ¢, from supply air at temperature 
t, with a minimum expenditure of fuel. Another logical ideal 
combustion-chamber system would result from the concept 
that the function was the production of the maximum products 
temperature from the expenditure of the same amount of fuel, 
f, as for the actual system. Such an ideal combustion chamber 
is described in Fig. 1(c). For this system the following restric- 
tions obtain: 1, Temperature of entering air and inlet fuel 
are equal to the corresponding temperatures of the actual system; 
2, the fuel flow, f, is identical to that of the actual system: 
3, combustion is adiabatic; and 4, the reaction of fuel and 
oxygen is complete. As a result of these specifications the 
ideal system products temperature, ¢,,, and hence thermal en- 
thalpy, A,,, will be higher than for the actual system, ¢,, and h,.. 

A combustion efficiency may now be defined which will  re- 
late the actual combustion-chamber performance, Fig. l(a), to 
the behavior of one of the ideal systems, Fig. 1(b) or l(c). Thus 
the comparison of actual to minimum fuel requirement, Figs. 
1(a) and 1(b) yields 


na = Ji /f 
The comparison of actual to maximum products enthalpy (or 
temperature) yields, Figs. 1(a), 1(c) 


= AH actual / SHideal system le 


where AH is the “thermal” enthalpy increase of the flow from 
the inlet air and fuel state to the exit products state. For the 
steady-flow systems considered, the thermal enthalpy function 
has the significance of internal thermal energy plus flow work. 
The term “thermal” is used to qualify the enthalpy expression 
to indicate that chemical internal energy and the PV change due 
to chemical combination of the elements (and subsequent change 
in the number of molecules) are omitted. In Equation [2] 


AHijdeal system le = if 


the constant pressure “heating value” of f Ib of the fuel at the 
reference state indicated by the subscript zero. This heating 
value is the decrease of chemieal internal energy plus the decrease 
of PV due to the change in the number of molecules occurring 
during the combustion reaction. This PV change might be re- 
ferred to as the “chemical” PV change to distinguish it from the 
thermal PV change associated with temperature. 

It is necessary that the same reference state (pressure, tem 
perature, and phase condition) be employed in evaluating the 
thermal enthalpy change, AH as used in the expression of HV’,. 
For instance, if the “higher heating value’ HHV, is employed 
the enthalpy of the water of combustion must be referred to a 
liquid state at temperature ¢,, whereas if the “lower heating 
value’, LHV,, is used, the water enthalpy is referred to a vapor 
state at temperature ¢,. Unlike the definition of steam-boiler 
efficiency, it is immaterial which heating value is employed as 
long as thermal enthalpies are referred to the proper reference 
state. Normally the reference state-pressure has a negligible 
influence in these calculations and may be omitted from further 
consideration. Equation [2] may now be written 
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It is seen to be analogous to the conventional efficiency expression 
for a steam boiler with AHactual comparable to the ‘‘useful en- 
thalpy increase’ from the feedwater state to the product steam 
state. For this reason Equation [3] has assumed some popular- 
ity in expressing test performance and for cycle calculations. 

These calculations, in addition to the thermodynamic-proper- 
ties data, require a specification of: 1, products composition; 
2, products temperature; 3, inlet air temperature and humidity; 
4, inlet fuel temperature; 5, HV, of the fuel; 6, test fuel con- 
sumption per lb of air for the calculation of efficiency from test 
results; or 7, estimated combustion efficiency, 7.2, for the evcle 
prediction of fuel requirement. 

In contrast, the defining Equation [1] for the combustion 
efficiency requires these data with the exception of the products 
composition and the addition of an ultimate analysis of the fuel. 
For normal hydrocarbon fuels a knowledge of the hydrogen /car- 
bon ratio is sufficient. 

Two combustion-efficiency expressions have been defined and 
the data required for their use have been specified. The selection 
of one definition as a standard in preference to the other depends 
on an evaluation of their relative merits in terms of the criteria 
of a suitable definition as expressed in the introduction. Such 
a comparison is presented in the following discussion. 

Both definitions are thermodynamically significant in that 
they relate actual combustion-chamber performance to that of 
an “approachable” ideal system. However, n2, Equation [3], 
has the disadvantage in that some degree of arbitrariness is intro- 
duced by the necessity of specifying the reference state which 
enters into both the denominator f X HV, term and the numera- 
tor enthalpy term. For any magnitude of 72 < 100 per cent 
the selection of the reference state will influence the magnitude 
of the calculated result. This effeet is small enough to be neg- 
ligible in most calculations: nevertheless, it is desirable to elimi- 
nate such ambiguities. This may be accomplished by specifying 
arbitrarily the standard reference temperature, e.g., 60 F. How- 
ever, for na, Equation [1], no such specification is necessary. 
While HV, enters into the calculation of the ideal fuel require- 
ment, f;, any reference state with the correct heating value will 
vield identical results. 

Either definition is adequate for allowing critical comparison 
of the “combustion performance” of two or more combustion 
chambers, aside of course from the question of temperature 
uniformity of the exit products. 

With respect to the criteria of ease of evaluation from test 
results or use in cycle calculations, 7, Equation [1], is superior 
to na, Equation [3]. This may be demonstrated by writing an 
energy balance and by considering the details of evaluation of the 
terms in Equations [1] and [3] for a combustion chamber. 

Refer to the actual combustion-chamber system descgibed 
in Fig. 1(a). For steady-state flow conditions the following 
energy-balance expression results 


hase + + = (1 + Shoup + Q + IC... (4) 


where Q, is the setting loss and 7C the incomplete-combustion 
loss. All thermal enthalpy terms h are referred to the reference 
state (defined by t, and phase condition) as employed in the 
expression of HV,. The temperature subscripts on the A terms 
refer to t,, f, t, a8 Shown in the illustration, Fig. 1(a). 

For the ideal system, Fig. 1(b), Equation [4], with Q, and JC, 
zero, reduces to 


haste + SHV, + = (1 + [5] 


For the remainder of this discussion it will be assumed that the 
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inlet air is free of water vapor. While the effect of inlet water 
vapor may be taken into account by additional terms these will 
be omitted here for clarity. The products leaving the com- 
bustion chamber consist of the CO., H.O, and other components 
of complete combustion, plus excess air, plus N2 associated with 
the oxygen used. After the method of references (2) and (3), it 
is convenient from the point of view of the calculations to con- 
sider the exhaust products as a two-component mixture, a dry- 
air component plus a “dX”? component. The » component is a 
“nonphysical” defined mixture consisting of the H,O, CO:, and 
other products of combustion minus the oxygen consumed on 
combustion. On this basis, (1 + f;) lb of products consists of 1 
lb of air plus f lb of component \ and thus 


fi) Ny.tp ha.tp + flirty. [6] 


Introducing Equation [6] into Equation [4] and solving for the 
ideal fuel requirement results in 


The numerator, ;44:,hg, the enthalpy change of air from in- 
let temperature ft, to a temperature equal to that of the products 
t,, may be accurately evaluated from tables such as reference 
(4) or, more conveniently, from charts such as contained in refer- 
ence (3). The heating value HV,, either “higher” or ‘‘lower,”’ 
must be specified (any reference state may be employed). The 
enthalpy of the fuel at temperature ¢,, referred to ¢, as a datum 
can be approximated from ihe specific-heat capacity for the 
fuel (0.50 Btu/(Ib deg F) for most liquid hydrocarbons. High 
accuracy in this term is not necessary as it is usually very small 
relative to the HV, term. The enthalpy of the \ component 
may be evaluated from the following information: 1, An ulti- 
mate analysis of the fuel, and 2, the equilibrium constants as a 
funetion of temperature ¢,. For most hydrocarbon fuels, and 
for t, < 2500 F, negligible error is introduced by the assumption 
of zero dissociation. Then, from the hydrogen/carbon ratio, 
the stoichiometric equations and available thermodynamic prop- 
erties data for CO., H.O, and On, it is possible to prepare a table 
or chart of the enthalpy of the \ component vs. temperature. 
‘Two such charts are available in reference (3), one for a hydrogen / 
carbon ratio of 0.15 corresponding to a Diesel-type oil and the 
other for 0.18 corresponding to gasoline or kerosene. These 
charts were prepared for use with the lower heating value LHV,, 
that is, for a gaseous reference phase for the water of combustion. 
Consequently, if the HHV, is given, it is either necessary to 
evaluate LHV, from it or add to the hy the latent heat of vapori- 
zation of the water of combustion per lb of fuel at temperature ¢,. 

As an illustration of the use of Equation [7], consider the 
problem of determining the ideal fuel requirement, f;, given the 
following: 


Fuel data: 
HHV, = 19,500 Btu/lb fort, = 60 F 
= 100F 
specific heat = 0.5 Btu/lb deg F 
hydrogen/carbon ratio = 0.15 (Diesel oil) 
fuel consumption f = 0.00856 lb/Ib air 
Air inlet temperature t, = 650 F 
Products exit temperature t, = 1200 F 


From the air charts of reference (3) 


taAtpha = Arorh, = 316.6 — 173.2 = 143.4 Btu/lb air 


For the given hydrogen carbon ratio, 1.17 lb of water of com- 
bustion per lb of fuelis formed. Thus using steam-table data for 
the latent heat of vaporization at 60 F 
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LHV, = 19,500 — 1.17 X 1060 = 18,260 Btu/Ib of fuel 


The enthalpy of the liquid fuel referred to the reference tempera- 
ture, = 60 F, is 


hyy = hy. wr = (100—60) X 0.5 = 20 Btu/Ib of fuel 


(about 0.1 per cent of the LHV, term) 


The enthalpy of the \ component referred to the reference state 
temperature of 60 F is evaluated as an enthalpy difference from 
chart 11 of reference (3) as 


Ay.ty = hrr2wr = 823 — 70 = 653 Btu/Ib of fuel 
Then, from Equation [7] 
fi = 143.4/(18,260 + 20 — 653) = 0.00814 Ib/Ib air 


The combustion efficiency from Equation [1] and the given 
f = 0.00856 lb/Ib is then 


na = fi/f = 0.00814/0.00856 = 95.0 per cent 


It is evident that the foregoing calculations are easily accom- 
plished provided thermodynamic charts for the properties of the 
\ component are available. If they are not available, it is neces- 
sary to work with the H.O, and ‘“‘negative’’ O. components 
of the mixture using Dalton’s law for the enthalpy of the mix- 
ture as the algebraic sum of the enthalpies of the components, 
duly weighted in accordance with their mass fraction expressed 
as lb/lb of fuel. It is to be emphasized again that the use of a 
negative oxygen component is for algebraic convenience only, 
and,that such a negative component can have no_ physical 
existence. 

Refer now to the ideal system Fig. l(c). For this adiabatic 
and complete combustion system Equation [4] reduces to 


hate + J x HV, + (1 + f\hotys 
The increase in thermal enthalpy for this ideal system is 


AH ideal system 1, = (1 +f) howtp; — hata —Shyy =f XK HV, 


as previously stated. From Equation [4] the actual increase in 
thermal enthalpy is 


4H = + — — Shy.ry} 


Then the combustion efficiency, in accordance with Equation 
[3], may be expressed 


= {(1 +f) — hate —fhy.y} /f x HV, 


For the problem of calculating 7.2 from experimental data, the 
composition of the products is required. Further, since f appears 
both in the numerator and denominator, the calculation for f 
for any given 7-2 is more difficult relative to the calculation from 
na. It is apparent therefore that in rigorous application, Equa- 
tion [2] and the resulting computing Equation [10] are more 
difficult to apply than Equation [1]. A useful approximation 
can be made, however, which will simplify the use of Equation 
{10}. The actual products will have approximately the same 
thermal enthalpy-temperature relation as the products of com- 
plete combustion. Then, it becomes convenient to consider, as 
before, the actual products as consisting of the two-component 
air-\ mixture. On this basis Equation [9] may be written 


AH = tgAtyha + — 
and Equation [10] becomes 


hy, 


ta Aipha 
= 
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Calculations from this equation can be simplified by the use 
of the charts of reference (3). As an illustration, consider the 
previously given numerical data. Using the charts of reference 
(3), as before, for the evaluation of ¢gAr,44 and hy,-,, Equation 
{12] vields 


«(1484 653 — 20 
= 0.00856 18,260 18,260 
= 0.919 + 0.03847 = 95.4 per cent 


This compares to the previous result for na of 95.0 per cent. 

This lack of agreement between 7.) and n-2 is characteristic of 
the basic difference in the definitions, and ranges from zero per 
cent at n- = 100 per cent to about 1.2 per cent at n. = 90 per cent, 
reference (1). For this reason alone it is important from the point 
of view of standardization to settle on either one or the other of 
the definitions. It is proposed that the defining Equation [1] 
for ner be selected in preference to the defining Equation [2] for 
ney in view of 1, the lack of dependence of the magnitude of the 
combustion efficiency on the arbitrary selection of a reference 
state for the heating-value expression; 2, the more ready 
rigorous application in calculations; 3, the more direct. associa- 
tion with the function of a combustion chamber to produce 
products at a specified outlet temperature, ¢,; and 4, the fact 
that exhaust-gas composition is not required for the calculation of 
efficiency from test data. 


MECHANICAL AND OvER-ALL EFFICIENCY 


A combustion chamber with a high 7, may be less desirable 
than a unit with a poorer combustion efficiency if the pressure 
drop flow friction expenditure is relatively large. As flow fric- 
tion subtracts directly from the turbine work derivable from the 
products, its effect is reflected in both reduced plant thermal 
efficiency and rated output. Similarly, the energy requirements 
for auxiliaries such as fuel pumps, cooling air blowers, and the 
like, also reduce rated plant output and thermal efficiency. 

A method of expressing these ‘‘mechanical inefficiencies”’ of the 
combustion chamber on an energy basis comparable to that of 
the previously considered ‘‘combustion inefficiencies’? would 
allow a quantitative comparison of the thermodynamic per- 
formance of several units. The purpose of the following dis- 
cussion is to define a “‘mechanical efficiency” term, 73,, descrip- 
tive of combustion-chamber performance, and to combine it 
with », and certain cycle parameters, to arrive at a thermo- 
dynamic or ‘“‘over-all’’ combustion-chamber efficiency, 7,. While 
ny, the mechanical efficiency, depends primarily on the com- 
bustion chamber in question, in order to express mechanical 
losses in terms of plant performance it is necessary to introduce 
certain gas-turbine cycle parameters. In effect then, the over- 
all efficiency, 7,, is not solely a combustion-chamber character- 
istic As it defines performance of the combustion chamber within 
a particular gas-turbine plant. 

The combustion-chamber mechanical efficiency will be de- 
fined in terms of the relative performance of the actual and an 
ideal combustion chamber with respect to the isentropic work 
available at combustion-chamber discharge pressure. The ideal 
combustion chamber for this definition will be specified as fol- 
lows: 


1 The same products temperature and composition as the 
actual system. 

2 The same inlet pressure but zero pressure drop in passage 
through the chamber. Note that on an exact basis ‘total 
pressure”’ should be used in place of static pressures. 

3 Zero auxiliary energy requirement. 


Asa result of these specifications, the energy derivable from an 
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2 Isentrropic TursINE Processes WITH AND WITHOUT 
CoMBUSTION-CHAMBER PRESSURE Drop ILLUSTRATING THE Loss 
or TURBINE AVAILABLE ENERGY 


isentropic turbine process is pictured as Ah@® in Fig. 2, where P; 
is the ideal combustion-system discharge pressure identical to 
the actual inlet pressure. In contrast, for the actual chamber, 
in view of the flow pressure drop AP = P, P,, the reduced 
isentropic turbine available energy Ah®’ results. Consequently, 
the isentropic energy loss chargeable to flow friction pressure 
drop is 


bh, = Ah© {13] 


All the indicated enthalpy changes are expressed per |b of turbine 
flow corresponding to combustion-chamber products flow. 

In addition to this loss, the actual combustion chamber requires 
mechanical energy for the auxiliaries to the extent of EF Btu/Ib 
of turbine flow. The total mechanical energy loss is then (6h, + 
FE) and, in accordance with the definition for mechanical effi- 


(dhy + E) 


{14] 


= 

Some objection exists here in giving the auxiliary energy FE the 
same “‘value”’ per unit energy as dh,. Since £ is derived from the 
actual turbine output its value based on turbine inlet conditions 
would be E/ny where nr is the turbine efficiency. However, F 
is generally small] relative to éh,. Further, it may be argued 
that the combustion chamber should not be charged with actual 
turbine inefficiency. For these reasons the evaluation implied 
in Equation [14] is considered as justified, 

The quantity Ah® in Equation [14] may be evaluated from a 
knowledge of the products temperature leaving the combustion 
chamber and the ‘‘ideal pressure ratio,” P* = P,/P;. For a 
evcle with two turbines in series without an intermediate reheat 
stage, P; would correspond to the exhaust of the lower-pressure 
turbine, 

The mechanical losses specified by 7, Equation [14], are not 
directly comparable to the combustion losses specified by Equa- 
tion [1]. This arises from the fact that actual gas-turbine cycles 
operate with turbine efficiencies less than 100 per cent (about 
80-90 per cent) and with net work ratios (nwr) substantially 
less than unity (about 0.20 to 0.45). However, for any par- 
ticular gas-turbine plant it is possible to evaluate combustion- 
chamber losses in terms of their influence on plant specific fuel 
consumption. From this viewpoint an over-all combustion- 
chamber efficiency may be defined as follows: », compares net 
work per lb of fuel of the gas-turbine plant and actual combustion 
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chamber, to the net work per lb of fuel from the plant modified 
to operate with an ideal combustion chamber having ny, 7. = 
100 per cent. 

For the plant with the ideal combustion chamber there is an 
increase of net plant work to the extent of Ah@n7(1 — ny), and 
a reduction of fuel requirement from f to f;. The slight differ- 
ence in AA® due to ideal and actual products difference in com- 
position may be neglected. Then, if Wnet denotes the actual 
cycle net. work (Btu/Ib of turbine flow), the definition of », yields 


W net + Ah® nr 
No 


~ +f) +fo 


The ratio (1 +f)/(1 + f,) in this equation closely approximates 
unity, and introducing 7, = f,/f the expression becomes 


F Wet | 


which may be rearranged to yield 


1 
No = Ne ite 
/ 


1M ] ‘ 


It is seen that the plant parameters required, in addition to the 
n-. Ny combustion-chamber characteristics, are turbine efficiency, 
nr, and net cycle work relative to the isentropic available energy 
(Wnet/ Sh@). 

For the case of a plant with just a single combustion chamber, 
the term Whet/Ah@n,r has the approximate significance of the 
cycle ‘net work ratio,”’ i.e., net work to turbine work ratio. It 
is seen then, from Equation [16], that mechanical inefficiency is 
multiplied by the reciprocal of the net work ratio in so far as the 
effect on plant cycle efficiency is concerned. As an example, 
for a net work ratio of '/;, a one per cent mechanical inefficiency 
has a 3 per cent effect on plant thermal efficiency. Furthermore, 
plant ‘‘size’”’ for a specified rating must be increased to compen- 
sate for (1 — ny) in the same proportion as plant thermal effi- 
ciency is decreased. 

Equation [16] will also serve for a particular combustion 
chamber in a reheat cycle. In this case np and Ah® apply to the 
particular turbine between the combustion chamber in question 
and the next reheat chamber. 

In experimental work the combustion-chamber friction per- 
formance is normally measured in terms of pressures, i.e., up- 
stream pressure P; and pressure drop AP. If flow kinetic-energy 
changes are of a significant magnitude ‘“‘total pressures’’ may be 
used in place of static pressure. Then, this data may be used 
for the evaluation of AA© and 6h, which enter into the calculation 
of ny and n,, Equations [14] and [16]. Methods and thermo- 
dynamic data for calculating 5h, and AA® are given in references 
(3) and (4). 

Fig. 3 was prepared as an aid in these calculations. It may be 
shown (5) that the ratio (6h,/ Ah®)/( AP/P;) is a function of the 
ideal expansion ratio, P*, the fraction pressure drop, AP/P,, 
and k = c,/c, of the turbine working substance. However, this 
ratio is not very sensitive to the fraction pressure drop for AP/P, 
less than 10 per cent, and the influence of the gas temperature 
into the turbine is relatively small. Consequently, a plot of 
(dh, / Ah@) /( AP/P) vs. the ideal expansion ratio, P*, calculated 
for a given AP/P, = 0.05 and turbine inlet temperature of 1800 
R, will apply with good accuracy to a range of AP/P, from 0-10 
per cent and a range of turbine inlet temperatures from 1200 to 
2200 R. 

As an illustration of the use of Fig. 3 and the application of 
Equations [14] and [16], consider the problem of evaluating ny, 
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Fic. 3 THe RELATION BETWEEN COMBUSTION-CHAMBER PRESSURE 

Drop Fraction, AP/P:, Loss or Isentropic TurBInNE 

Fraction, AND THE IDEAL PrREssuRE Ratio P* = P;/P; 
(Refer to Fig. 2 for a description of the turbine processes.) 


and », given the following data for a ‘‘no-reheat”’ cycle 


Combustion chamber: 
ne = 0.98 
AP/P, = 0.04 
auxiliary energy requirements = 3 hp/1000 shp 
Turbine: 
ideal expansion ratio P* = 4.00 
(based on combustion-chamber inlet pressure) 
= 0.85 
inlet temperature = 1800 R 
Plant: 
specific flow rate = 50 Ib/shp-hr 
For the indicated specific flow rate and auxiliary energy require- 
ment 
E = 3 X 2545/(1000 X 50) = 0.153 Btu/Ib of turbine flow 


For the given AP/P, = 4 per cent, and P* = 4.00, Fig. 3 yields 


AP 
—) = 0.6 
- 90 


80 bh,/ Ah© = 0.61 X 0.04 = 2.44 per cent 


Ah@ is evaluated from the charts of reference (3) as 143.9 Btu/Lb 
(based on pure air properties as an approximation). Conse- 
quently, Z/Ah@is only 0.106 per cent, a relatively small magnitude 
compared to 6h,/Ah®. From the given specific flow rate and the 
foregoing evaluation of 


2545/50 
143.9 


From Equation [14] and the foregoing results 


Woet/ Ah® = 0.354 
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nu = 100 — (2.44 + 0.106) = 97.45 per vent 


From Equation [16] and the foregoing results 


on 0.98/1.0628 = 92.2 t 
= 0. ——__—— | = 0.98/1.0628 = 92.2 per cen 
0.345 /0.85 

Note that the 2.55 per cent ‘‘mechanical loss’”’ has a 6.3 per cent 
influence on plant efficiency, and 6.3 per cent of the plant size 
could properly be charged to the combustion-chamber losses. 
In contrast, it is to be emphasized that the combustion losses of 
2 per cent have only a 2 per cent influence on thermal efficiency 
and no influence on plant size, 


SUMMARY AND CONCLUSIONS 


The foregoing discussion and analysis of combustion-cHamber 
efficiency concepts may be summarized as follows: 

1 In order to arrive at a significant definition of efficiency 
it is necessary to specify clearly the functions of a combustion 
chamber. Further, it is necessary that any definition be thermo- 
dynamically meaningful and be readily applicable in the expres- 
sion of test performance and in cycle analysis. 

2 It appears necessary to employ three distinet concepts 
of efficiency, one a combustion efficiency, 7,, expressive of 
incomplete-combustion and setting losses; the second, a mechani- 
cal efficiency, ny, relating to the flow friction losses and auxil- 
iary-drive mechanical energy requirements; and third, an over- 
all efficiency m, expressive of the effect of all of these losses on 
gas-turbine plant efficienev. The over-all efficiency will allow 
a critical comparison of several combustion chambers designed 
for a given plant. 

3 The combustion efficiency is independent of the plant 
eycle and depends only on the combustion chamber in question. 
The mechanical efficiency is in some measure dependent on the 
eycle in that it is necessary to specify an “ideal expansion ratio”, 
P*, corresponding to the ratio of combustion-chamber inlet 
pressure and the exhaust pressure of the turbine following the 
combustion chamber. 

4 The over-all efficiency, which expresses the thermodynamic 
performance of the combustion chamber within the gas-turbine 
plant cycle, is a function of the combustion- and mechanical-effi- 
ciency terms, and in addition, the evele parameter of the ratio 
of net work of the evele to the “downstream turbine’? work de- 
rivable from the ideal expansion ratio, P*. 

5 All these efficiency terms compare performance of, or with, 
the actual combustion chamber to the performance of, or with, an 
“ideal combustion chamber” which is capable of exact defini- 
tion. 

It is recommended that consideration be given to these effi- 
ciency concepts with a*view to eventually deciding on standard 
definitions so that reported test results may be analyzed and 
eyele analyses interpreted without the ambiguities which cur- 
rently exist. 
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Discussion 


G. M. DustnBerreE.* Combustion efficiency is a natural con- 
cept, and the author has done well in directing attention to 
alternative viewpoints as to its precise definition. 

But after that, Voltaire’s saying comes to mind: “Si Dieu 
n’existait pas, il faudrait Uinventer.” If an “efficiency”? does not 
exist, is it really necessary to invent one? 

In the steam cycle, pressure drop in the superheater is quite 
analogous to combustion-chamber pressure drop. But we have 
not found it helpful to talk about “‘superheater mechanical 
efficiency.” By far the greatest thermodynamic loss in the 
combustion chamber is that due to the mixing of excess air. 
This dilution is necessary for turbine life. However, the writer 
would not suggest setting up a “turbine metallurgical efficiency.” 

In fact, we might well add to the author’s criteria the follow- 
ing: ‘An efficiency, to be ascribed to a particular system, must 
be calculable from measurements taken on that system, plus, 
at most, the ambient temperature and pressure.” 

The conclusion is that certain performance factors can be 
treated, with more logic, simply as losses rather than to force 
them, Procrustean fashion, into an arbitrary efficiency. 

Aside from the mixing loss noted, what are the available energy 
losses chargeable to the combustion-chamber pressure drop? 
Referring to Fig. 4 of this discussion, let A be the actual end point 


A 
TURBINE 
EXHAUST 
PRESSURE 
ATMOSPHERIC 
"1 PRESSURE 


ATMOSPHERIC 


TEMPERATURE 


Fie. 4 


of a process, and let B be the end point of a process performed 
from the same initial point in some prescribed reversible fashion 
so as to “correspond” to the actual process. 

(a) Then the minimum loss chargeable to the pressure drop 
is the area CEFDC. This cannot be recovered by any degree 
of thermodynamic perfection in subsequent apparatus. 

(b) If we wish to accept the limitation of the constant- 
pressure lower line of the Brayton cycle, then we could charge 
the process with the loss CGHDC. This is unrealistic in ignoring 
the possibility of regeneration. So far we have involved only 
the actual process, the ideal process taken as “corresponding,” 
and the ambient temperature, and pressure. 

(c) If we continue to ignore regeneration and are willing to 
involve the working conditions of an extraneous system, we can 
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charge the combustion chamber with the loss C1J DC. This is 
the loss upon which the author’s “mechanical efficiency” is 
based. 

(d) It is not possible to show in any simple way the loss cor- 
responding to the author’s “over-all” efficiency. This efficiency, 
ascribed to the combustion chamber, involves not only the 
working conditions but also the actual performance of two 
systems extraneous to the combusion chamber itself. 

So we have a choice of four losses which can be charged to 
combustion-chamber pressure drop. It seems to the writer 
that (a) is simple and thermodynamically fundamental. It 
can be evaluated readily in terms of the availability function‘ 
(b= h— 

If we wish to be more “practical,” we can use (6). Then if 
we charge this loss to the combustion chamber in all cases, 
we can assign the regenerator an available energy credit. Other- 
wise it would be charged with a loss due to falling short of 100 
per cent effectiveness. 

The writer can see little in favor of (c) and less in favor of (d). 

L. S. Ecnous.6 The author has treated with considerable 
skill the problem of defining the performance relations of a com- 
bustion chamber to the unit in which it is to be used. However, 
the writer feels that this is not quite the problem as set forth in 
the title of the paper. Instead of defining a combustion ef- 
ficiency evidently he has set forth a number of wavs of defining 
a figure of merit for a combustion chamber. This is a worth-. 
while objective, but it should not become confused with com- 
bustion efficiency, as such. . 

Combustion efficiency is a term deeply rooted in our technical 
language, and it has a relatively simple meaning. To a chemist 
and to a thermodynamicist it is the degree to which the heat 
available in the fuel has been released, independently of reheat 
factors introduced by pressure loss and turbulence degeneration. 
Only a knowledge of the heat evolved in completing the combus- 
tion, or equivalent knowledge, can eliminate the effect of these 
reheat factors. This calls for a simple procedure for accomplish- 
ing this objective, and definite progress has been made along 
this line in England as described by Dr. Lloyd.* 

It is a practical consequence of this approach that methods 
which measure the total heat developed in a process and attempt 
to correct for extraneous effects may, in the limit, be crude in 
comparison to methods which measure the residual undeveloped 
heat. 

Consideration must be given to the problem of relating figures 
of merit to a broadly acceptable base-line definition of combus- 
tion efficiency, or, as a consequence, we may find ourselves em- 
broiled in an endless argument as to thé validity or acceptability 
of figures of merit for application to a wide variety of gas-turbine 
eveles. In the writer’s opinion, we must start with the simple 
definition and relate clearly all derived quantities to it as a base 
line, if we are to secure agreement of all parties concerned. 

Regarding the exclusive use of temperature rise as a measured 
quantity, it must be pointed out: (a) That an average exhaust 
temperature is implied and this requires not only a large number 
of temperature measurements but also the relative mass flows 

‘If it is admissible to use a standard temperature, constant-b 
lines can be readily plotted on an h-s chart as follows: Through the 
point of standard atmospheric pressure and temperature, rule a 
straight line tangent to the constant-pressure line at this point. 
Rule other constant-) lines parallel to this. Read b intercepts on 
the vertical enthalpy scale. We of course are free to introduce any . 
arbitrary additive constant in the values of / itseif. 

5’ Research Laboratories, Shell Oil Company, Inc., Wood River, 
lil. 

® Refer to paper by Dr. 
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at each point of measurement. This is not easy. (b) We are 
approaching a temperature range wherein much doubt can be 
cast upon the existence of a measurable temperature in the 
thermodynamic sense. Evidence is accumulating to support 
the view that ‘‘temperature”’ is a very uncertain and almost 
indefinable, quantity above 2000 F. Engineers are struggling 
with inconsistencies of the order of 100 F among various 
methods of measurement in a regime where we are beginning to 
realize the simultaneous existence of different temperatures for 
different. degrees of freedom of molecular motion, and at Mach 
numbers which produce serious errors in thermocouple measure- 
ments. These facts cannot be neglected in a practical choice of 
a method of measuring combustion efficiency or in rating com- 
bustion chambers. We should consider critically a variety of 
possible methods before approaching standardization. Specifi- 
cally, it is suggested to include exhaust-gas analysis methods, 
both in complete and in simplified form. 


J. P. LonGweu.’? In view of the widespread use that ap- 
parently will be made of high-capacity combustors, such as in 
the gas turbine and the ramjet, it is felt that a standardized 
system of rating combustor performance will be of considerable 
value. The proposed definition of combustion efficiency based 
on the ratio of the quantity of fuel theoretically required to give 
the observed flame temperature to the amount actually used 
appears to offer definite advantage over other definitions and 
is at present used by a number of groups working on gas-turbine 
and ramjet combustors. 

As pointed out by the author, losses of stagnation pressure 
which occur in the combustor also have an important effect on 
the over-all efficiency of the power plant. Agreement on a 
quantity used to characterize these losses may be considerably 
more difficult to arrive at, since in addition to the mechanical 
efficiency, suggested by the author, the ratio of stagnation pres- 
sure to total combustor inlet pressure, and a drag coefficient 
based upon combustor inlet conditions are also commonly used. 
These last two numbers are not efficiencies but can be easily 
used both for comparative purposes and for cvcle evaluation. 

In addition to the mechanical and chemical losses, the combus- 
tion itself causes a loss in stagnation pressure in the combustor. 
This loss in stagnation pressure corresponds to an increase in 
entropy in the same manner as mechanical friction losses and can 
be lumped with the friction losses for further use in power- 
plant evaluation. Table 1 of this discussion shows the ratio 
of stagnation pressure loss, caused by heat addition to a gas 
flowing through a tube of constant cross section, to the stagna- 
tion pressure at the combustor inlet. This calculation taken 
from NACA Technical Note 1180 assumed that the stagnation 
temperature was increased by a factor of 3. 


TABLE 1 LOSS IN STAGNATION PRESSURE AS A FUNCTION OF 
COMBUSTION-CHAMBER INLET VELOCITY 


Velocity before heating, 


fps AP/P 

50 0.003 
100 0.011 
150 0.025 
200 0.046 
250 0.076 


Since the loss depends on the velocity in the combustion 
chamber and therefore on combustion-chamber design, it could 
be charged to the combustion chamber and is a consequence of 
having a low frontal area. This loss, due to heating the stream, 
‘is frequently of approximately the same magnitude as the loss 
due to friction in aviation gas turbines and therefore is of 
equal importance. While it might not be desirable to lump the 
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mechanical friction loss and the loss due to heating, it would seem 
desirable to express both the same way. 


A. Amorost.S Quite naturally, we wish to evaluate gas- 
turbine combustion-chamber performance. One basis is ef- 
ficiency. The very fact that combustion efficiency cannot. be 
determined accurately has led to indifference as to the proper 
basis for comparison. However, because there is an instrumenta- 
tion difficulty in determining combustion efficiency, there is all 
the more reason for establishing a standard so that secondary in- 
consistencies can be avoided. As for mechanical losses, it. 
appears that our former practice of considering only combustion 
efficiency in quoting boiler efficiency has led us into a bad habit. 
The fact that mechanical losses should be included in the “heat- 
source”’ efficiency is strikingly apparent in the design of nuclear 
power plants where the pressure drop in the fluid being heated 
has a marked bearing upon the design of the nuclear reactor. 
If it is improperly taken into account, erroneous conclusions can 
be obtained. The fact remains that before we can evaluate com- 
bustion chambers properly, a rational basis for determining 
combustion-chamber efficiency should be established. Readers 
who consider carefully the points brought out by the author, will 
agree with his recommendations both as to the method of repre- 
senting combustion efficiency and over-all combustion-chamber 
efficiency. 

One might wonder why the author has chosen his over-all 
combustion chamber efficiency , based on its effect on net 
work of the over-all gas-turbine plant, instead of on a basis 
similar to turbine or compressor efficiency. Since n, takes into 
account a thermal (or chemical) energy conversion and 7,, a 
mechanical energy conversion, a moment’s reflection will indicate 
that it would be difficult to combine the two into one efficiency 
other than on the basis of their effect on net work or net efficiency 
of the plant. Furthermore, it is customary to evaluate auxiliary 
equipments on their effect on net work or net efficiency. There- 
fore his choice seems to be well justified. 

The acceptance of this method of determining combustion 
efficiency is a good first step in evaluating combustion cham- 
bers. Another valuable basis for evaluating combustion chambers 
is the ratio of maximum to average temperature rise through 
the chamber. The ability of a turbine to convert thermal 
energy to mechanical energy is a function of the average inlet 
temperature to the turbine, whereas the mechanical design 
problem is to a great degree influenced by the maximum gas 
temperature. Therefore the maximum to average temperature 
rise through the combustion chamber should also be reported as 
a measure of combustion-chamber performance. 


J. K. Sauispury.* The author has chosen to evaluate the 
thermodynamic losses or mechanical efficiency in a combustion 
chamber by using the decrease in turbine available energy as 
the chief factor. In considering pressure drop through the 
combustion chamber, or for that matter through any portion 
of a gas-turbine cycle, two methods are possible. One may con- 
sider, as the author has done, that pressure drop lowers the 
turbine available energy or, alternatively, that it increases the 
compressor pressure ratio. 

The writer chooses to use the latter method in an analysis 
presented as a discussion of a recent paper'® because it greatly 


8 Mechanical Engineer, Bureau of Ships, Navy Department, 
Washington, D.C. Mem. ASME. 

®General Engineering and Consulting Laboratory, General 
Electric Company, Schenectady, N. Y. Mem. ASME. 

10 ‘Some Effects of Pressure Loss on the Open Cycle Gas-Turbine 
Power Plant,” by J. I. Yellott and E. F. Lype, Trans. ASME, vol. 
69, 1947, pp. 903-911; discussion by J. K. Salisbury in Trans. ASME, 
vol. 70, February, 1948, pp. 139-141. 
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simplifies the analysis. If pressure drops are considered to reduce 
the turbine pressure ratio, it is implicit that the turbine-nozzle 
area will have to be increased to pass the mass flow of the com- 
pressor at a given constant speed. Thus the analysis is invalid 
for a physical gas turbine. If the pressure drop is considered to 
increase the compressor pressure ratio in an axial-flow gas-turbine 
plant, there is a negligible change in mass flow due to the in- 
trinsic constant-flow characteristic of this type of compressor. 
For this reason, additional pressure drops introduced into the 
system after fabrication of the component machines actually 
will increase the compressor pressure ratio. This alone lends 
logic to the viewpoint. 

If the turbine-inlet pressure is considered to be reduced by the 
introduction of pressure drop, it becomes necessary in calculation 
to take into account deviations from constant specific heat nor- 
mally present even for air at elevated temperatures, as well as the 
effect of combustion products on specific heat. Additional un- 
certainty as fo the true effect of pressure drop is introduced by 
the question as to whether this rapid change in specific heat 
at the higher temperature levels may be partially responsible for 
the calculated loss. If the compressor pressure ratio is con- 
sidered to be increased by a pressure drop no attention need be 
given to deviations of specific heat from normally used values 
because of their constancy at normal compressor pressures. 

Even in the case of a reheat-gas-turbine cycle, this method may 
be used. In this instance, when a pressure drop occurs in the 
reheat combustion chamber, an increase in the high-pressure 
turbine pressure results, thus destroying the similarity to actual 
physical conditions which existed for the simple cycle, by neces- 
sitating a decrease in high-pressure-turbine nozzle area for the 
same mass flow. Pressure drops in the high-pressure combus- 
tion chamber may be added to those in the reheat combustion 
chamber, and the two reflected in an increase in compressor 
pressure. 

For a simple cycle, pressure drops in the exhaust of the turbine 
are analogous to those in the reheat combustion chamber, and, 
by the same token, such pressure drops may also be reflected in 
the compressor pressure ratio. 

One must be cautious in applying either of the two alternative 
methods. If a cycle is chosen such that the operating conditions 
are not on the flat part of the thermal-efficiency versus cycle- 
pressure-ratio curve, a change in pressure ratio of either turbine 
or compressor will include part of the increment or decrement 
in efficiency delineated by the cycle-efficiency curve, and will 
not represent the true pressure-drop effect. This fact is well 
brought out in the exposition by Yellott and Lype.'"' 


A. H. Suarrro.'? To the list of desirable requirements in 
this paper should be added the specification that the definition 
of efficiency be such that its magnitude depend on as few other 
parameters as possible, 

In addition, it might be argued that the definition should be 
“functionally significant,’ rather «than ‘“thermodynamically 
significant,’ that is, we must consider the object of the combus- 
tion process. In the gas-turbine plant, the object is to produce 
hot gases for the production of work in a turbine, and ultimately 
for the production of net power from the plant. It seems reasona- 
ble therefore to define the efficiency so as to relate clearly the 
performance of the combustion chamber with the net power and 
with the fuel consumption. In a steam boiler plant, the object 
is to produce hot gases for the transfer of heat to boiling water. 


11 “Some Effects of Pressure Loss on the Open-Cycle Gas-Turbine 
Power Plant,”’ by J. I. Yellott and E. F. Lype, Trans. ASME, vol. 
69, no. 8, 1947, p. 903. } 
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This suggests that the efficiency of this case relate the fuel con- 
sumption to the amount of heat available for heat transfer. 
To go farther afield, we might imagine that the combustion 
chamber had as its purpose to produce certain chemicals among 
the products of reaction, in which case the efficiency would be 
measured by the amount of desirable chemicals produced per unit 
fuel consumption. 

On the basis of these considerations, it seems that the quantity 
denoted by 7.1 is significant for gas-turbine combustors, while 
nee is significant for combustors of the boiler-plant type. 

The question of defining a mechanical efficiency is complicated 
by the close interrelationships between the various components 
of the plant. The many diverse points of view brought out in 
the discussion following presentation of the paper suggest that 
no one definition of wide acceptance may be found, and that 
such a simple parameter as the fractional loss in stagnation 
pressure may in the end be of greatest service. This parameter 
at least has the virtue that, for a fixed combustor design with 
fixed entry conditions and fuel rate, it is independent of the 
arrangement of other equipment in the plant and of the pressure 
ratios employed; whereas the more complicated definitions of 
mechanical efficiency do involve a dependence on these latter 
factors. 

Finally, the writer wishes to raise the question of whether it is 
possible to define a single parameter, such as an ‘over-all ef- 
ficiency,’ for appraising the merits of combustor designs. Be- 
cause of the many independent considerations which usually 
enter into the design of engineering equipment, the arbitrary 
combination ‘of several parameters into one often obscures 
rather than clarifies the meaning of the parameter. In more 
concrete terms, a combustor of a certain over-all efficiency 
might prove relatively effective in one type of gas-turbine plant 
and relatively ineffective in a different type. By retaining the 
separate concepts of “combustion efficiency” and of fractional 
loss in stagnation pressure, this difficuJty is avoided, and the 
merits of the combustor for each particular type of plant can be 
determined on an individual] basis. This point of view is even 
more significant when considerations of frontal area, or of the 
economic aspects, play an important part in the design procedure. 


D. H. Fax.'’ The first criterion to be applied to an efficiency 
definition should be that of generality over the entire scale from 
zero to unity. The usual efficiency concept, the ratio of the 
actual energy conversion to that attained in an ideal process, 
satisfies this requirement. 

The first combustion-efficiency definition proposed by the 
author is the ratio of two fuel requirements. This definition 
admits of ease of calculation but it breaks down at the zero end 
of the Seale. A reasonable definition for the zero of combustion 


* efficiency would be that attained in a properly adjusted Junkers 


calorimeter, i.e., all of the heat value of the fuel would go into 
setting loss, and the products would emerge at a temperature 
t’, the same as that obtained by mixing the air at fe and the fuel 
at ¢; without combustion. An examination of Equation [7] of 
the paper shows that, in this case, 7. would be negative or 
positive depending upon whether ¢. is greater or less than ¢,. 
The definition of 7.2 conforms more nearly with the require- 
ments stated in the first paragraph, but it suffers from the fact 
that its magnitude depends upon the arbitrary selection of a 
reference temperature fo. This difficulty can be traced to Equa- 
tions [8] and [9] of the paper. Those equations would represent 
the respective enthalpy increases in an ideal and in an actual 
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system only if the individual values of h were counted above 
absolute zero, but not if counted from fj as done by the author. 

The writer would propose a combustion efficiency, -3, which 
he believes removes the objections encountered in the foregoing. 
Instead of Equation [4], write the energy equation as does 
Lichty" 


Nata + fhyy +fC = (1 +f) + Q, {17] 


where the nomenclature is that of the author except that the 
enthalpies are counted above absolute zero and C represents the 
chemical energy of the fuel. One may also write 


where ¢’ is the temperature resulting from mixing the air and the 
fuel without combustion. 

The heat value of the fuel is defined as the energy released 
when the products are cooled to the initial temperature of the 
air-fuel mixture, that is 


has + tHfC=(L +N Ay +f HVy......... [19] 


Subtracting Equation [19] from [17] and introducing Equation 
[18] 


(1 +f) +Q, +1C =f HVy............ [20] 
From this one may write 
actual AH = (1 + f) vA,h, 
ideal AH = (1 + f) A,,h, = f HVy 
and 
ns = (1 +f) HVy........... [21] 


Equation [21] is entirely general and appears to the writer 
to be rigorously correct; however, it does not admit of ready 
calculation. Therefore, introducing the author’s approximation 
that leads to Equation [11], the numerator of Equation [21] 
may be written 

+ Sy Aiphr 

To find HV y from the heat value known at some reference 
temperature to, rewrite Equation [19], replacing the ¢’ subscripts 
with f. Subtracting the resulting equation from Equation [19] 


SHVy =f HVo + + f — (1 +f) wdyh, 


Using the same approximation as in the foregoing equation, this 
reduces to 


The final expression for y-3 becomes . 


= Aighe + fy 
f (HVo + — wAyhy] 


From Equation [18] 
t’ = (gt, + + fey) 


where cy is the fuel specific heat and c, is the constant pressure 
specific heat of the air. 

Equation [23] is not as formidable as it may appear. Using 
the data given in the author’s illustrative example, t’ = 641 F, 
LHV, = 18,254 Btu per lb fuel, and 4-3 = 0.9521. This latter 
value compares with 7-1 = 0.950 and 2. = 0.9521 for the same 
data. 

In this connection it should be pointed out that there is a 


14 “Thermodynamics,” by L. C. Lichty, McGraw-Hill Book Com- 
pany, New York, N. Y. 1936, pp. 150 —152. 
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numerical error in the author’s evaluation of 4.2 = 0.945. In 
fact, it may be shown that for all usual values of the variables, 
ne is always greater than 4, rather than the reverse as might 
be implied from the paper. Furthermore, 3 will be greater 
than nes if the specific heat of the \ component is greater than 
that of the fuel, and less than 7,3 if the reverse is true. With the 
data of the author’s example, 72> 73, but only in the fifth 
significant figure, because the two specific heats referred to are 
practically the same. 

A casual inspection of the foregoing results might lead one to 
feel that, since they are so nearly equal (particularly when com- 
pared with the accuracy of the data), the only basis on which to 
choose between them is that of ease of calculation. The writer 
cannot join in such an opinion. While the differences between 
the three efficiencies are in the present instance minuscule, given 
other data they might not be. A definition that is valid only 
over a restricted range is of questionable value because defini- 
tions tend, with use, to become separated from the restrictions 
implicit in them. An efficiency definition should be valid over 
as wide a range of the variables as possible and should be inde- 
pendent: of reference conditions which are completely arbitrary, 
such as fo in this case. Of course in any given application, 
approximations are always permissible so long as they are within 
the accuracy of the data. 

The mechanical and over-all efficiencies defined in the paper 
are useful concepts. However, it is also desirable from several! 
points 4f view (certainly that of the designer) to define a parame- 
ter for mechanical losses in the combustion chamber that will 
be a function of the chamber alone and independent of the pres- 
sure ratio of the cycle in which it may be used. Such a parame- 
ter is the ‘energy loss’? in the combustion chamber, v Ap 
where v is the specific volume at the combustion chamber dis- 
charge, and Ap the drop in total] pressure through the chamber. 
For small pressure drops, v Ap/J may be replaced by 6/1, Fig. 5 
The concept of 6h is more useful than that. of 
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fractional pressure drop Ap/p for several reasons. For one, 
it is easier to deal with when considering the effects of parasitic 
losses at part loads. From the Fanning friction formula it can 
be seen that, for isothermal flow, Ap/p will vary with at least 
two variables, fluid velocity and temperature, whereas 6h will 
vary with velocity alone (assuming insensitivity of friction factor 
with temperature). Going further, one might use the parameter 
bh + V?/(2g,J), which for isothermal flow would be fairly con- 
stant over a relatively wide range of velocity and temperature 
conditions. 

Of course for a combustion chamber, 6h + V?/(2g,/) will not 
be constant with load but will vary with one other parameter, 
generally taken as the ratio of absolute temperatures at the inlet 
and outlet of the combustion chamber. In any case, the use 
of 6h + V2/(2g.J) requires two less parameters for correlation 
than does the use of Ap/p. 

The concept of energy loss (rather than pressure drop) has been 
used before,'5!6!7 and it should be furthered. The relationship 
between the two parameters is simply 6h; = RT; Ap/p. 

It is also easy to find the effect of combustion-chamber energy 
loss on the turbine available energy in a given cycle. Since 


oh 
( ) = T', (see, e.g., Lichty,'’) one may write simply 
P 


ds 
th, Ts (Rye ~ 


P, 
AuTHOR’s CLOSURE 


The primary purpose of this paper, to stimulate discussion on 
the subject of gas-turbine plant combustion-chamber efficiency, 
has apparently been attained as evidenced by the thoughtful 
* discussions of the reviewers. It is also evident from the discus- 
sions that early standardization is highly desirable before many 
more diverse opinions and definitions come into use. 

Professor Dusinberre points out that combustion efficiency is 
a “natural” concept but implies that mechanical efficiency and 
over-all efficiency as defined by the author are not natural con- 
cepts and concludes therefore that there is no reason to “invent” 
them. To the author the comparison of ‘factual system perform- 
ance’’ to that of an “ideal system” is a natural thermodynamic 
concept. All the efficiency terms presented in the paper are de- 
fined in this manner. Professor Dusinberre prefers to employ a 
mechanical energy “loss concept” in preference to an efficiency 
concept. This loss is evaluated by comparing actual system per- 
formance to ideal system performance. Three alternative 
methods of expressing performance are considered including the 
method employed as a basis for the author’s ny. The major 
purpose for “inventing’’ 7 was to provide a basis of comparison of 
“mechanical losses’? and “combustion losses’ in terms of the 
over-all efficiency, mo, or over-all loss of plant specific fuel consump- 
tion. Professor Dusinberre’s availability function loss will not 
allow this objective. The isentropic available energy neglecting 
turbine exhaust pressure drop, while more realistic in this regard, 
is not quite as suitable as the recommended procedure of using the 
isentropic available energy based on the actual turbine exhaust 
pressure. 

The author grants that Equation [16], a computing equation 
for mo, does not allow or credit the combustion chamber with the 


“The Gas Turbine as a Possible Marine Prime Mover,”’ by 
C. R. Soderberg and R. B. Smith, Trans. Society of Naval Archi- 
tects and Marine Engineers, vol. 51, 1943, pp. 115-130. 

16“*Part-Load Characteristics of Marine Gas-Turbine Plants,”’ 
by W. M. Rohsenow and J. P. Hunsaker, Trans. ASME, vol. 69, 
1947, pp. 433-439. 

 “Tyevelopment and Testing of a Gas-Turbine Combustor,” by 
A. E. Hershey, Trans. ASME, vol. 69, 1947, pp. 859-867. 

's Footnote (14), p. 247. 
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greater possibility for regenerative heat transfer arising from the 
mechanical loss (1 — 9,4). While it would be desirable to include 
this effect, the resulting complexity of the equation would ‘not 
make it worth while, especially so in view of the fact that even 
with high regenerator effectiveness (75 per cent), and plant ther- 
mal efficiency (25 per cent), the magnitude of this gain is in the 
order of less than 20 per cent of the loss, (1 — m). For smaller 
amounts of regeneration and lower thermal efficiencies the effect 
is even less. Further, if 90, ny, and », are known together with 
regenerator effectiveness and plant thermal efficiency, the regener- 
ator effect can be readily estimated for any particular cycle. 
Note too that the recommended word definition of 4 does not 
obviate the inclusion of the “regenerator recovery”? by suitable 
modification of Equation [16]. 

Mr. Echols feels that any discussion of gas-turbine plant- 
combustion efficiency should be restricted to a consideration of 
“chemical reaction efficiency” only. To the author this appears 
as an unnecessary restriction, as certainly the engineer and 
thermodynamicist, as distinct from the chemist, must evaluate 
all significant losses. In the expression of internal-combustion- 
engine performance, for instance, it is not unusual to employ as 
many as four distinct efficiency expressions of performance. It is 
of course essential that any efficiency term be properly qualified 
if it is to be correctly interpreted. 

Dr. Longwell points out that agreemert on the quantity to be 
used to characterize flow-friction losses may be, more difficult to 
arrive at than in the case of incomplete combustion and setting 
losses. He also indicates that there is an inherent mechanical 
loss, in addition to flow friction, as a result of the increase of gas 
temperature during combustion. This loss becomes quite signifi- 
cant for velocities before combustion of greater than 50 ft per 
sec. It seems to the author that this loss is properly chargeable as 
a mechanical energy loss and should be included in ny. 

The advantage of using ny as proposed, instead of a per cent 
pressure drop or a combustion drag coefficient to characterize 
mechanical energy losses, is that it combines in a relatively simple 
manner with the combustion efficiency 7, and allows a com- 
parison of the magnitudes of the component losses on a common 
basis, namely, their influence on plant specific fuel consumption. 

It is evident that there is no unique common basis of evalua- 
tion and comparison of the component losses. Mr. Salisbury very 
ably points out the convenience in cycle analysis of using a 
“compressor work”’ evaluation of mechanical losses. Note, how- 
ever, that the word definition of ny as recommended by the 
author does not obviate the method of analysis proposed by Mr. 
Salisbury. Given ny on a turbine basis it is a relatively simple 
matter to evaluate fraction pressure drop AP/P (see Fig. 3) 


and impose this as an additional pressure-ratio requirement on“¥ 


the compressor. 

Should it be desirable to express ny on a compressor work 
basis, by an equation similar to Equation [14], then a modification 
of Equation 16 may be used for an over-all efficiency. 


1 — ay’ | 
= 1 16a 
The 


where the (’) notation denotes a compressor work basis. 
term 


W net /( Ah©’/neomp) 


approximates the mechanical loss evaluation in terms of the plant 
specific fuel consumption. For the conditions of the numerical 
example of the paper it has a magnitude of 6.8 per cent (for a 
compressor isentropic efficiency of 85 per cent). The similar term 
of Equation [16] 
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approximates the mechanical loss evaluation in terms of plant 
specific fuel consumption using the turbine work basis. Its mag- 
nitude, in substantial agreement with the above evaluation, is 6.3 
per cent. - 

Aside from convenience in analysis, it appears to the author that 
mechanical losses in a gas-turbine plant component, other than 
the compressors or turbines, should be evaluated in terms of the 
ideal work of the compressor or turbine immediately downstream 
from the component in question, with the exception of the low- 
pressure turbine-exhaust piping and regenerator losses in the open- 
cycle plant which must be evaluated in terms of their effect on the 
ideal work of the last turbine (5). 

Professor Shapiro points out that an efficiency definition 
should depend on as few parameters as possible and that it should 
be “functionally significant” rather than thermodynamically 
significant. The author is of the expressed opinion that the 
efficiency definition must be both functionally and thermodynami- 
cally significant. The author agrees that an expression of over-all 
efficiency in itself may lead to confusion in appraising the merits 
of a combustion-chamber design, but is also of the opinion that 
Ne 2M, No together are more descriptive than n, and AP/P alone. 

Professor Fax refers to a “‘breakdown”’ of the definition of ne 
at a magnitude of zero. This breakdown is not apparent to the 
author as, in accordance with the definition, a magnitude of 
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na = 0 means, f; = 0. This means, from Equation [7] that t, = 
t,. True, this zero of efficiency does not correspond to Professor 
Fax’s “reasonable definition for the zero of combustion efficiency.” 
This latter definition serves to establish, in effect, a thermal en- 
thalpy datum at a temperature ¢’ corresponding to the bulk 
mean temperature of f lb of fuel at ¢ and one Ib of air at ¢, without 
combustion and assuming no vaporization. This definition has 
the advantage of removing the ambiguity of the dependence of 
ne on the arbitrary selection of the reference state for the heating 
value term, HV». Consequently, his 7.3; is preferred to ne. How- 
ever, ne; like n-2 has many disadvantages when compared to 
nei &S an expression of the combustion efficiency of a gas-turbine 
plant combustion chamber. 

Professor Fax calls attention to the numerical error in the 
sample problem evaluating n-2. This should be 


ner = 0.9174 + 0.03847 = 95.2 per cent, 


instead of 95.4 per cent. As he points out, mez > ner except for the 
limiting case of ne = nee = 100 per cent. 

Mr. Amorosi agrees in the main with the views presented in 
this paper. He points out the additional criterion of combustion- 
chamber performance of uniformity of products outlet tempera- 
ture, and suggests that a performance factor expressing this 
effect be formulated. 

The author is appreciative of the excellent discussions and 
criticisms provided by the reviewers. 
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Temperature Measurements and Combustion 
Efhciency in Combustors for 
Gas-Turbine Engines 


By WALTER T. OLSON! anp EVERETT BERNARDO,!? CLEVELAND, OHIO 


‘In investigations of the general altitude performance of 
combustors for aircraft gas-turbine engines at the Cleve- 
land laboratory of the National Advisory Committee for 
Aeronautics (NACA), the combustors have been in- 
strumented with a large number of thermocouples for 
determining average temperatures, temperature distri- 
butions, and combustion efficiencies. Presented herein is 
a discussion of the thermocouple installations used, some 
of the construction details of typical thermocouples, and 


representative temperature and combustion-efficiency - 


measurements made in combustors. The results of nu- 
merous investigations of the general altitude performance 
of combustors for gas-turbine engines have indicated that 
air temperatures at the inlet to the combustors can be 
adequately measured with common bare-wire thermo- 
couples, and that, at the combustor outlet, large varia- 
tions in temperature distributions, nonuniform velocity 
distribution, and fluctuations in the temperatures. are 
among the possible sources of errors in measuring the 
average combustor-outlet temperatures. In addition, 
the results indicate that the temperatures measured at the 
combustor outlet, although admittedly not accurate, are 
genérally satisfactory for evaluating the altitude per- 
formance of combustors, and that the values of combus- 
tion efficiencies obtained from temperature measure- 
ments are satisfactory approximations of combustion effi- 
ciencies and serve to show the effect of primary variables 
on combustion efficiency. 


INTRODUCTION 


ARLY in the investigation of the performance of aircraft 
E gas-turbine engines at the Cleveland laboratory of the 
NACA, it was found that as engine operating altitude 

was increased, altitude operational limits were encountered, that 
is, altitudes were reached above which the combustors could not 
produce gases of the temperature required by the turbine for 
engine operation regardless of the fuel flow to the combustor. 
As a result of these findings and the requirement for high-altitude 
operation of turbojet engines, a general program was undertaken 
to investigate the altitude operational limits imposed by combus- 
tion and to study methods for improving these limits. This pro- 
gram was necessarily expanded to comprise a more complete 
investigation of the performance characteristics of combustors for 
aircraft gas turbines, and the particular and individual effects 
on combustor performance of operating variables, fuel variables, 


‘Flight Propulsion Research Laboratory, National Advisory 
Committee for Aeronautics, Cleveland, Ohio. 
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and design variables. A number of combustors of several types 
have been studied to date and this line of endeavor is continuing 
at present. 

For the performance investigations, instrumentation of the 
combustors included a large number of thermocouples both at 
inlet and outlet stations not only to measure the temperatures 
necessary for evaluating the altitude operational limits, but also 
to determine the temperature distribution at the combustor out- 
let, to indicate whether or not afterburning occurred and, in 
addition, to provide the data necessary for calculating combus- 
tion efficiency. 

It is intended in this paper simply to describe typical thermo- 
couple installations as used in investigating the general altitude 
performance of combustors at the NACA, to present some of the 
construction details of these thermocouples, and to illustrate the 
use of these thermocouples with representative results of com- 
bustor temperature measurements and combustion-efficiency 
measurements. The paper is not intended as a critical analysis 
of pyrometry with thermocouples; other authors (1 to 5)? are 
covering this subject fully. The paper is a presentation of prac- 
tice found to be satisfactory for examining some performance 
trends of gas-turbine combustors. 

The studies of gas-turbine combustors, in which the thermo- 
couple technique has been used essentially as described, have in- 
cluded work on fiveannularcombustors, four can-type combustors, 
and two segments of annular combustors. The effect of operating 
variables on performance has been investigated to a greater or 
lesser extent on all of these. Many design modifications have been 
studied on four of the annular combustors and on the two seg- 
ments. The effect of fuels on combustor performance has been 
systematically examined in two of the annular combustors and 
in two of the can-type combustors. This work is mentioned to 
indicate the extent to which this thermocouple technique has 
been used on gas-turbine-combustor projects alone. 


ComBustTor Test INSTALLATION 


A diagrammatic sketch of a section of a typical annular-type 
combustor test installation is shown in Fig. 1. This installation is 
selected solely as an example. Combustion air, altitude exhaust, 
and fuel are supplied to the combustor by the laboratory system. 
The combustion-air temperature is regulated by electric heaters 
and a fuel-fired preheater. Combustion-air flow is measured with 
either a thin-plate or a variable-area orifice, and the fuel flow is 
measured with calibrated rotameters. Can-type combustors are 
installed similarly. In any case, care is taken to duplicate exactly 
the inlet and outlet stations just as they would be in the engine. 


THERMOCOUPLE INSTALLATION 


Thermocouples are usually installed at four stations (A-A to 
D-D) as indicated in Fig. 1. The stations are designated as com- 
bustor inlet (station A-A, corresponding to compressor outlet of 


3 Numbers in parentheses refer to the Bibliography at the end of 
the paper. 
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DIAGRAMMATIC SKETCH OF SECTION OF TyprIcaAL ANNULAR-TyPE ComBustToR TEsT INSTALLATION 


Fig. 1 


engine) and combustor outlet (station B-B, corresponding to tur- to maintain, and are equally as rugged. Unshielded and aspirat- 
bine inlet of engine); thermocouples are also located at stations ing-type shielded thermocouples have been compared simultane- 
C-C and D-D to check for afterburning. ously at a combustor outlet under various temperature and ve- 

The orientation of the thermocouples at each of the stations is locity conditions; the difference between average temperatures 
illustrated in Fig. 2. All of the thermocouple junctions are lo- indicated by each type usually was small and inconsistent. For 
example, during check runs at an average temperature of about 
1000 F and an average velocity of 400 fps the difference in aver- 
age temperatures indicated by the shielded and unshielded ther- 
mocouple varied from about +5 to +10 F 

The thermocouples are connected through multiple switches to 
self-balancing, indicating potentiometers. The potentiometers 
for the inlet station (iron-constantan wire) have a range of —100 
to +700 F, and the potentiometers for the outlet stations have a 

Station A-A Station B-B range from 0 to 2400 F. The accuracy of the potentiometers, as 
Combustor inlet Combustor outlet given by the manufacturers, is +0.25 per cent of the full scale 
_ Shielded reading. The instruments are calibrated with the particular ther- 
~_ thermocouples mocouple wire used in each case. In one investigation a specially 
constructed revolving thermocouple rake in which the thermo- 
couples could be larger and more elaborately constructed was 
used at the combustor-outlet section, but its use was discontinued 
at the time because the added complications were not justifiable. 


+ Thermocouple 
junction 


Station D-D TEMPERATURE MEASUREMENTS 


as GS The average temperature at each station is taken as the average 


Fic. 2 OrtenTATION oF THERMOCOUPLES IN ANNULAR-Type of all the thermocouple indications at the particular station. 
CoMBUSTOR With the thermocouple probes located at centers of equal areas 


cated at approximate centers of equal areas. The thermocouples 
are arranged in banks, and the total number of thermocouples iii 
used in this installation is noted in Table 1. L 


‘| ~4°0.D. inconel 
tubing 


Ceramic insert 


TABLE1 ARRANGEMENT AND NUMBER OF THERMOCOUPLES ] 


Thermocouple stations = sealed to 
A-A B-B Cc-C D-D Mercury outer tube 
4 18 4 2 welded 
4 4 4 2 junction 
16 72 16 4 


The construction details of typical thermocouples are illus- 
trated in Fig. 3. All of the thermocouples are generally unshielded, N 
except those at station D-D, which are multiple-shielded in all 
directions except upstream. The shields of the shielded thermo- - 


couples consist of three concentric shells formed from thin sheets I 
of inconel. The thermocouples at the inlet and outlet stations G 
are usually made of 20-gage iron-constantan and chromel-alumel (stations A-A, B-B, and C-C) 


wire, respectively. The wires are threaded through two-hole 
ceramic insulating rod and sealed within a 1/;-in-OD inconel tube. 
The thermocouple junction is formed by mercury welding. In 
some instances the junction of the outlet thermocouples has been 
sealed within conel weld metal to guard against corrosion from 
catalytic action on the surface of the junction. 

In comparison with shielded thermocouples, the unshielded Shielded thermocouples 
thermocouples are small (blocking a total of about 4 per cent of (station D-D) 
the cross-sectional area at station B-B), are easy to construct and 


Fic. 3. Construction DetaiLs or TyprcaL THERMOCOUPLES 
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this provides temperature averages weighted on the mass flow of 
gases provided of course that the mass flow is uniform at the 
stations. 

In investigating the general altitude performance of com- 
bustors, the average combustor-inlet air temperature ranges from 
approximately —40 to +300 F, and the average velocity 
ranges from about 150 to 300 fps. The temperature and veloc- 
ity distribution in the pipe conveying air to the combustor may 
be expected to be fairly uniform; therefore the average tempera- 
tures obtained at the inlet station are close to averages weighted 
on the mass flow of air. The results of an investigation of tem- 
perature measurements and of errors involved in measuring tem- 
peratures with thermocouples in relatively low-temperature 
high-velocity air streams are presented by Hottel and Kalitinsky 
(1). In this reference it is reported that common bare-wire 
thermocouples with no special stagnation attachments may be 
considered entirely adequate for temperature measurements in 
air streams at velocities below about 300 fps. 

The local air temperatures actually measured at the combustor 
inlet are usually within +2F of the average inlet-air tem- 
peratures when electric preheaters are used, and within approxi- 
mately +12 F when fuel-fired preheaters are used. The 
variations in the air velocity over most of the inlet are generally 
within +2 fps during equilibrium flow conditions. There appears 
to be no particular problem in evaluating adequately the air 
temperature at the combustor inlet. 

At the combustor-outlet stations the average temperatures 
are usually of the order of 800 to 1400 F, and the average velocities 
range from about 300 to 600 fps. It is well known of course that 
temperatures in steady-state high-velocity streams of high-tem- 
perature gases cannot be measured with high precision with 
common unshielded thermocouples, because of the inability of 
the probes to convert velocity head completely to heat and be- 
cause of errors arising from such factors as radiation and con- 
duction of heat from the probes (2 to 5). 

The problems encountered in measuring temperatures at com- 
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Fic. 4 Temperature Distripution aT CoMBuUSTOR OUTLET FOR 
Simutatep Low-AutirupE Low-ENGINE-SPEED CONDITION; 
ANNULAR-TYPE COMBUSTOR 


bustor-outlet stations, however, are not only those encountered 
in steady-state high-velocity high-temperature gas streams, but 
include also problems arising from large variations in the tempera- 
ture distribution, uneven velocity distributions, and fluctuations 
in the temperatures. 

When large temperature gradients are present at the com- 
bustor-outlet station, the exact location of a thermocouple probe 
becomes critical, and a slight change in the probe location may 
result in a large change in the temperature indicated. This factor, 
together with any large variation in combustor-outlet velocity 
distribution, makes it difficult, regardless of the accuracy of the 
thermocouples, to obtain precise or accurate average temperatures 
weighted on the mass flow of gases. In addition, the indicated 
temperatures may fluctuate over a large range if unstable com- 
bustion is encountered, thus introducing another source of un- 
certainty in the observed temperatures. 

Typical temperature patterns obtained with thermocouples at 
the combustor-outlet station for various simulated operating 
conditions are illustrated in Figs. 4 and 5. The simulated operat- 
ing conditions are given in terms of engine speed and altitude 
which are the primary factors in determining the combustor 
inlet-air conditions. The temperature patterns presented are for 
annular-type combustors, but in the investigations conducted 
with different can-type combustors the same general trends have 
been noted. 

Fig. 4 shows the temperature distribution at combustor outlet 
(station B-B, Fig. 1) for a relatively low-altitude low-engine- 
speed condition. The temperature distribution under these 
conditions is fairly uniform; the spread in the local minimum and 
maximum outlet temperatures from the average outlet tempera- 
ture (850 F) is about 16 and 24 per cent, respectively, of the aver- 
age outlet temperature. The largest average radial temperature 
difference is about 320 F. 

The temperature distribution during what is usually termed 
cycling combustion, that is, where the flames are intermittently 
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extinguished and reignited, for example, in the order of 8 cycles 
per sec, is shown in Fig. 5 for a condition at the same engine 
speed, but at an altitude higher than that presented in Fig. 4. 
The average temperature is of course lower, and the spread in 
temperatures is appreciably greater than that shown in Fig. 4. 
The variation in the local maximum and minimum outlet tem- 
perature from the average outlet temperature (600 F) is approxi- 
mately 58 and 65 per cent, respectively, of the average outlet 
temperature, and the largest average radial temperature differ- 
ence is about 520 F. During cycling and flickering combus- 
tion, the indicated individual temperature at the combustor 
outlet has been observed to fluctuate 100 F. Although this 
type of combustion is generally observed only at high-altitude 
conditions, high-speed motion pictures of combustion show that 
flickering of lower intensity and higher frequency than that 
observed at high altitudes prevails in combustors over a large 
range of altitudes and engine speeds. 

Temperature distributions at medium. engine speed and high- 
altitude conditions showed large variations in local temperatures 
and, at the medium-engine-speed high-altitude conditions, tem- 
perature readings indicated that combustion does not occur in 
the outer section. 

The variations in the outlet temperature distribution are usu- 
ally accompanied by variations in the outlet velocity distribu- 
tion. Deviations between local maximum and minimum radial 
velocities at the combustor outlet as large as 70 fps have been 
obtained when large variations were present in the temperature 
distributions. 

Combustor-outlet temperatures were measured at station B-B, 
Fig. 1, and compared with the average temperatures measured at 
stations C-C and D-D, respectively, to check for afterburning. 
From the data thus derived there appears to be no indication 
that afterburning occurs. A few of the temperatures at station 
D-D were somewhat higher than those at station B-B, but these 
occurred only when large variations were present in the outlet 
distribution and probably occurred because the four thermo- 
couples at station D-D were not adequate for a representative 
temperature average. The general agreement of average tempera- 
tures at stations C-C and D-D with average temperatures at 
station B-B is a fairly reassuring check as to the reliability of the 
averaging method used at station B-B. 


CoMBUSTION EFFICIENCY 


Strictly speaking, combustion efficiency is defined as the ratio 
of the heat energy liberated during combustion to the heat energy 
theoretically available from complete combustion. The heat 
energy actually liberated during combustion is of course difficult 
to evaluate. At the NACA laboratory, combustion efficiency 
was approximated (in early work) for simplicity by using the ratio 
of the actual measured temperature rise across the combustor to 
the temperature rise theoretically attainable, as evaluated by 
Turner and Lord (6). The results presented in this paper were 
calculated on this basis. More recently the preferred method of 
calculating combustion efficiency is on the basis of the results of a 
study by Pinkel and Turner (7), although the actual values ob- 
tained do not differ appreciably from the temperature-rise ratio. 
The values of combustion efficiency obtained have usually been 
satisfactory approximations and have served to show the effect of 
primary variables on combustion efficiency. Examples of typical 
combustion-efficiency data obtained in investigating the altitude 
performance of combustors are presented in Figs. 6 and 7. These 
results are for annular-type combustors, but the trends shown 
are similar for can-type combustors. 

Lines of constant combustion efficiency, together with a curve 
of altitude operational limits in a plot of simulated altitude 
against simulated engine speed are shown in Fig. 6. The com- 
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bustion-efficiency data below the altitude operational limits were 
obtained at average combustor-outlet temperatures approxi 
mately equal to that required for engine operation at assumed zero 
flight speed. 

The lines of constant combustion efficiency close to the alti- 
tude operational limits have the same general shape as the 
operational limits curve. It has been found that when the alti- 
tude operational limits are increased, for example, by design 
changes in the combustor, the combustion efficiency generally is 
increased also. At altitudes 5000 to 10,000 ft below the opera- 
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Fic. 6 Compustion Errictency aS A FuncTION oF SIMULATED 
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tional-limits curve the combustion efficiency ranges from approxi- 
mately 50 to 75 per cent; at the low altitudes, the combustion 
efficiency approaches 100 per cent. 

The combustion efficiency decreases with an increase in alti- 
tude and with a decrease in engine speed. This effect is further 
illustrated in Fig. 7, of combustion efficiency plotted against 
altitude for several engine speeds. Based upon the results of 
reference (8), in which a detailed study of the effect of 
combustor-inlet conditions on combustor performance is re- 
ported, the decrease of efficiency with increasing altitude and de- 
creasing engine speed is caused by the combustor-inlet-air condi- 
tions becoming adverse for combustion with increasing altitude 
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and decreasing engine speed. It is also these adverse inlet-air 
conditions which are responsible for the phenomenon of altitude 
operational limits. 

Finally, it is reassuring to us in using the technique described 
to note that combustion efficiencies of the order of 98 and 99 
per cent are actually measured when combustor operation is of 
the sort that one anticipates would be nearly 100 per cent effi- 
cient. Combustion efficiencies in excess of 100 per cent have not 
been observed. 


CONCLUSION 


The results of numerous investigations of the general altitude 
performance of combustors for gas-turbine engines have indicated 
the following: 


1 The air temperatures at the inlet to the combustors can be 
measured adequately with common bare-wire thermocouples. 

2 At the tombustor outlet, uneven temperature distributions 
and large radial temperature gradients, nonuniform velocity dis- 
tributions, and fluctuations in the temperatures are among the 
sources of errors in measuring average combustor-outlet tempera- 
tures. 

3 The temperatures measured at the combustor-outlet station 
by means of many bare-wire 20-gage chromel-alumel thermo- 
couples, although admittedly not precise, are generally satis- 
factory for evaluating the altitude performance of combustors, 
particularly where the trend of performance with primary varia- 
bles is of concern. 
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Discussion 


Kk. F. Frock. By using bare thermocouples at the combustor 
outlet, the NACA has measured temperatures which give ap- 
proximate values of combustion efficiency adequate to show the 


general effects of primary operating variables. To accomplish 
this end it was necessary to use a large number of junctions, 
located at the centers of annuli of equal area. It is to be noted 
that the combustor outlet is a most difficult location at which to 
make reliable temperature measurements, particularly if the 
combustion reactions are continuing at this station. 

Each temperature observed with a thermocouple is merely the 


. ‘In charge, Combustion Resarch, National Bureau of Standards, 
U.S. Department of Commerce, Washington, D. C. 


temperature of the measuring junction, and not necessarily 
the temperature of the gas in which the junction is immersed. In 
addition to the static temperature of the gas, the following fac- 
tors are of primary importance in determining the temperature of 
the measuring junction: 


1 The rate of heat transfer from the gas to the junction by 
convection. 

2 The rates of heat transfer to the junction by direct radiation 
from the flame, and from the junction by radiation to the colder 
surrounding walls. 

3 The gas velocity, and through this the size and shape of the 
junction. 

4 The presence or absence of surface reactions catalyzed by 
the junction itself. 


Not all of these effects are in the same direction, and several 
are interrelated, so that it is impossible to predict their net 
effect upon the temperature of the measuring junction. However, 
it may be worth while to consider the possible effects individually, 
pointing out experimental facts relative to some and items of 
conjecture relative to others. For this purpose let us assume the 
following reasonable sea-level operating conditions for a turbojet 
engine having a compression ratio of 4:1 at rated speed: 


Air temperature at combustor inlet, 300 F 

Flame temperature, approximately 3000 F 

True average static temperature at combustor outlet, 1500 F 
Wall temperature at combustor outlet, 1100 F 

Mass flow at combustor outlet, 20 lb/sec ft? 

Combustion efficiency, approximately 100 per cent 


Results obtained at the National Bureau of Standards indi- 
cate that, under these conditions, a bare junction at the com- 
bustor outlet will assume a temperature about 35 F below . 
the static temperature of the gas, provided it receives no direct 
radiation from the flame and no heat from surface reactions. 
Therefore such a junction would indicate a combustion efficiency 
which was low by 35/1200 or about 3 per cent. 

It is reasonable to expect that a combustion chamber will 
operate at nearly 100 per cent efficiency at pressures down to 1 
atm abs. If the combustor is operated at the same inlet tem- 
perature, but at a pressure of 1 atm, corresponding to an altitude 
of about 34,000 ft for this engine, the temperatures throughout re- 
main essentially unchanged, but the mass-flow rate is decreased 
by a factor of 4. Since the rate of heat transfer is nearly propor- 
tional to the square root of the mass-flow rate, only one half as 
much heat reaches the junction per unit time as at sea level. 
Thus a bare junction, shielded from the flame and in the absence 
of surface reactions, will read about 70 F low, a figure which 
has been confirmed by direct experiment. The corresponding 
error in combustion efficiency is about 6 per cent. 

Although not stated directly in the paper under discussion, the 
impression is conveyed that errors of this magnitude are not con- 
sidered probable in:the NACA results. It must be reasoned 
therefore that compensating effects, such as radiation from the 
flame or heat from surface reactions, were present. 

As to the energy received by radiation from the flame, we know 
that this must be proportional to 3460*-1960*, which is certainly 
a sizable number. However, this energy is also proportional to 
the solid angle over which the junction “sees” the flame, and to 
the emissivity of the flame, neither of which is known but both 
of which may be relatively small. At any rate, a bright-yellow 
flame would surely be a better emitter in the infrared than a pale- 
blue flame, so that differences in the energy radiated to the junc- 
tion would be expected from burner to burner and with the oper- 
ating conditions of a single burner. Since such differences were 
not reported in the NACA results, it must be inferred either that 
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the combined effect of radiation from the flame and surface reac- 
tion is too small to measure, that the method is not suited to its 
detection, or that the results have not been analyzed in the man- 
ner necessary to bring out the effect if it was actually present. 

It is to be noted that the differences between the static and the 
total temperatures of the gas under the test conditions are as 
follows: At 300 fps, 7 F; at 600 fps, 30 F. Assuming a 
reasonable recovery factor of 0.5 for a bare junction, these errors 
amount to from 4 to 15 F. The paper does not state 
whether the observed temperatures were considered as static 
or as total temperatures. If the- former is true, neglecting the 
velocity effect makes the indicated temperatures too high; if the 
latter were the case, the indicated temperatures are low by the 
amounts stated. 

Our general experience with multiple bare junctions in a re- 
gion of continued chemical reaction is that such junctions usually 
read so high that values of combustion efficiency calculated there- 
from are far above 100 per cent, even when junctions farther 
downstream and shielded from direct radiation from the flame 
indicate reasonable efficiencies which are in good agreement 
with those calculated from analyses of the products of combustion. 

Without intent to detract from the value of the results ob- 
tained by the NACA with the thermometric system described, 
all of our knowledge and experience indicates that fortune in the 
form of compensating errors must have played an important role. 
It should be considered by no means certain that the compensa- 
tion will be as effective in other installations, and it is the feeling 
of this reviewer that others should be warned against, rather 
than encouraged in the use of bare junctions at the outlet of a 
turbojet combustor, unless the purpose is merely to obtain a 
very crude idea of the temperature gradients which exist at this 
_ location. 


Stewart Way.’ Temperature measurement forms the heart 
and substance of the solution of the problem of evaluating the 
altitude performance of gas-turbine combustion chambers. 
Though the method of measurement still leaves something to be 
desired, a perfectionist attitude would probably have tripled the 
time of the investigations without altering materially the over-all 
conclusions. 

Some objection might be raised to the use of bare-wire couples 
to measure temperatures in the 1200-1400. F range. Here, 
the authors’ statement that the use of shielded couples gave not 
more than a 10 F variation, after averaging, from the un- 
shielded couples, leads to confidence in the probes employed. 
However, a simple calculation for a bare-wire couple in a 300- 
fps stream of gas, temperature 1200 F and wall temperature 
800 F (0.032-in. wire, 0.050-in. ball couple, 1'/2-in. leads, 1 atm 
pressure) gives an error of —54 deg. It is possible that 
greater accuracy of local temperature measurement might in 
some instances have led to sufficiently high average outlet tem- 
peratures to give over 100 per cent efficiency. In such an event 
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one would need to introduce more couples into the stream. 
Ignoring the low-temperature gases in the few tenths of an inch 
near the walls introduces an error into the results which tends 
to offset the measured local temperature values being slightly 
too low. 

For the benefit of newcomers in this field, let it be said that 
the number of temperature stations chosen in some plane in the 
exhaust-gas stream must be astoundingly large if reliable results 
are to be obtained. One thermocouple per square inch of cross 
section is not at all unreasonable. The errors that result from 
too few probes may be much more serious than those resulting 
from partial recovery of total temperature, radiation to cool walls, 
and conduction along the leads. 

Variations in local temperature, periodically, with time cause 
an average local temperature reading somewhat higher than the 
true mass-weighted mean. This is due to the fact that during 
the interval in which a cold cloud of gas is passing the couple, the 
mass flow past the probe is larger than it is in the interval when 
hot gas is passing the probe. The relationship, if 7 is the recip- 
rocal of the absolute instantaneous temperature, is 7T'mean = 
1/7, whereas the measured average temperature, after eliminating 
other sources of error, is 7’. For example, sinusoidal fluctuations 
of +200 deg superimposed on a time average temperature 7’ = 
1660 deg R correspond to a mass-weighted mean temperature 
T mean, Of 1648 deg R. This phenomenon can lead to apparent 
efficiencies well over 100 per cent if the temperature fluctuations 
are pronounced, but disregarded in the evaluation. 


AvuTHoRs’ CLOSURE 

Both Mr. Fiock and Dr. Way are correct in pointing out the 
factors involved in attaining precise temperature measurements 
with thermocouples. This was recognized by the authors in 
citing references 1 to 5. The installation described in the paper 
may be said to provide a quick and workable solution to a dirty 
problem. Both average temperature and the temperature pro- 
file at approximately the plane of the turbine nozzle are required 
and are obtained from the system discussed in the paper. Even 
if shielding had been used and detailed temperature corrections 
had been made, the fluctuations in flow and temperature at any 
point in the exit of a combustor preclude a high degree of pre- 
cision. Temperature variations from thermocouple to thermo- 
couple and, in instances where combustion is faulty and fluctuat- 
ing, temperature variations on one thermocouple with time are 
frequently larger than corrections resulting from partial re- 
covery of total temperature, radiation, and conduction. The 
temperatures measured were considered as total temperatures. 

Installations of the sort described have been used by the 
NACA in a number of different combustors, both annular and 
can type, and have in all cases resulted’in average temperatures 
that show agreement with average temperatures measured 
downstream with shielded thermocouples, have indicated com- 
bustion efficiency of the order of 98 to 99 per cent when this 
efficiency is expected, and have never measured above 100 per 
cent combustion efficiency. 
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Determination of Gas-Turbine Combustion- 


Chamber Efficiency by Chemical Means 


By PETER LLOYD,? PYESTOCK, HAMPSHIRE, ENGLAND 


Because of certain limitations of the heat-balance 
method of determining combustion-chamber efficiency, 
a more accurate chemical method of analysis has been 
developed utilizing the gravimetric technique. This 
method has the added merit of indicating the nature of 
combustion loss, which at times may be very useful. 
Various approximate methods, chemical, physicochemi- 
cal, and physical can be devised, all of which require 
calibration against an exact and complete chemical de- 
termination. Details of the method and its application 
to the gas-turbine problem are presented. 


INTRODUCTION 


HE obvious method of determining combustion-chamber 

efficiency and the one to which all gas-turbine development 

groups have first turned their attention is the method of 
heat balance. Heat quantities and temperatures are, after all, 
the things with which we are mainly concerned, rather than 
chemical coinpositions. As a result, the heat-balance method 
has been developed to a high degree, so that it forms an essential 
tool in combustion investigations. 

It is not the purpose of this paper to discuss the limitations 
of heat-balance techniques, but since the case for gas-analysis 
methods turns on these limitations, it is in order to indicate 
what these are: 

(a) Accuracy. Heat input is measurable with any degree of 
accuracy likely to be needed, but heat output, involving the 
two quantities air mass flow and mean gas temperature in a 
stratified stream, cannot be so precisely determined. When all 
possible precautions are taken there is still a probable error of 
the order of 1'/2 per cent, and, under the conditions of many de- 
velopment tests, the error is much greater. There are many 
purposes for which this sort of accuracy is quite good enough, but 
for others a higher standard must be demanded. 

(b) Nature of the Combustion Loss. A heat balance indicates 
the magnitude of the combustion loss, but gives no indication 
of its nature. 

(c) Applicability to Engine Testing. 
method is searcely applicable to engine tests. 


The heat-balance 


NATURE OF THE PROBLEM 


The combustion-chamber outlet has its concentration gradients 
as well as its temperature gradients; indeed in so far as unburned 
constituents are concerned these may be even more pronounced. 
The first requisite therefore is to procure a representative sam- 
ple. This is a point which was overlooked in Great Britain in 
some of our earlier work which, as a result, gave us misleading 
answers. 


! Presented with the permission of His Britannic Majesty’s Sta- 
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Quenching of the sample to stop further reaction is no diffi- 
culty, end any water-cooled sampling device would seem to 
satisfy this requirement (except that unstable substances such 
as the peroxides may break down at the sampling-tube tempera- 


‘tures). 


Having collected a representative sample and cooled it, there 
remains the problem of analysis. The combustible constituents 
which we have so far identified in our combustion gases are car- 
bon monoxide, hydrogen, formic acid, formaldehyde, gaseous 
hydrocarbons (largely methane), condensable hydrocarbons, 
carbon. 

The presence of acetylene and ethylene was recorded in some 
early tests but has not been generally confirmed in later and 
probably more accurate work. Similarly, the presence of per- 
oxides has never been firmly established in normal combustion 
products. 

The relative proportions of these constituents may vary over 
a wide range. Thus liquid hydrocarbons, which are present in 
almost negligible proportions under conditions giving high effi- 
ciency, can become the predominant component under some cir- 
cumstances. Similarly, the apparent temperature at which the 
water-gas equilibrium is frozen can vary considerably. 

In the technique of analysis, accuracy must be the primary 
aim, an objective which is complicated by the high dilution of 
the gas sample. This is illustrated by the fact that at a repre- 
sentative condition (100:1 air - fuel ratio) the presence of 0.01 per 
cent by volume of unchanged fuel vapor taken as Ci2 Hos, repre- 
sents about 5 per cent combustion loss. 

However, accuracy must not be too dearly bought, for if it 
can only be achieved by excessive complication the usefulness 
of this result may be much reduced. Five approximate analyses 
may sometimes be more revealing than one exact one. Speed 
is therefore a secondary requirement of some importance. 


Gas SAMPLING 


The fact that steep concentration gradients exist in the exhaust 
stream of most gas-turbine combustion systems is sufficiently 
evident: . It is illustrated by the wide divergence between the 
apparent air-fuel ratio, deduced from gas analysis with imperfect 
sampling methods, and the ratio deduced from measured air and 
fuel quantities. 

The first step toward collecting a representative sample is to 
withdraw gas from a large number of points across the outlet 
section. One way of doing this is with a fixed multiple sampling 
tube drawing individual samples from zones of equal area. 
Fig. 1 illustrates typical tubes of this kind for use on a circular 
outlet, the sampling holes being located so as to draw gas from 
annuli of equal area. A better method is to use a moving tube 
which continually sweeps the outlet area, and a device of this 
kind for use on the typical segmental outlet is shown in Fig. 2. 

The sampling tube is moved by a cam driven through a flexible 
coupling by a small electric motor so as to make 15 oscillations 
per min. With this arrangement the loci of the sampling points 
are numerous suitably spaced circular ares. This device in- 
sures the provision of sampling points representative of the whole 
outlet area. However, this is not always a sufficient precaution, 
for a sample collected in this way is not necessarily a correctly 
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cam driven electrically via a flexible coupling 
bearing carrying sampling tube 

mixing chamber for sample gases 

sample-gas exit 

cooling-water entry 

drain for condensate 

sampling ports 

cooling-water exit ports 


Fic. 2 Automatic TRAVERSER FOR SEGMENTAL OUTLET 


A six 0.025-in-diam sampling ports at centers of equal 
annular segments in exhaust area 

B sample gas 

C water 

D water exit ports 

E weld 


Fic. or Sampiinc Tuse From Automatic TRAVERSER 
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weighted one. A typical sampling technique is to apply a con- 
stant suction to the tube, and with most sampling tubes the 
metering constriction occurs somewhere in the water-cooled part 
of the system, i.e., the gas is metered cold. Such an arrangement 
will give a substantially constant sampling rate, and, as the mass 
flow is not constant across the outlet area, the sample will not be 
representative. 

Consideration of conditions in the outlet stream indicates there 
is a possibility of getting a truly representative sample, as follows: 

Let p and v be the density and velocity at a point in the out- 
let stream. 

Let Q, be the mass flow into the sampling tube at this point. 
Then the requirement for collection of a representative sample 
is that 

Q, = pu 


Now, in the case just considered, the sampling rate is inde- 
pendent of the local velocity and density, i.e. 


Q, pv® 


giving an indeterminate error. . 

If the dynamic head of the stream is used to cause the flow 
through the sampling tube, with the metering restriction in the 
cold part of the system as before, then 


Qa p x 
pv 

« — 

Vp 
This arrangement approaches more closely to a true sample 
but is overweighted in terms of the less dense part of the stream, 
i.e., an excessive proportion of the sample is drawn from the 
hotter zones. If we retain the dynamic head of the stream as 


the effective pressure and meter the flow before entry to the cool- 
ing passage, then 


= pv 

and the requirement for uniform sampling is satisfied. Meter- 
ing of the sampling stream before quenching is a condition that 
is not very easy to meet, but it can be approached fairly closely, 
and one way of doing this is shown in Fig. 3. On this design 
the metering orifices are drilled in an uncooled strip lying along 
the face of the sampling tube. This arrangement has been 
found in practice to give a reasonably representative sample in 
spite of most uneven outlet traverses. 

An alternative way of achieving the same objective is to place 
& mixing device in the plane of the outlet so as to create a uni- 
form mixture downstream. From this uniform stream a sample 
can be drawn using, if necessary, a single fixed tube. This 
method is naturally permissible only where chemical reaction has 
already ceased at the outlet plane, but our experience suggests 
that this condition is well enough satisfied in many cases. A 
turbine wheel, although the aerodynamicists may not readily 
admit it, is a fairly good mixer, and sampling from a jet pipe, 
therefore, may be undertaken with relatively simple devices with- 
out involving large sampling errors. 

A source of error which is not allowed for in the foregoing 
argument is that associated with the presence of liquid droplets 
in the stream, a situation which may arise when heavy fuels are 
burned. In this condition, a sample representative of the local 
“streamline” could be obtained only by maintaining the gas 
velocity in the sampling port equal to the local velocity of the 
stream. However, such an arrangement would not give a sample 
representative of the whole gas flow. This difficulty can best 
be met by the help of an auxiliary mixer. Carbon when present 
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is assumed to be sufficiently finely divided to follow the gas flow, 
and the measurement is found to be substantially independent 
of sampling rate. 

A comparison of the air - fuel ratio, deduced from a gas analysis, 
with that derived from the metered-air and fuel quantities, pro- 
vides a good if not infallible check on the representative nature 
of any given sample. 


ANALYSIS 


A variety of methods have been used or proposed for examining 
gas-turbine exhausts; in the present paper we need consider only 
the more important ones. 

Cambridge Vacuum Fractionation Method. This method* was 
selected in the early days of gas-turbine development as being 
the most accurate available, especially for dilute mixtures, and 
a number of samples were examined in this way. This work 
was invaluable in showing what constituents were present and in 
providing a standard of comparison. 

The method achieves its accuracy by direct measurement (not 
by difference) of minor constituents and by the avoidance of all 
liquid reagents. Separation of constituents (or their combustion 
products) for measurement is achieved by fractional condensa- 
tion, using a temperature of —80 C to separate water vapor and 
other readily condensable constituents, and —180 C to condense 
carbon dioxide. ‘The sequence of operations, greatly simplified, is 
shown in Fig. 4; another layout of the apparatus is shown in 
Fig. 5. Neither illustration brings out the specialized nature of 
the technique,‘ which involves the use of high vacua, or the 
complexity of the measuring process which (with the original form 
of apparatus) required about 2 working days per sample. It 
was this complexity which led us, in the end, to abandon this 
method in favor of something simpler. 

R. R. Baldwin® has more recently shown that if the hydrogen 
and formaldehyde in the sample are ignored, then the method 
can be considerably simplified, reducing it to a level at which a 
laboratory assistant can complete a single sample in 3'/2 hr 
(analyzing for COz, CO, CHy, other hydrocarbons, and oxygen). 
Even so, the technique remains a complex one and the process 
lengthy. Norrish and Russell have also introduced a new 
refinement which may increase the scope of Baldwin’s simplified 
apparatus. This is to deposit on the glass apparatus a mono- 
layer of a hydrophobic substance and so to prevent the adsorption 
of water vapor. This should make it possible to measure hy- 


3‘*A Method for the Accurate Analysis of Gaseous Mixtures,’’ by 
C. H. Bamford and R. R. Baldwin, Journal of the Chemical 
Society, 1942, p. 26. 

‘High Vacuum Technique,’ by J. Yarwood, Chapman and Hall, 
London, England, 1945. 

’ Unpublished work with the Shell Company, Thornton Research 
Center, by R. R. Baldwin. 

¢**Adsorption of Water Vapour in High Vacuum Apparatus,”’ by 
R. G. N. Norrish and K. E. Russell, Nature, vol. 160, 1947, p. 57. 
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drogen concentrations (as water vapor) more accurately and 
without the sensitive Foord-Bourdon gage used in the original 
form of the vacuum apparatus. 

With the dilute samples characteristic of gas-turbine exhausts, 
the minor constituents which determine the loss can be esti- 
mated to about 0.005 per cent by volume, and Table 1 sets out 
the errors in the combustion-loss measurement which this degree 
of accuracy implies. The aggregate possible error due to the 
constituents measured is shown to be +0.73, but this excludes 
the possible error due to free carbon which is not measured at 
all, to unburned fuel which is not effectively measured, and to 
formic acid which is not differentiated from formaldehyde. 

N.G.T.E. Gravimetric Method. In this method the sample is 
drawn through a trap cooled to —80 C, and the condensate form- 


TABLE 1 ERRORS IN CHEMICAL METHODS OF COMBUSTION-LOSS ESTIMATION 


Cambridge method ——~ 


N.G.T.E. method 
Error in loss 


Error in rror in loss as as per cent 
estimation per cent of heat Error _ of heat 
by volume, input at in. input at 

Constituent per cent q = 1/100 estimation @ = 1/100 
eee 0.005 0.33 0.1 mg CO: 0.32 
Carbon monoxide....... 0.005 0.1 0.1 mg CO: 0.11 
0.005 0.1 0.1 20 0.24 
Formaldehyde.......... 0.005 0.2 0.1 ml of N/100 0.01 

solution 
Not distinguished from formalde- 0.1 ml of N/100 0.025 
hyde solution 
Unburned fuel.......... Not measured effectively 0.1 mg CO: 0 025 
Not measu 0.1 mg COs 0.014 


Aggregate possible error 


0.73 per cent + 


0.744 per cent 


error from 
last three con- 
stituents 
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TO MECURY RESERVOIR ORY & PURIFIED AIR 


GaS SAMPLE 


MeRcuRY TRAP 


CONDENSER 80°C 


ABSORPTION ESTIMATE CO, 


TUBE FURNACE OXIDATION OF CO. He 


ESTIMATE CO -ABSORPTION co 
t 


PLATINUM SPIRAL OXIDATION OF CM4 


4,0 0 


ESTIMATE CH, ABSORPTION 
| 


| FLOW METER 


To VACUUM Pume 


Fic. 7 Gravimetric METHOD; SEQUENCE OF OPERATIONS 
ing there is used for estimation of the total condensable fuel 
residues; a one-liter sample of the remaining (gaseous) constituents 
isalso collected. These gaseous constituents are passed through a 
reaction train, Figs. 6 and 7, in which they are separated by 
selective oxidation, followed by absorption of reaction products. 
This disposes of carbon dioxide, carbon monoxide, hydrogen, 
and gaseous hydrocarbons (methane is the only one found to be 
present). The condensable fuel residues from the freezing trap 
are burned in a stream of oxygen and estimated as carbon di- 
oxide. This result needs to be corrected for other condensable 
constituents if present. Free carbon is collected in a miniature 
Gooch crucible, mounted in a water-cooled sampling head; it is 
estimated in the form of carbon dioxide after combustion. 

The other condensable constituents, formaldehyde and formic 
acid, are measured by titration after separate absorption processes. 

Chemical aspects of these measurements are fully described 
in a recent paper’ by J. J. Macfarlane, who has been responsible 
for the development of the method. 

The accuracy of the method depends mainly on the quantity 
of the sample drawn and the accuracy of the balance used. At 
present we have a balance sensitive to 0.1 mg, and we take 1-liter 
samples for the main reaction train, 5-liter samples for formalde- 
hyde and formic acid, 10-liter samples for unburned fuel, and 12- 
liter samples for carbon.. Assuming further that the titrations 
have an accuracy of +0.1 ml of N/100 reagent, then the possible 
errors in efficiency estimation at air-fuel ratio 100:1 are those 
listed in Table 1. The errors listed in this table are, for either 
method, proportional to the air-fuel ratio. 

Assuming the simultaneous analysis of a batch of samples 
with two reaction trains in operation, the time required for each 
complete analysis is about 2 man-hours. Using a single reaction 
train or analyzing individual samples takes correspondingly 
longer. 

Approximate Chemical Methods. For quick approximate 
analyses, various methods are possible. An obvious one is to 
estimate efficiency in terms of the ratio. 


Net carbon 
Gross carbon 


Mols of carbon present as CO» 


Mols of total carbon present 


The sample for indication of net carbon is prepared by drawing 


. 7™“The Application of Chemical Analysis to the Investigation of 
Gas Turbine Combustion Problems,” by J. J. Macfarlane, Proceedings 
of the International Congress of Pure and Applied Chemistry, 1947. 
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through a freezing trap at —80 C to remove formaldehyde and 
formic acid. That for total carbon is passed through a furnace 
containing copper oxide at 950 C, in which all combustibles will 
be burned. It is easy to arrange for simultaneous sampling 


through the two circuits in parallel. Alternatively, it may 
sometimes be preferable to determine the ratio 


Mols of carbon unburned 
Mols of total carbon 


as may be done, with a certain error, by drawing the numerator 
sample through soda lime to remove existing CO:, through a fur- 
nace to oxidize the unburned constituents, and then to the 
analyzing apparatus for estimation of the mols of carbon un- 
burned. The error involved is that formic acid and formaldehyde 
will be absorbed with the initially present CO2, while some un- 
burned fuel may also be lost. 

Analysis may be effected by the well-known Haldane appara- 
tus or by various other means. For speed, a physical method 
may be preferred, e.g., the measurement of the hydrogen-ion 
concentration in a sodium-bicarbonate solution saturated with 
the gas under examination. This method, which was first pro- 
posed by Wilson, Orcutt, and Peterson® has been developed fur- 
ther by Baldwin‘ for this purpose. A standard glass electrode is 
used, fitted in the solution through which the gas sample is 
bubbled, the second electrode being a reference calomel elec- 
trode in saturated potassium chloride. This device gives a 
direct indication of pH from which CO: percentage is simply 
calculated. The accuracy is +2 per cent of the CO, reading 
over the whole range, and the time required to reach equilibrium 
is a few minutes. 

To equate the ratio net CO-gross CO: to combustion effi- 
ciency would be to assume that the heat of combustion of the 
unburned constituents is the same as that.of the fuel needed to 
produce the same quantity of CO2, which obviously is not justi- 
fied. Experience shows that the ratio of these heats of com- 
bustion, and hence the ratio of true combustion loss to per cent 
carbon unburned, varies substantially with a mean value in the 
region of 0.65. For the purpose of the approximate method we 
therefore can use the generalization 


Carbon unburned 
Total carbon 


Combustion loss per cent = 0.65 X 


The accuracy of this method will] be discussed later. The time 
required for sampling and analysis, using the Haldane apparatus, 
is about '/2 hr; using the pH meter, about 10 min. 

Approximate Physical Methods. Various other approximate 
methods are possible and may have a certain application; none 
of these is as fully developed as the chemical methods, but 
they deserve mention because of their potential speed and 
simplicity. 

There are, for example, the methods depending on the com- 
bustion of some or all of the unburned constituents on a catalyst, 
and the measurement of a heat quantity. Ideally, the catalyst 
should oxidize all the unburned gases and vapors and so give a 
direct measure of the heat of combustion of the exhaust gas, 
and hence of the combustion loss. This ideal has not, to the 
author’s knowledge, been achieved, the chief problems being 
the ignition of the methane and the avoidance of poisoning on the 
catalyst surface. There is no reason, however, to consider these 
problems insoluble. 

A second best is a catalyst which will deal reliably with a repre- 
sentative part of the unburned gas and vapor. It has been 

8 ‘Determination of Carbon Dioxide in Gas Mixtures,”’ by P. W. 


Wilson, F. S. Orcutt, and W. H. Peterson, Industrial and Engineering 
Chemistry, Analytical Edition, vol. 4, 1932, p. 357. 
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found in Great Britain that if the gas sample is suitably puri- 
fied to remove constituents which poison it, a hot platinum wire 
will provide a suitable surface and will give an indication of the 
combined concentration of carbon monoxide and hydrogen. 
Methane is not oxidized, and the purifying process removes the 
heavy hydrocarbons, formaldehyde, and formic acid. The mech- 
anism of the instrument® is that the heat released at the sur- 
face of the wire raises its temperature, so changing its resistance 
cand throwing a bridge out of balance. There are two stages 
of approximation here, namely, (1) the instrument does not 
respond equally to carbon monoxide and hydrogen so that with 
a variable CO-H, ratio, as we may have, the calibration is arbi- 
trary; (2) the heat loss in (CO + Hg) is not necessarily a fixed 
proportion of the whole. This point will be further examined in 
a later paragraph in which some results are presented. 

Another physical method which may prove to be important 
is that based on infrared absorption; the principle is as follows: 
Two matched low-temperature elements send their heat radiation 
through two absorption chambers into receivers, both of which 
are filled with the pure gas to be estimated. One absorption 
chamber is filled with the gas sample; the other is a comparison 
chamber which is usually filled with air. Both radiation paths 
are periodically interrupted by a shutter. Radiation passing 
through the gas sample is partly absorbed, and this effect reduces 
the heat reaching the receiver; both absorptions are associated 
with the characteristic infrared spectrum of the gas being esti- 
mated. As a result, changes in the heat picked up in the re- 
ceiver constitute a specific measure of the concentration of the 
gas which is being estimated. 

The purpose of the second channel is to balance out the slow 
and unselective heating of the measuring-chamber walls and so 
to make the instrument respond only to changes in gas tempera- 
ture. The two measuring chambers are separated by a fine 
membrane which forms one plate of a variable condenser. 
Changes in gas pressure in the two halves of the receiver thus 
cause changes in capacity of the little condenser; these are con- 
verted into potential changes, rectified, amplified, and indicated 
on a millivoltmeter. 

This system can be made extremely sensitive and can indicate 
to 2 per cent or less of a full-scale deflection corresponding to 
0.2 per cent by volume of the gas being measured. Some care 
may be needed to maintain consistent accuracy. The indica- 
tion is virtually instantaneous, and, for a single gas such as car- 
bon monoxide, it should be vary good. However, measurement 
of a single constituent is hardly enough for gas-turbine applica- 
tions, so that, for this system to become effective, a more com- 
plex arrangement will be necessary. Probably the best way of 
using it would be in conjunction with an approximate chemical] 
method, e.g., for indication of CO, per cent formed by combus- 
tion of the unburned constituents in the gas. 


Modified 
carbon 


0.65 X 


carbon un- 


burned + 
total carbon balance 


expressed as per cent of heat input 


Measure- 
ment of 
CO + H: 


Errors in approximate determinations of com- 


bustion loss; 
Measure- 
ment of 


Total 


HCHO HCOOH 


Combustion loss a/0- 
Fuel 
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TABLE 2 


RESULTS 


Table 2 shows a set of results obtained" by the gravimetric 
method on an experimental combustion chamber of the aero- 
engine type, i.e., burning distillate fuels at a high combustion 
intensity. The test results cover a fair range of conditions and 
illustrate the changes in the proportions of the various loss con- 
stituents which may take place. Thus the carbon monoxide/ 
hydrogen ratio varies widely and, in an apparently indiscriminate 
fashion, unburned fuel may be negligible but may equally well be 
the predominant constituent of the combustion loss. Formal- 
dehyde and formic acid are of secondary importance in all these 
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* Manufactured by the Cambridge Instrument Company, 13 
Grosvenor Place, London, 8.W. 7, England. 

10 By J. J. Macfarlane, F. H. Holderness, and H. Smith at the 
National Gas Turbine Establishment, England. 
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analyses, but this is not always the case. Carbon formation 
increases with heavier fuel (gas oil) and carbon-rich fuel (tetra- 
lin); it also increases with combustion-chamber pressure, al- 
though this point is not brought out by Table 2. 

The sampling error is appreciable in many of these tests, largely 
because the combustion chamber on which this work was done 
was not a fully developed type and had a very bad outlet traverse. 
The improved sampling tube was used only on the first group of 
samples (tests on alternative fuels). 

The last four columns of the table give some indication as to 
how approximate methods might work out in practice. _Measure- 
ment of carbon monoxide alone is seen to be of very little value. 
Even in the region of high efficiency it indicates a loss which 
differs substantially from the true value, and in the region of low 
efficiency this error rises to over 20 per cent. Measurement of 
carbon monoxide plus hydrogen is rather better in the high- 
efficiency region, but still shows a big error in the low-efficiency 
condition. 

The usefulness of these methods is evidently limited to regions 
of high efficiency and even here they will give indications rather 
than measurements of combustion loss. 

The carbon-balance method is rather more consistent but even 
this indicates a widely varying proportion of the true loss. A 
refinement of the carbon-balance method would be to use it in 
conjunction with an estimation of carbon monoxide, e.g., by 
selective oxidation in a low-temperature copper-oxide furnace. 
This would call for measurement of three CO, concentrations, 
preferably by one of the following rapid physical methods: 


(a) Total CO, after oxidation of all unburned constituents. 
(b) CO, formed by oxidation of CO. 
(c) CO, formed by oxidation of all unburned constituents. 


Total combustion loss would then be calculated as follows: 


CO, from CO 


Total CO, 


CO, from total unburned const-——CO, from CO 
Total CO, 


The loss which would be indicated in this way is given in the 
last column. 

It will be realized that while these test results cover a fair 
range of conditions, any generalized conclusions which are drawn 


Total loss = 


Heat of combustion of C( 4 


Heat of combustion of fuel 


from them must be qualified. Other designs and other fuels may 
give substantially different results. 


CONCLUSIONS 


The most accurate method available for determination of com- 
bustion efficiency is the chemical one using the gravimetric 
technique. The method has the incidental merit of indicating 
the nature of the combustion loss, information which may be very 
helpful in diagnosis. Various approximate methods, chemical, 
physicochemical, and physical can be devised, and there are ap- 
plications for several of them depending upon circumstances. 
All the approximate methods require calibration against an exact 
and complete chemical determination. 

Whatever analytical method is used, the collection of a repre- 
sentative sample is a first essential, and analyses which reveal 
a discrepancy between the calculated air - fuel ratio and that de- 
duced from air and fuel measurement must be treated with re- 
serve. 
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Discussion 


W.J. Kine." This paper represents an excellent contribution 
to the subject of gas-turbine combustion. It seems to the writer 
that an added merit of the chemical method proposed by the 
author lies in the fact that it provides a means for obtaining an 
independent. check upon combustion-chamber efficiency as de- 
termined by conventional methods. All of us who have spent 
any considerable amount of time working with heat have been 
impressed by the liability of error in the measurement of the flow 
or generation of heat, when only a single method is employed. 
The error may sometimes be consistent and therefore all the 
more difficult to detect. Accordingly, it is always helpful to have 
an alternative method for measuring quantities of heat, as by a 
heat balance, and the author’s method offers a means for ob- 
taining such a check. 

11 Director, Sibley School of Mechanical Engineering, Cornell Uni- 
versity, Ithaca, N. Y. Mem. ASME. 
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Mechanisms of Combustion and Their 
Relation to Oil-Burner Design 


By H. R. HEIPLE! anp W. A. SULLIVAN,' NEW YORK, N. Y. 


The combustion of fuel oils is a very complex process 
from the viewpoint of the kineticist. In any attempt to 
treat this subject theoretically the over-all process must 
be broken down into a group of consecutively and fre- 
quently concurrently occurring chemical and physical 
changes and each of these analyzed in turn. From an 
integration of the conclusions obtained by this means a 
more comprehensive conception of the factors involved 
in the burning of hydrocarbon fuel oils may be attained. 
In this paper an attempt will be made to show what proc- 
esses are involved, and means by which this information 
may be utilized in the design of burners will be indicated. 


THEORETICAL CONSIDERATIONS 


NASMUCH as the chemical reaction wherein the oil unites 
| with oxygen to liberate heat and combustion products is of 

primary interest, certain aspects of the kinetics of chemical] 
reactions will be discussed briefly (1).2- The combustion of fuels 
generally occurs in the vapor phase; consequently, we are con- 
cerned with the kinetics of gaseous reactions. The molecules of 
gas (whether hydrocarbon, oxygen, or inert) are in a state of 
constant motion, the velocities being distributed according to 
the Boltzmann distribution law. Each gaseous molecule is con- 


tinuously undergoing collisions with other molecules, but, in 
general, these collisions are elastic and the colliding molecules 


separate unchanged. If the sum of the energies of two or more 
colliding molecules exceeds a certain minimum value, however, 
and if the excess energy is properly distributed in those molecules 
the collision becomes inelastic and chemical reaction occurs be- 
tween the colliding molecules. The reaction rate is dependent 
on temperature in two ways; first, in relation to the frequency 
of collision, which is proportional to the square root of the ab- 
solute temperature; and second, to the percentage of the mole- 
cules possessing energy in excess of the minimum value required 
for reaction to occur (the “activation”? energy), which is an 
exponentional function given by the expression e~2/RT wherein 
T is the absolute temperature and £ and R are constants. 
Chemical reactions occur by one of two mechanisms, namely, 
by a thermal or by a chain mechanism. In thermal reactions 
molecular species only are involved. The energy of activation is 
distributed among translational, rotational, and vibrational 
degrees of freedom. Electronic forces such as residual valency 
in general are not involved. Energies of activation and rates of 
reaction are in general rather easily measured. Reactant mole- 
cules dissipate the excess energy liberated in the reaction non- 
specifically; frequently the dissipation of the energy of reaction 
raises the temperature of the reacting mass, resulting in an ac- 
celeration of the reaction. If the initial temperature exceeds a 


' Shell Oil Company, Inc. 

? Numbers in parentheses refer to the Bibliography at the end of 
the paper. 
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TABLE 1 


Principle of Energy—Chain Reactions 
A* + B-> AB* 
AB*+A->A *+ AB 
AB* + * + AB 
B* + A-> AB* 
Chain Breaking 
AB* (A*, B*) + M -> AB (A,B) 


Note: A and B are the reactants, AB the resultant molecules. Starred 
— represent energy-rich molecules. M represents an inert molecule 
(or the wall). 


TABLE 2 POSTULATED MECHANISM OF HYDROCARBON OXI- 


DATION BY A MATERIAL CHAIN PROCESS: 
A Chain initiation 


O2 urfac 
R-CHs — R-CH:00OH + H:0 
Or 
R-CHO ——> R-CO(OOH) R-COO + OH 


surface 
Hydrocarbon oxidation chai 
R-CH2-CHs + OH R- CH CH: + H:0 
+ O2 > R-CH2: -> R-CHO + 
CH,0O + O: > CO + H.O + OH 
Aldehyde oxidation chain 
R-CHO + OH - R.CO + H:0 


R-CO + Or> R’CO + 
HCHO* -> HCHO + h 

HCHO + OH -> H:O + HCO 

HCO + O: -> HO: + CO 

HCHO + HO: -> + CO + OH 
Peroxide branching 

R-CH200 + R-CHO -> R- 
R-CH:00C(OH)R -> R-CH:20 + R-CO + OH 
R-CO + 20H 

R-CO + O:-> ... HCHO* + CO + OH 


2 
. R-CH,00 + R-CHO R-CH,:00C(OH)R —> ... 50H 
> Peracid branching 
HO: + R-CH2CHO + O:-> R-CH:CO(OO) + 20H 
R-CH:CO(OO) > + CO + R-CO 
RCO + O:>. — + OH 
. HO: + R-CHO + a. 
Chain breaking 
OH -> destruction at surface 


. HCHO* + CO + OH 


Nore: HCHO* represents the ~~ nee formaldehyde molecule to which 
the ‘‘cool flame”’ radiation is ascrib 


certain value the reaction will accelerate until the rate becomes 
infinitely large; a thermal explosion is said to occur in this case. 
Preceding the explosion, however, a rise in temperature and an 
acceleration of the reaction, frequently measurable, inevitably 
occur. 

In the second type of reaction mechanism, known as the chain 
mechanism, the initial reaction is invariably followed by a chain 
of successive reactions. In some reactions the resultant mole- 
cules transfer their excess energy more or less specifically to one 
or another of the reactant molecules and thus give rise to a series 
of reactions initiated by a single molecule having energy in excess 
of the activation energy. The principle involved is illustrated 
in Table 1. In such a reaction the chain carriers are energy-rich 
molecules. Consequently it is known as an energy-chain reac- 
tion. Other chain reactions include as reactants atoms and meta- 
stable molecular species (radicals). This type of reaction is il- 
lustrated in Table 2. In such reactions the over-all rate is pro- 
portional to the concentrations of chain carriers (atoms or 
radicals) and consequently is affected by the rate of formation 
and destruction of the carriers. Frequently one step in the re- 


3 Mechanism proposed by B. Lewis and G. von Elbe, ““Combustion, 
Flames, and Explosions of Gases,’’ Cambridge University Press, 
London, England; The Macmillan Company, New York, N. Y., 
1938, chapter 4. 
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action gives rise to more than one chain carrier and the chain 
is said to branch. If the rate of chain initiation and branching 
exceeds the rate of destruction of chain carriers the reaction rate 
increases rapidly and approaches infinity, resulting in a “branched 
chain” explosion. Chain reactions, whether of the energy or 
material type, cannot readily be analyzed by the method of 
Arrhenius with the end of obtaining activation energies, inas- 
much as the reaction invariably involves a number of steps. 


Tue OXIDATION OF HyDROCARBONS 


The oxidation of hydrocarbons, particularly of the gaseous 
and more volatile liquid hydrocarbons, has been studied ex- 
tensively and has been shown to proceed by a chain mechanism. 
Most of the studies have been made at lower temperatures (be- 
tween 400 and 1100 F) and at atmospheric or subatmospheric 
pressures where the reactions proceed slowly. Chain initiation 
occurs at the surface by a heterogeneous reaction at low tem- 
peratures, but homogeneous gas-phase reactions presumably 
initiate chains at higher temperatures, especially in the oxida- 
tion of higher paraffins and alkyl-substituted benzenes. The 
initial reaction product is generally believed to be a peroxide. 
Further reaction of the peroxide molecules produces hydroxy] 
(OH) radicals. Hydroxyl, alkyl, and RCO radicals (the latter 
two produced by interaction of the OH radicals and oxygen mole- 
cules with hydrocarbon molecules) constitute the principal chain 
carriers of the exidation process. One of the proposed oxidation 
mechanisms involving these radicals is presented in Table 2. 
Chain branching presumably is an important part of hydrocarbon 
oxidation; two different mechanisms of branching have been 
postulated, as shown in Table 2, one relating to low tempera- 
tures, the other to a high-temperature range (2). That two 
different mechanisms exist seems to be indicated from the tem- 
perature-pressure self-ignition characteristics of hydrocarbons, 
an example of which is shown in Fig. 1. 
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In the slow oxidation of hydrocarbons the concentrations of 
the chain carriers, whether OH, R, or RCO, are vanishingly 
small, and even in explosive reactions in experimental vessels of 
conventional size the exhaustion of reactants prevents the at- 
tainment of a detectable concentration of radicals and atoms. 
In the flame produced by the burning of hydrocarbons (such as 
occurs with a Bunsen burner, a kerosene lamp, or an oil burner), 
however, the concentration of radicals and atoms becomes ap- 
preciable in a relatively narrow zone, the flame front. The 
radicals formed in the flame front may or may not be the same 
as those in the slow oxidation reaction. There is evidence that 
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different mechanisms are involved in slow oxidation and in the 
flame. This may be expected, inasmuch as the temperatures 
involved are of different orders of magnitude. The rate of 
liberation of energy in the flame is very high (as is evident from 
the fact that visible and ultraviolet radiation is emitted), and 
reactions may occur for which the necessary activation energy 
is not available at lower temperatures. We would, accordingly, 
expect differences in the mechanism of oxidation in the slow 
oxidation of hydrocarbons and in flames. 

The rapidity and the completeness of the reactions involved 
in the burning of hydrocarbons and other fuels with the appear- 
ance of flame have precluded to the present any detailed elucida- 
tion of the reaction mechanism. Our present knowledge has 
been obtained largely from spectroscopic studies of flames (3). 
Broadly speaking, three types of flames may be recognized, 
namely, “‘blue’’ flames, “green’’ flames, and “luminous” flames. 
The first two types of flames are generally obtained when lean 
through stoichiometric to slightly rich mixtures of saturated hy- 
drocarbons and air or oxygen are burned, the third in the burn- 
ing of rich mixtures of aromatic or highly unsaturated hydro- 
‘arbons (e.g. acetylene) and oxygen or air. The spectroscope 
reveals that the blue flame emits lines and bands ascribed to 
OH and CH, as well as the so-called “Ethylene Flame Bands,”’ 
sometimes ascribed to HCO. These lines and bands are in the 
blue-violet and ultraviolet portion of the spectrum. The color of 
the green flame arises from the “Swann’’ bands which occur 
in the green portion of the spectrum and are ascribed to the 
radical C.. Luminous flames, which show a continuum over 
most of the visible spectrum, owe their luminosity to incandescent 
carbon particles. Dependent on the temperature of the flame, 
the light emitted from the luminous flame may vary from red- 
orange through yellow to white. The color of the emitted light, 
however, has no apparent relation to the mechanism of the reac- 
tion. 

In relation to flame color it should be noted that any hydro- 
‘arbon can be made to burn with any one of the three types of 
flames, the character of the flame being more dependent on the 
fuel-air ratio and the homogeneity of the mixture than on the 
molecular construction of the hydrocarbon. Thus acetylene or 
benzene can be made to burn, under a rather narrowly limited 
range of conditions, with a blue flame, and methane can be made 
to burn with a luminous flame. 

The occurrence of such radicals as CH and C, in the flame 
indicate that other modes of reaction occur in flames than in the 
slow oxidation. There is some reason to believe that hydrogen 
atoms may be stripped” from a hydrocarbon molecule, with 
attendant formation of C. radicals. This is indicated by the 
appearance of the Swann bands in flames of mixtures slightly 
richer than stoichiometric. Deposition of carbon has been 
ascribed to polymerization df C, radicals (4). The highly 
luminous flames obtained with rich mixtures with their tendency 
to smoke and form soot strengthens this assumption. It seems 
probable that oxygen atoms play a significant part in the reac- 
tions in the flame front, inasmuch as the energy levels are suffi- 
ciently high to cause dissociation of the oxygen molecule. The 
presence of CH and C, spectral bands would suggest a tendency 
to split off segments of the molecule by breakage of the C—C 
bond at certain stages in the oxidation process, another reac- 
tion that is not considered plausible at lower temperatures 
These and similar considerations must be evaluated in attempt- 
ing to formulate a mechanism for oxidation in the flame, a pro}- 
ect which would be far beyond the scope of this paper. 


CoMPETING REACTIONS INVOLVING HYDROCARBONS 


Although the combustion mechanism is of such complexity 
that the processes involved have not yet been determined and 


+ 
Phage 


HEIPLE, SULLIVAN—MECHANISMS OF COMBUSTION, RELATION TO OIL-BURNER DESIGN 


set in order, an additional complication arises through the oc- 
currence of a number of reactions involving only the hydrocar- 
bon molecules. The reactions involved are those commonly 
designated as cracking, polymerization, and isomerization. 
These three types of reaction are theoretically separable, but 
in practice they are generally insolubly interlinked. 
implies the scission of C 


Cracking 
C or CH linkages, with the resultant 
formation of hydrocarbon molecules of lower molecular weight 
and frequently of different molecular type. Also combined 
and frequently with cracking, is the dehydro- 
genation of hydrocarbons, such as occurs when a hydrocarbon 
molecule loses two or more atoms of hydrogen with formation 
of double or triple bonds. Polymerization reactions involve the 
fusion of two or more molecules to form a higher molecular- 
weight molecule, and isomerization is the process wherein the 
hydrocarbon molecule undergoes a change in molecular structure 
without an attendant change in molecular weight. Under cer- 
tain conditions these three types of reactions occur concurrently 
with the oxidation 


classified 


and to these reactions certain 
of the problems of the burning of fuel oils are aseribed. Hydro- 
carbons of different types show markedly different tendencies to 
crack; accordingly in the discussion to follow the several hydro- 
carbon types will be considered separately (5). 


processes, 


Paraffin hydrocarbons, such as open-chain hydrocarbons con- 
taining only single C—-C bonds, react principally by scission of 
C—C bonds to form paraffins and olefins of lower molecular 
weight. It appears that the hydrocarbon chain may break at 
any point, since analysis of the products from pyrolysis of the 
lower paraffins generally reveals the occurrence of at least one 
hydrocarbon having up to n-1 (where the original hydrocarbon 
had n) carbon atoms. 
not clear. 


The mechanism of pyrolysis, however, is 
Hydrogen and ethylene are found in most cases in the 
gaseous reaction products. 

The temperature at which the reaction rate of pyrolytic reac- 
tions becomes appreciable varies with the molecular weight of the 
hydrocarbons. In the case of the higher molecular weight hydro- 
carbons with which we are concerned, the rate may be appreciable 
at 900 F, which is only a few hundred degrees above the end 
point of distillate fuel oils. Since in certain types of burners 
the fuel may be subjected to these and higher temperatures 
cracking may occur to a considerable extent. Available in- 
formation indicates, however, that high-molecular-weight poly- 
mers and carbon are not. formed by cracking of paraffinic hy- 
droearbons. 

The pyrolysis of olefinie hydrocarbons may result in poly- 
merization, isomerization, or decomposition. The first and 
second of these reactions occur at lower temperatures (as low as 
600 F). As the temperature is raised decomposition begins and 
the three reactions occur simultaneously at moderately high 
temperatures; increase in temperature seems to favor the de- 
composition reaction. The products formed by pyrolysis of 
olefins, accordingly, are more numerous and comprise more 
types than are obtained by pyrolysis of paraffins, e.g., with a 
higher-molecular-weight olefin (CisHs:) pyrolysis yielded a com- 
plex mixture containing olefinic, paraffinic, and aromatic hydro- 
carbons. In these experiments unsaturated hydrocarbons of 
lower molecular weight were formed in considerable quan- 
tity at about 1100 F, but aromatic hydrocarbons and tar were 
formed, together with some carbon, at higher temperatures. 
Accordingly, the presence of olefins in fuel-oil distillates may give 
rise to tarry and cokelike deposits if the temperature to which 
unburned fuel is exposed should become excessively high. 

Relatively little information is available on the pyrolysis of 
naphthenes. It may be postulated that the major portion of 
the naphthenes in distillate fuel oil is composed of alkyl cyclo- 
hexanes, with bicyclic hydrocarbons and alkyl cyclopentanes 
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present in minor proportions. Theoretically, these naphthenes 
can react by scission of C—C or C—H bonds in the side chains, 
scission of C—H in ring (dehydrogenation to corresponding 
aromatic or cyclo-olefin molecules), or rupture of a C—C bond 
in the ring and breakdown of the ring structure. Experiments 
with cyclohexane and its lower homologs have shown that all 
three types of reaction occur. 

As in the case of naphthenes, aromatics may undergo a number 
of different types of reactions. In addition to the foregoing 
reactions, scission of a C—C bond between ring and side chain 
(dealkylation) or simultaneous occurrence of two of these reac- 
tions is possible. In cases of C—H scission in the ring or of 
dealkylation the aromatic radicals formed frequently combine 
to form “multiple ring compounds,” such as diphenyl. Under 
certain conditions ring fusion occurs with formation of the poly- 
nuclear aromatics, such as naphthalene, anthracene, phenan- 
threne, and the like. It seems probable that cracking of aro- 
matic hydrocarbons in every case (including severe pyrolysis 
leading to rupture of the ring) yields higher-molecular-weight, 
low-volatile aromatics. As will be noted later these materials 
are potential sources of trouble.in certain types of oil burners. 

Fortunately aromatic hydrocarbons are relatively more stable 
than the other three types of hydrocarbons, and the rates of 
cracking in the absence of catalysts does not become appreciable 
below red heat (about 1300 F). Accordingly it would seem that 
cracking of aromatic hydrocarbons could be minimized by close 
control of temperatures. 


PROPERTIES OF HYDROCARBONS AFFECTING BURNER DESIGN 


Certain physical and physicochemical properties of hydro- 
carbons and their mixtures are of considerable significance in 
their utilization as fuels. The most important of these will be 
defined at this point and their effect will be discussed in more 
detail in the section on oil-burner performance. 

The properties that seem to be of most significance are as fol- 
lows: 

1 Volatility. The volatility of a fuel is a measure of the 
readiness with which it changes from the liquid to the vapor 
state. Since complex mixtures are used in practice, the volatility 
is generally defined in terms of the flash point and the distillation 
range, with particular emphasis on the initial boiling point and 
ten per cent point in the latter. 

2 The heat of vaporization is the quantity of heat required 
to vaporize a given weight of material. This quantity varies 
for different types of hydrocarbon mixtures with the same vola- 
tility, being greater for aromatic than for paraffinic hydrocar- 
bons. 

3 Viscosity is the resistance of a fluid to flow. 

4 Limits of inflammability are the limiting percentages of 
fuel vapor in air defining the region of fuel vapor-air mixtures 
in which a flame will propagate. There is little variation be- 
tween fuels of different types, but these limits, in themselves, are 
of importance. 

5 Carbon residue, as determined by one of several methods, 
is a measure of the tendency of the fuel to crack and form, as an 
ultimate product, petroleum coke. 


BuRNER DESIGN AND RELATION TO THE ComBUSTION CHAR- 
ACTERISTICS OF FUELS 


The number of devices invented to burn distillate fuel oils is 
quite large, and the enumeration of them alone would require an 
excessive amount of time. These devices, however, operate by 
either one of two methods: They vaporize the fuel, mix it with 
air, and burn the mixture, usually with the aid of secondary air; 
such burners are known as vaporizing burners; or they disperse 
the oil as fine droplets by some mechanical or hydraulic means 
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and burn the mist of oil droplets after admixture with air; such 
burners are known as atomizing burners. Although considera- 
ble differences exist between individual burners, each can be 
classified in one or the other of these types. Accordingly the 
discussion of the relation between burner design and combustion 
characteristics of fuels will be based on these two types, rather 
than on different individual kinds of burners. 


VAPORIZING BURNERS 


From the chronological viewpoint the vaporizing type of oil 
burner would seem to take precedence over the atomizing type 
of burner. In this method of burning oil a number of methods 
have been used to vaporize the oil, namely, from a wick, from a 
shallow pool, and from a thin layer of oil on a solid surface. In 
some burners a combination of these methods is used, e.g., 
in sleeve-type range burners the oil is vaporized from a wick in 
starting, but from a pool of oil after the metal vaporizing sur- 
faces, sleeves, and the like have been heated to operating tem- 
peratures. Novel means of vaporization have been proposed 
and sometimes employed; this discussion, however, will be 
limited to the more conventional burners employing vaporiza- 
tion from an oil pool or from a solid surface. 

In the conventional pot-type vaporizing burner, Fig. 2, fuel 
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enters a shallow concave “dish,” either from the center or the 
side, and forms a pool of oil. By means of a burning piece of 
paper, cloth, or waste a small amount of oil is caused to vaporize 
and begin to burn. The heat generated vaporizes additional oil 
until oil vapors are rising from the entire surface. Air is ad- 
mitted through openings in a cylindrical shell surrounding the 
vaporizing chamber. The number of openings varies with the 
height above the oil surface, being relatively few at the bottom 
and numerous near the top. As oil vapor begins to form in 
quantity the mixture in the lower portion of the combustion 
chamber becomes too rich to burn and the flame rises. Baffles 
are frequently incorporated in the combustion chamber to im- 
prove the mixture. In some burners the air is secured by na- 
tural draft, whereas in others the air is supplied by means of a 
fan. 

This seems to be a logical place to note the relation of the 
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theoretical aspects of combustion to this method of burning oil. 
The energy necessary for vaporization of the oil, which, as noted 
previously, varies with fuel type, is supplied by conduction 
through the metal and by radiation from the burning oil vapors. 
Inasmuch as the rate of heat transfer by conduction is propor- 
tional to area and difference in temperature (transfer by radia- 
tion should, it seems, be avoided) there is a definite relation be- 
tween the rates of vaporization and burning. But the rate of 
cracking reactions is also a function of the temperature. Fuels of 
relatively high volatility and low heats of vaporization are ac- 
cordingly desirable if cracking is to be minimized. Carbon 
residue is an experimental property of the fuel indicative of its 
resistance toward cracking. 

The oil vapors begin to mix with air a short distance above the 
oil surface, and since the temperature. is considerably greater 
than that at which slow oxidation. occurs these reactions begin 
as soon as oxygen becomes available. A self-sustaining flame 
will not appear until the fuel vapors have been diluted with at 
least thirteen volumes of air, ie., until the mixture becomes 
leaner than that defined by the upper limit of inflammability. 
In this volume containing mixtures too rich to support a flame 
oxidation reactions occur, with formation of aldehydes, per- 
oxides, and other oxidation and hydrocarbon degradation prod- 
ucts. In general this is not deleterious, but in designs in which 
these vapors may strike a cold surface, deposition of gumlike 
materials, which may be the precursors of tar and coke, may 
occur. Since rates are the important consideration, much of the 
problem of design must be concerned with the time factor, both 
in regard to vaporization and mixing of fuel vapors and air. 

Vaporizing burners are sometimes low in efficiency and in gen- 
eral are subject to soot and carbon formation. From the pre- 
ceding discussion the reasons for the difficulties encountered in 
practice in obtaining high efficiency and completeness of com- 
bustion are rather easily discernible. Briefly they are as fol- 
lows: 


1 There is, in general, inadequate provision for regulation of 
air flow. Consequently a gross excess of air may exist at low 
fire and a deficiency at high fire. 

2 The means of mixing fuel vapors and air are frequently 
primitive and relatively inefficient. 

3 The temperatures of liquid fuel and very rich oil-air vapors 
are not controlled. Consequently cracking reactions may be 
appreciable in both liquid and vapor phases. As indicated 
previously this leads to formation of high-molecular-weight low- 
volatility hydrocarbons, particularly when fuels containing aro- 
matics are being burned, which may condense on the sides of the 
combustion chamber and by continued cracking ultimately yield 
tars and coke. 

4 Frequently the oil is exposed to radiation from the flame. 
It is conceivable that photochemical reactions occur, which 
aggravate the tendency toward soot and carbon formation. 

5 Frequently flames impinge on relatively cool surfaces. 
Since, in general, the flames are luminous and the mixture is 
frequently rich at the points of impingement the cooling of the 
flame results in deposition of finely divided carbon, i.e., soot, on 
these surfaces. 


In designing a vaporizing burner the foregoing points should 
be borne in mind. The temperatures of liquid and vapors of 
fuel oil should preferably be kept well below the cracking tem- 
perature, yet provision should be made to supply a sufficient 
amount of heat to vaporize the required quantity of fuel, Fuel 
vapors and air should be formed into a homogeneous mixture too 
rich to support combustion, which is then burned, preferably 
under turbulent conditions, in the presence of sufficient second- 
ary air to complete combustion. Impingement of flames on 
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cool surfaces is to be avoided, and irradiation of liquid oil or 
vapor-air mixtures in the primary zone should be prevented (6). 

A vaporizing pot-type burner is now in production which op- 
erates at relatively high vaporizing temperatures. Although 
the authors have no information regarding the operating char- 
acteristics of this burner, it is plausible that such a burner could 
perform satisfactorily if special care were taken to prevent 
vapor-air mixtures from contacting any cool surfaces and means 
were provided for very good fuel vapor-air mixing. The time 
factor is very important in regard to carbon and soot formation, 
and it is easily conceivable that slow vaporization at a relatively 
low temperature could result in a greater degree of cracking than 
very rapid vaporization at a temperature several hundred degrees 
higher despite the much greater reaction rate at the higher tem- 
perature. 

A vaporizing burner design in which most of the foregoing diffi- 
culties have been avoided is the wall-flame-type vaporizing burner, 
shown diagrammatically in Fig. 3. In this burner fuel is thrown 
by centrifugal force against a hot steel or ceramic surface on 
which it vaporizes. Air from a fan mixes with the oil vapors 
and the mixture burns above a series of grilles, or flame retainers, 
placed above and slightly back of the vaporizing surfaces. In- 
asmuch as the quantities of air and fuel can be regulated and the 
distance of the flame retainers from the vaporizing surface can 
be varied (i.e., the mixing time of fuel vapor and air can be ad- 
justed) this type of burner is capable of giving efficient perform- 
ance on various types of fuel (7). Ignition is the operation 
most likely to give difficulties with this type of burner. 


ATOMIZING BURNERS 


The second method of burning fuel oil consists of dispersing 
the oil in fine droplets, admixing these with air, and burning the 
mixture in a suitable combustion chamber. High-pressure 
mechanical atomization, air atomization, and centrifuging from 
4 rotating “cup” are the most commonly used methods of dis- 
persing the oil. Burners employing these methods of atomiza- 
tion are illustrated in Figs. 4 to 6. Diverse means are also em- 
ployed to form the mixture of fuel droplets and air. Varying 
degrees of combustion efficiency have been attained, dependent 
primarily on the degree to which good mixing of air and fuel has 
been attained. 

The processes involved in burning fuel oils with this type of 
burner would seem to differ radically from those encountered in 
vaporizing burners. On a macro scale this is true, but from the 
micro viewpoint certain similarities can be ascertained. Each 
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droplet can be regarded as a vaporizing unit. Surrounding each 
drop is a volume of fuel vapor, very rich at the oil surface and 
becoming more dilute as the distance from the center increases. 
At a given radial distance the mixture is sufficiently lean to sup- 
port combustion and there a flame front forms. Fuel vapor 
diffuses into the flame front from one side, air from the other, 
and the process continues until the droplet is consumed. Crack- 
ing and slow oxidation reactions may occur, accordingly, al- 
though the latter are probably of less significance than in vapor- 
izing burners. Fuel properties such as volatility, heats of vapor- 
ization, carbon residue, and limits of inflammability are of less 
significance, it would seem, than in the vaporizing burner. 

The operation of atomizing burners is dependent principally on 
two factors, namely, the degree of atomization and the formation of 
air-fuel mixture. The relation of these factors to the combustion 
processes and fuel properties are discussed at some length. 
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The process of atomization has been studied rather intensively, 
particularly when accomplished by means of pressure. It has 
been shown that the quality of the spray (as judged by the spray 
angle and burning characteristics in a given installation) is 
markedly affected by changes in viscosity of the oil (8). Pre- 
sumably the particle-size distribution is also affected. It seems 
logical to assume that the rate of combustion is proportional to 
the total area of oil exposed, hence is dependent on the particle- 
size distribution. It is well known that the vapor pressure of a 
liquid increases as the diameter of the droplet decreases; as the 
mean diameter decreases, too, the area available for heat trans- 
fer increases, thus increasing the rate of vaporization. These 
factors, namely, the mean particle size, particle-size distribution, 
spray form, and spray angle, govern the volume of space re- 
quired for combustion. Since the droplets are in a high-tem- 
perature zone and are presumably surrounded by an envelope of 
flame in most cases, the heat of vaporization and volatility are 
properties of minor importance. 

In domestic burners, which operate at relatively low combus- 
tion rates, the major problem is to secure an intimate mixture of 
fuel droplets and air. A number of means have been utilized 
to achieve this end, with varying degrees of success. In the 
simplest designed burners no special provision for forming the 
mixture is made, and the burners, consequently, are relatively in- 
efficient. Cones, swirl vanes, disks, and other devices have been 
introduced into the burner tube to direct the air stream and/or 
increase the turbulen¢e of the air flow and thus increase the ef- 
fectiveness of mixing of fuel and air. In other cases the com- 
bustion chamber has been shaped to promote certain flow pat- 
terns in the gases and thus effect better mixing of air and fuel. 
Even with these devices the ideal mixture of air and fuel is proba- 
bly never obtained and satisfactory mixtures but infrequently. 

As in the case of the vaporizing process the liquid fuel and fuel 
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vapor are subjected to high temperatures and relatively intense 
radiation. The cracking reactions discussed in a preceding sec- 
tion occur at an appreciable rate, and since the temperatures are 
quite high carbon may be formed. — If sufficient oxygen is present 
this carbon will be consumed; if not, soot and smoke result. If 
in addition the fuel spray or flame impinges on the surface of the 
combustion chamber, cooling occurs and smoke and carbon are 
formed due to retardation of the combustion process. If, in 
addition, some of the fuel remains on the wall in the liquid state 
it undergoes intense cracking and ultimately builds up cokelike 
deposits. This aggravates the condition, so that large deposits 
may be built up in a relatively short time under these conditions. 
To prevent smoke and carbon formation it has been a practice 
to use an excess of air, but this results in an over-all drop in the 
efficiency of the burner. 

An ideal atomizing burner, it would seem, would produce a 
mist of oil particles of relatively uniform size, with the spray 
angle and spray distributions to conform with the shape of the 
air-flow pattern. A partial mixing of air and fuel vapor should 
occur before passage into the flame front, which should be stable 
in form and position. Additional air to complete combustion 
should be introduced either by the burner fan or from the sur- 
rounding atmosphere, in the latter case the flame itself drawing 
in the secondary air. Excess air, above a small proportion 
deemed necessary to insure complete combustion, should be 
avoided. Possibility of impingement on combustion-chamber 
walls or portions of the burner should be eliminated. 


CONCLUSIONS 


1 The slow oxidation of the gaseous and lower-boiling liquid 
hydrocarbons has been studied intensively and mechanisms to 
explain the experimental results have been proposed. 

2 Hydrocarbons in the fuel-oil range when admixed with air 
and heated to temperatures lower than the ignition temperature 
undergo oxidation. The mechanisms of oxidation are analogous 
to those postulated for the lighter hydrocarbons. 

3 Hydrocarbon molecules when heated, alone or in the pres- 
ence of air, undergo “cracking” reactions, involving scission, iso- 
merization, and polymerization. 

4 The mechanisms of oxidation in the flame are probably 
different from those operative at lower temperatures. Our 
present knowledge of reactions occurring in the flame are derived 
largely from spectroscopic studies. 

5 The principles relating to hydrocarbon oxidation are applied 
to the two more common methods of burning distillate fuels, i.e., 
in vaporizing or atomizing burners, and specific recommenda- 
tions are made with regard to their application in burner design. 
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Discussion 


O. F. Campseuyi.* This paper points out the intricate and 
complex combustion problems which should be known by the 
designer of domestic oil-burner equipment. Lewis and von 
Elbe’s postulated mechanism of hydrocarbon oxidation by a ma- 
terial chain process throws further light on the complex problem. 
Mr. Reed of Tulsa has indicated that under certain conditions the 
aldehydes are formed in the combustion process and gives a quick 
method of aldehyde detection. 

However, regardless of theories, we must face the facts that 
some domestic fuels burn better than others in the same burner, 
and oils that burn equally well in the same burner do not burn 
the same in burners of different types. These facts are easily 
understood when one considers the various sources and grades of 
crude, the different oil-manufacturing processes for producing 
domestic fuels, and the different types of oil burners available 
onthe market or in use. 

In regard to the different burrting characteristics of different 
fuel oils, a simple illustration should suffice. An oil molecule 
can be compared with a stick of wood with shavings attached. 
The carbon content of the oil molecule may be considered the 
main part of the stick and the hydrogen content may be con- 
sidered the shavings. If the shavings are uniformly spaced and 
ignited, the stick will burn up completely at a uniform rate with- 
out leaving any unburned stick or carbon deposits. If the shav- 
ings are of the same number but not uniformly spaced, the stick 
will not burn uniformly and carbon deposits are likely. If the 
shavings are fewer in number and not uniformly spaced, poor 
burning and carbon deposits are assured. 

With numerous types of oil burners, it can be seen readily that 
the mixing of air and fuel cannot be identical and, in most cases, 
itis poor. It is the writer’s opinion that any fuel can be burned 
satisfactorily if there is a high enough temperature, enough time 
for combustion, and an adequate air-fuel mixture exists. Nor- 
mally, there is enough time and temperature, but it is the rare 
occasion when adequate mixing occurs. 


R. N. Str. Joun.5 The authors mention several shortcom- 
ings of vaporizing-type burners which are obviously more pro- 
nounced when cracked oils are used in place of straight run oils 
for which most existing pot-type burners were designed. 

An oil-burner installation is considered by the writer to be 
made up of several essential elements including the following: 


1 Fuel-control mechanism. 
2 Burner. 
3 Combustion chamber and heat-recovery surfaces. 


4 Blower or chimney or other provision for securing proper 
burner draft and disposing of flue gases. 


Should any of these elements prove inadequate in design or 
performance, the over-all effectiveness of the installation must 
suffer. 

Improvements in design and performance of vaporizing-type 
burners may have been retarded by our self-imposed restrie- 
tions calling for the following qualities or characteristics: 

1 Extreme simplicity of construction and operation. 

2 Dependence upon natural draft as produced by short 
chimneys in small homes where electric power is not available. 

3 Maximum heat output from small compact burners and 
heat-recovery surfaces which are designed for minimum use of 


‘ Combustion Engineer, Sinclair Refining Company, East Chicago, 
Ind. Mem. ASME. 
® Design Engineer, The Coleman Company, Inc., Wichita, Kan. 
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space in the home, and ease of cleanout in cases of deficient draft. 

Even with these restrictions much progress has been made and 
complete packaged heating units have shown over-all efficiencies 
which compare favorably with those obtainable with other types 
of burners. 

Even at low firing rates, over-all efficiencies do not drop as 
rapidly as might be expected. The flue-gas temperatures and re- 
sulting flue-gas losses are sharply reduced at the lower firing 
rates, and, as chimneys cool off, the effective draft is also re- 
duced so that over-all efficiencies at low fire are often within 5 to 
7 per cent of high fire efficiencies. These, in turn, are often 
limited more by lack of heat-recovery surface than by actual 
burner-performance limitations. 

Soot and petroleum coke form in most pot-type burners dur- 
ing the first few hours or days of operation, but the rate of such 
residue formation drops off rapidly with continued use. With 
proper draft there generally is some firing rate at which accu- 
mulated carbon or coke deposits ignite and burn out more or 
less completely at sufficiently short intervals to permit extended 
use of the burner without manual cleanout service. 

A definite trend toward the production of cracked fuel oils in 
recent months has resulted in’ much active research and experi- 
mental work on the part of manufacturers of oil burners of the 
yaporizing type, and with the help of the petroleum industry 
we believe that definite improvements in the design and per- 
formance of such burners should be forthcoming in the not too 
distant future. 


J. C. Retp.6 In general, the background of hydrocarbon 
oxidation has been well presented considering the necessarily 
limited length of the paper. Extension of our present knowledge 
in this direction should prove helpful in expanding the funda- 
mental treatment of combustion properties. However, the cor- 
relation of these reactions with burner performance and design 
is far from being established at the present time, and it would 
appear that several intermediate steps are needed before such 
correlation can be made effectively. Solution of these steps, 
mechanical and physical problems, as recognized in this paper, 
would result in gratifying improvements in burner performance 
without the necessity of detailed knowledge of specific oxidation 
reactions. 

The effect of the fuel-air ratio, intimacy of mixing, ete., should 
be emphasized strongly in relation to the type of flame. Opti- 
mum operating conditions should give substantially the same 
flame regardless of the chemical nature of the fuel. 

The “competing reactions” cited conceivably can take place 
in the vapor as well as in the liquid phase. Speedy vaporization 
in itself, therefore, will not completely overcome the difficulties 
engendered by these reactions. 

The chemical nature of the fuel will also influence the design 
of an ideal burner, although any installation which accomplishes 
the aims stated, more or less automatically would take care of 
fuel variations. 

In discussing vaporizing burners, it is believed that the chemical 
composition of the fuel is especially important. It would also 
appear that in any explanation of the low efficiency of these 
burners, the means of mixing fuel and air are intimately related to 
the regulation of air flow. The points affecting design are well 
taken. The fuel will define temperature limitations to some ex- 
tent and thus will be a factor in design. 

Atomizing burners are less sensitive to these factors. How- 
ever, the same reasoning applies. The difference lies in the 
mechanics of the solution of the problems involved. It should be 
borne in mind that large excesses of air can cause cooling of the 
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flame and thus cause carbon and soot troubles. Secondary air 
is important and better mixing of this air in the combustion 
process should be sought in improving burner design. 

As developed in this paper, it would seem that ‘‘cracking”’ 
reactions, at the present state of our knowledge, are extremely 
important factors in burner design. In this connection it may be 
reiterated that understanding of oxidation reactions needs con- 
siderable expansion to be of real assistance. Such understand- 
ing must be accompanied by increased knowledge of the inter- 
relation of oxidation and pyrolysis asyencountered in installations 
for burning fuel oils. The recognition of some of these points 
as presented in the paper under discussion should aid in improving 
design and accomplishing many of the ultimate aims without 
awaiting the deiailed theoretical study of specific flame reactions. 


AvuTHORS’ CLOSURE 


The comments of O. F. Campbell with regard to differences in 
performance of the same fuel in different burners, or of different 
fuels in the same burner, indicate complexity of the problem from 
the practical point of view. The writer feels that the figure of the 
stick of wood with shavings attached somewhat over-simplifies 
the problem, however. To extend the figure one step further, the 
ease with which the wood is ignited and burned depends not only 
on the arrangement and spacing of the shavings, but also on the 
type of wood of which the stick is composed, i.e., whether hard- 
wood or softwood. Likewise, the arrangement of the carbon 
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atoms in the molecule is of as much significance as the spatial 
relations of the carbon and hydrogen atoms in the combustion 
characteristics of a fuel. 

R. N. St. John has presented a very concise analysis of the 
component parts of the oil-burner mechanisms and of the restric- 
tions imposed upon manufacturers of vaporizing-type burners in 
the improvement in design and performance of this type of 
burner. It is recognized that these burners, within the delineated 
limitations perform relatively satisfactorily for any given type of 
fuel oil. On the other hand, this type of burner is relatively in- 
flexible in situations wherein the ratio of straight run to cracked 
components in the fuel fluctuates from time to time. It is en- 
couraging to note that research programs have been initiated 
to overcome the poorer performance of this type burner with 
cracked fuels; it should be noted, however, that some of the self- 
imposed limitations which the vaporizing-type-burner manu- 
facturers have set up may have to be modified or abandoned if 
a satisfactory solution of the problem of flexibility is to be at- 
tained. 

The emphasis placed on “competing reactions” by J. C. Reid 
is shared by the authors. More information regarding ‘‘crack- 
ing’ reactions, both in the liquid and the vapor phase, is highly 
desirable. Particularly needed are data on the “cracking” of 


hydrocarbons in the presence of oxygen or air. It is to be hoped 
that a paper dealing with the relation of these reactions to oil- 
burner design and operation can be presented in the near future. 
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Furnaces for By-Product Fuels 


By OTTO pe LORENZI,! NEW YORK, N. Y. 


Present-day costs of standard fuels such as coal, oil, and 
gas have advanced to a high level and concepts must now 
be revised regarding so-called refuse fuels. Their value as 
low-cost substitute fuels, for steam generation, will de- 
pend largely upon the manner in which they are prepared, 
and upon the use of suitable furnace designs. A number 
of furnace designs have been developed to handle by- 
product fuels from oil-refinery operations, and the manu- 
facture of steel, coke, lumber, pulp, and sugar. Others are 
still in various experimental stages and many improve- 
ments in methods of drying, feeding, and burning fuels 
will be presently available. The characteristics of several 
of these fuels are discussed, and actual furnace designs 
illustrate the manner in which they are fired to provide 
process steam and save fuel dollars. 


Y-PRODUCT fuels may be classified broadly as those 
B which constitute some of the by-products of various 

manufacturing processes. Their value as low-cost sub- 
stitute fuels, for steam generation, will depend largely upon the 
manner in which they are prepared and on the use of suitable 
furnace designs. Perhaps the most widely available of these 
fuels result from oil-refinery operation and the manufacture of 
steel, coke, lumber, pulp, and sugar. Of course there are many 
others but their availability is so limited that no attempt will be 
made to discuss them at this time. Typical analyses for some of 
these fuels are shown in Table 1. 


still gas are names applied to some of the gaseous by-products. 

Asphaltic Pitch. When the distillation of oil is stopped some- 
what early, there remains a residue which is solid at room tem- 
perature, but fluid at still temperature. This residue is asphaltic 
pitch, with a melting point of about 125 F, and it is usually 
pumped direct from process to burner at a temperature of 300 F 
to 600 F. Under these temperature conditions it is a fluid which 
is readily atomized, and which can be burned without difficulty. 
Its properties are somewhat similar to the heavier grades of 
bunker C oil and therefore furnace-design limitations are prac- 
tically the same. 

Petroleum Coke. Petroleum coke is the solid residue remain- 
ing after cracking or carrying the distillation of crude oil suffi- 
ciently far. Its characteristics depend upon the process used. 
Volatile-matter content varies from 4 to 12 per cent, and the sul- 
phur and ash also vary widely. Ash-fusion temperature may 
be as low as 2000 F. Grindability ranges from that of extremely 
hard and abrasive coke, similar to metallurgical coke, down to 
one that can be easily pulverized with low power consumption 
and low mill maintenance. This pulverized fuel is readily burned 
in water-cooled furnaces, provided moderate heat-liberation rates, 
between 15,000 and 22,000 Btu per cu ft per hr, are used. 

Acid Sludge. The characteristics of a sludge are governed 
by those of the crude oil used, and the manner in which it is proc- 
essed. Much of the suspended solids may be carbonaceous, in 
the form of small particles of petroleum coke. Continuous agi- 
tation and recirculation at velocities high enough to prevent 


TABLE 1 TYPICAL ANALYSES OF SOME SPECIAL FUELS 
Per cent by volume 
satura with 
moisture at 62 F 
—Per cent by weight ——_ and 30 in. Hg 
Bunker . ed- Hogged Re- Blast- 
Cc Acid Coke wood em- finery furnace 
Constituents oil sludge breeze chips lock Bagasse gas gas 
17.5 5.0 50.4 53.7 43.7 re 
2. 8.1 0.7 5.9 5.8 6.2 ‘ 1.8 
ade 0.5 40.3 41.4 47.9 1.2 ee! 
1.3 0.1 0.1 56.5 
8 4.3 0.8 0.2 $.2 2.9 
8.7 
Carbon monoxide.......... 0.3 32.8 
36.3 0.2 
26.8 
Higher value: 
tu per lb (dry)......... 18445 14341 12690 9220 8620 7985 ea ae 


Or REFINERY By-Propuct FUELS 


By-products from oil-refinery operations consist of a wide 
variety of refuse fuels. There are solids, such as asphaltic pitch 
and petroleum coke. The liquids or sludges are often of high 
specific gravity and contain variable amounts of solid matter in 
suspension. Refinery gas, blended refinery gas, yard gas, and 


1 Director of Education for Combustion Engineering Company, 
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settling out are necessary to‘avoid plugging of fuel lines. 

Perhaps the most widely available and yet most troublesome, 
because of its frequently varying characteristics, is acid sludge. 
Its gravity may range between 5 and 14 API, and its viscosity is 
indeterminate. It contains varying quantities of weak sul- 
phuric acid which may reach as high as 40 per cent and this, to- 
gether with the suspended carbonaceous material and flux, which , 
must be added in variable amounts to make the sludge flow, 
causes the heating value to vary between 8000 and 17,500 Btu 
per lb. Due to the suspended solid matter, it, is necessary to use 
relatively large orifices in the atomizer. As a result, atomization 
is coarse, and ignition is not always stable. Refinery practice is 
to burh the sludge as a supplementary fuel to gas or oil. Each 
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steam-generating unit is provided with several combination-type 
burners, some of which operate, with gas or oil, to maintain igni- 
tion and reasonable capacity during periods when sludge supply 
is of erratic quality. The products of combustion, resulting from 
acid-sludge burning, carry a large quantity of water vapor. Gas 
temperature, at the outlet of heat-recovery equipment, must be 
well above the dew point if moisture deposit and resulting corro- 
sion of the metallic surface is to be avoided. Maximum furnace- 
liberation rate should not exceed 25,000 to 30,000 Btu per cu ft 
per hr. 

Refinery Gas. The heating value of refinery gas is higher than 
that of natural gas, owing to the larger percentage of heavier 
hydrocarbons present. Its composition is variable as a result of 
differences in the characteristics of the oil refined and the extent 
of cracking to which the oil has been subjected in order to extract 
gasoline. There are also present some illuminants, or unsatu- 
rated hydrocarbons from the cracking operations. 

For use in steam-generating units, the gas from several types of 
operations is mixed, or blended. The characteristic flame from 
this blended gas, except for a distinct, clear, blue zone in the area 
of the burner throat, is colorless and extremely short. At times, 
however, the gas may be wet and contain some of the lighter 
phases of gasoline in the forms of mist or vapor; when present 
these burn with small, intermittent, white, flashing flames. 
These gasolines are undesirable because of their comparatively 
slow-burning characteristics, which result in continuous or sec- 
ondary combustion that may extend through a large portion of 
the boiler. As a result, efficiency is lowered because of increased 
losses resulting from higher boiler-exit temperature; and in- 
creased maintenance follows, because baffle and superheater 
supports are subjected to abnormally high temperature. 

Burners for refinery gas are similar to those used for natural- 
gas firing, and are also arranged for using auxiliary liquid fuels. 
The gas ring or tube should be readily replaceable as there may 
be a tendency for orifice plugging from carbon accumulations 
when burning contaminated or wet gas. 

Furnace-design limitations are the same as those for natural- 
gas firing. Fully water-cooled walls may be employed and 
maximum continuous heat-liberation rate should not exceed 
20,000 to 30,000 Btu per cu ft per hr. 

The steam-generating unit shown in Fig. 1 is one of several 
instalied for a large eastern oil refinery. It is designed for a con- 
tinuous capacity of 125,000 lb of steam per hr at 800 psi and 750 
F, with initial operation at 450 psi. The fuels are bunker C oil, 
refinery gas, soda tar, and acid sludge, with provision for future 
pulverized-coal firing. Four horizontal turbulent-type burners, 
arranged to handle any of the fuels, are used. The units are 
often operated by burning three of these fuels simultaneously. 
The most frequently used combination is oil, soda tar, and re- 
finery gas. 

The units have regenerative-type air heaters. The furnaces 
are water-cooled and designed for a continuous heat-liberation 
rate of 25,000 Btu per hr with oil at a corresponding efficiency of 
84.3 per cent. With soda tar, the efficiency is 85.6 per cent, and 
with acid sludge 84.8 per cent. 


Sree, By-Propuctr 


The two principal by-product fuels from ‘steel-mill operation 
are blast-furnace gas and coke breeze. 


Blast-Furnace Gas. Blast-furnace gas results from the various 
reactions occurring in the different zones of the blast furnace. 
it contains relatively high percentages of carbon monoxide along 
with carbon dioxide, nitrogen, and water vapor. It is a lean gas, 
having a heating value which varies between 90 and 110 Btu per 
cu ft and is dependent upon the quality of coke used, thte speed 
of combustion, the ore treated, and many other factors. As this 
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SCALE 


Fic. 1 One or SEveRAL STEAM-GENERATING Units, INSTALLED 
FoR A LARGE Eastern O1L REFINERY, DESIGNED TO BuRN ReE- 
FINERY-REFUSE FUELS AND PULVERIZED CoAL 
(Capacity: 125,000 lb steam per hr at 800 psi and 750 F.) 


gas leaves the top of the blast furnace it is hot and contains con- 
siderable dust having a high iron-oxide content. Much of the 
dust is removed and then sintered for return to the blast furnace 
as a part of the ore charge. 

The extent to which blast-furnace gas should be cleaned, for 
use as a boiler fuel, can only be determined after a careful eco- 
nomic analysis, for each installation, of the many factors in- 
volved. The decision whether to burn a dirty, partially cleaned, 
or a clean gas will have considerable influence on the selection of 
burners and type of furnace to be employed. The use of hot, 
dirty gas is feasible even in all-refractory boiler furnaces. On 
the other hand, in many instances it has been found profitable 
to clean the gas thoroughly, because furnace outage for cleaning 
and refractory maintenance are reduced to a minimum. 

Blast-furnace gas is slow to ignite as it contains a high percent- 
age of noncombustible gas. - Therefore it is important that the 
burners produce rapid and intimate mixing of this lean gas with 
the optimum amount of air to assure complete combustion, and 
at the same time maintain stabilized ignition. Preheating the 
combustion air will serve to aceelerate ignition, and permit the 
use of completely water-cooled furnace walls with either washed 
or unwashed gas. The furnace hearth should be shaded by a 
water-screen so that any accumulation of dust in that area will 
not be sintered and thus become difficult to remove. Maximum 
continuous heat-liberation rates should not exceed 20,000 to 
23,000 Btu per cu ft per hr. 

One of four large tangentially fired units installed in a Mid- 
western steel mill is shown in Fig. 2. The burners located in the 
corners of a completely water-cooled furnace, are arranged for 
blast-furnace gas, and coke-oven-gas firing. Each burner bank 
is composed of five fuel nozzles, two for blast-furnace gas, two 
for coke-oven gas, and one for a pilot light. The maximum conr- 
tinuous capacity, when burning blast-furnace gas only, is 200,000 
Ib steam per hr at 325 psi and 700 F, at a corresponding heat- 
liberation rate of 23,000 Btu per cu ft, and an efficiency of 79.4 
per cent. Combustion air is supplied to the burners at room 
temperature and, even though the furnace is fully water-cooled, 
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Fic. 2 One or Four LarGe STEAM-GENERATING Units With TANGENTIAL BURNERS, ARRANGED FOR BuRNING Biast-FURNACE 
AND CoKE-OVEN Gas 
(Capacity! 200,000 Ib steam per hr at 325 psi and 700 F.) 


the use of tangential firing assures prompt ignition with rapid 
and complete combustion when using primary washed gas. 
The use of a two-drum integral economizer serves to reduce the 
exit-gas temperature to 500 F, which, together with the low ex- 
cess-air requirements, makes possible the high efficiency reported. 

Coke Breeze. In the manufacture of metallurgical and do- 
mestic coke there is always some coke too small even for domestic 
heating. This by-product is generally known as “‘coke breeze.” 
There is as yet. no accepted standard for the sizing of breeze, 
even in those plants where it is produced. For that reason, no 
fixed design of furnace has been developed for burning this fuel. 
Furthermore, it is most difficult to ignite because it has a sponge- 
like structure and a volatile-matter content which lies in the low 


range of 1 to 7 per cent. By far the largest quantity burned 
comes from the manufacture of metallurgical coke and has a 
maximum volatile-matter content of 2 per cent. 

Since ignition is the principal factor in burning coke breeze 
successfully, the traveling- or chain-grate stoker is the most suita- 
ble type to use. With these the fuel is progressively fed to the 
furnace in a thin, unagitated, slow-moving layer which is exposed 
to radiant heat from suitably placed arches. Ignition is prompt, 
stable, and penetrates the fuel bed rapidly. The grate is zoned 
so that the operator may regulate the intensity and flow of com- 
bustion air to meet steam demand. 

In designing furnaces for burning coke breeze, the rear-arch 
furnace is employed wherever possible. If the maximum size of 
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fuel is */, in. to 1 in., the front-arch design is chosen because it 
has a heat-stabilizing effect on ignition of the fuel. If the maxi- 
mum sizing of breeze is '/: in. to 5/s in., the rear-arch design is 
employed. Minimum sizing, or undersize, of breeze is also of 
considerable importance because of its effect on carbon loss in ash 
pit and fly ash. Coke breeze is much lighter than coal and the 
fine particles lifted from a fuel bed are easily carried out of the 
furnace with the gas. It can be said, in general, that best results 
are obtained with coke breeze if it is screened to pass through a 
1/,-in. or 5/g-in. round-hole screen, and contains not less than 20 
per cent or not more than 30 per cent undersize of !/g in. or smaller. 

Frequently, steam-generating units whose principal fuel is 
coke breeze are also arranged for supplementary firing of either 
blast-furnace gas or coke-oven gas. A successfully operating 
unit of this type is shown in Fig. 3. A maximum capacity of 
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Fic. 3 SreaM-GENERATING Unit DersiGNep To Burn EITHER 
Coxe BREEZE oR CoKE-OvEN Gas 
(Capacity: 45,000 lb steam per hr at 415 psi and 650 F.) 


45,000 lb of steam per hr at 415 psi and 650 F is developed with 
either coke breeze or coke-oven gas. At this capacity, the heat- 
liberation rate in the secondary furnace for gas firing is 25,000 
Btu per cu ft. The stoker area was selected for the conservative 
burning rate of 30 lb of breeze per sq ft per hr. The rear arch 
and the front wall of the secondary combustion chamber are 
water-cooled. Clinker chills are provided along the side walls 
at the stoker grate line. . 


By-Propuct Furts From LUMBER MANUFACTURE 


In the vast forest-covered areas of our Northwest are located 
a majority of the lumber industries’ largest sawmills. ‘They 
provide large quantities of wood waste for steam-generating pur- 
poses. Some of this wood is burned at the mill to supply needed 
power, while much of the remainder is sold for use in utility and 
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industrial power plants, located within economical shipping dis- 
tance, to replace more costly coal or oil. 

Hog Fuel. In the manufacture of lumber, the amount of 
material removed from the log to produce sound lumber is 
approximately as follows: 18 per cent in the form of slabs, edg- 
ing, and trimming; 10 per cent as bark; and 20 per cent as Saw- 
dust and shavings. While the total waste material will usually 
average around 50 per cent, distribution of different types’ of 
waste may vary widely from the approximation given. The 
mills frequently use the sawdust, or a mixture of sawdust and 
shavings, for steam-production purposes because they can be 
burned without further processing. The remainder of these so- 
called waste products require size reduction in a hog to facilitate 
feeding, rapid combustion, transportation, and storage. These 
newly sized products, together with varying percentages of saw- 
dust and shavings, constitute “hog fuel.”” The moisture content 
of this fuel may vary from approximately 40 to 55 per cent. In 
addition, it may range from salt-water hemlock to fresh-water 
fir. These factors of moisture, wood species, and whether fresh- 


or salt-water-borne logs were used, are of considerable impor- _ 


tance in providing adequate and suitable furnace designs. 

Hog fuel is bulky and the basis for purchase and sale is volume 
rather than weight. The accepted standard is the “unit,” equiva- 
lent. to 200 cu ft of hog fuel as measured in the containing vehicle 
of transportation, without packing. The weight of a unit will 
vary from 1700 lb to 2300 lb of dry wood, depending upon the 
species, the moisture content, and the amount of shavings and 
sawdust present in the mixture. 

The process of combustion with hog fuel, because of high mois- 
ture and volatile-matter content, consists in three consecutive 
and somewhat overlapping stages, i.e., preliminary drying or 
evaporation of the moisture, distillation and burning of the vola- 
tile matter, and burning of residual fixed carbon. 

The design of a suitable furnace for hog-fuel firing must take 
into consideration the manner in which the combustion process is 
carried on, and at the same time make due allowance for possible 
wide variation in wood species, size, and moisture content. 

A two-stage furnace, comprising a Dutch oven for the drying 
and gasification of the fuel, and a secondary furnace in which 
combustion of the gaseous products is completed, provides a 
relatively simple yet effective arrangement. _ 

Hog-fuel firing is a matter of surface combustion, and the use 
of refractory arches and walls in the primary or Dutch oven 
furnace is therefore of considerable importance. Their func- 
tion is to provide the maximum amount of radiant heat for main- 
taining gasification and preventing the fire from becoming ex- 
tinguished, even though the overfeed principle of continually 
supplying fresh fuel to the surface of the incandescent cone- 
shaped pile is used. ‘ 

The arch location, with reference to the fuel pile, governs 
responsiveness to load variations. Its contour, with drop-nose 
at primary-furnace outlet, provides a sloping surface from which 
the maximum amount of heat is radiated onto the fuel pile, and 
at the same time forms a shield against the cooling effect of the 
boiler: heat-absorbing surfaces. 

The fuel is supplied to the furnace through openings in the 
arch. It has been established that a grate 9 ft square approaches 
the economical limit which can be supplied adequately with fuel 
from one feed opening. This factor, together with the known 
slope of the pile and the desired clearance between arch and apex 
of the fuel cone, makes it possible to determine the required 
height of arch above the grate. Individual Dutch ovens of this 
type are known as cells, and a steam-generating unit is provided 
with as many cells, all discharging their products of combustion 
into a common secondary furnace, as may be needed to develop 
required capacity. These individual cells provide better control of 
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Fie. 4 Sipe ELevation or a Hog-Woop Furnace 


combustion conditions and also permit periodic cleaning without 
shutting down the unit. A typical hog-wood cell of the type 
described is shown in Fig. 4. 

The amount of hog fuel which may be burned in such a cell 
will vary from 1.5 to 3 units, depending upon wood species, 
whether it originated from salt- or fresh-water logs, the size of 
the fuel, as well as the consist of the wood mixture. These data 
are based upon forced-draft operation with air at room tempera- 
ture. Operation can be maintained with 30 to 40 per cent excess 
air. 

A number of installations have been made in which two or 
three feed openings in tandem are used to supply each cell. In 
these the fuel pile consists of a number of overlapping cones, 
corresponding to the number of feed openings. Individual cells 
are usually about 8 ft wide and up to 24 ft long. With this ar- 
rangement it is possible to provide greater wood-burning ca- 
pacity per foot of furnace width, even though operation is not 
quite as satisfactory as with the smaller cells using only one feed 
opening. 

A unit equipped with a tandem furnace, designed to burn red- 
wood refuse having a moisture content of 50 to 55 per cent, is 
shown in Fig. 5. Three cells, each having two fuel-feed openings 
for a grate 6 ft 8 in. wide X 18 ft long, are used. Capacity is 
100,000 lb steam per hr at 250 psi and 735 F. Burners for auxil- 
iary oil firing are installed in the water-cooled secondary furnace, 
for use when no hog wood is available. 


Paper By-Propuct 


The fuels, which constitute some of the by-products in the 
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manufacture of pulp, fall into two classifications: wood-room 
refuse in the form of wet bark, culled wood, sawdust, ground- 
wood screen tailings, and butt ends; and spent alkaline liquors 
from the chemical processes of digestion. 

Wet-Wood Refuse. The most important wood-room refuse, 
and perhaps the most uncertain as to quantity, is wet bark. As 
received from the barking drums it may contain 80 per cent or 
more moisture. In this condition it is of no value as a fuel be- 
cause its as-fired heating value is approximately 1750 Btu per 
Ib, and for every pound of dry substance there are 4 lb of water 
which must be evaporated before any heat is available for steam 
production. If useful heat is to be realized, some preliminary 
dewatering must be resorted to. Pressing may be used to reduce 
economically the moisture content to about 65 per cent. The 
pressed bark can then be mixed with the other wood-room refuse 
and burned without further preparation. However, hogging be- 
fore burning makes possible more uniform feeding and also con- 
tributes to improvements in the combustion process. 

External bark driers offer a means for utiliging heat in the flue 
gas to effect some additional moisture removal following press- 
ing. 

The use of preheated air for combustion provides a means for 
securing additional drying effect in the fuel bed. 

In the use of any type of drying equipment the removal of 
moisture from the waste fuel represents a gain in heating value, 
and therefore a direct saving in the use of purchased fuel or 
power. Likewise, an air-heater installation represents an addi- 
tional reduction in purchased-fuel requirements. Comparative 
evaluation can be made by balancing the fuel saving against 
fixed charges and operating costs of the drier and air heater, 
respectively, to determine if the installation of one or both types 
of equipment can be justified economically. 

In the design of furnaces for mixtures of wet bark and wood, an 
hourly disposal rate of 20 to 35 lb of dry solids per sq ft of grate is 
possible with moisture content of 65 to 70 per cent, provided 
auxiliary fuel is burned. For a moisture content of 55 to 60 per 
cent, an hourly disposal rate of 35 to 50 lb per sq ft of grate is 
possible without use of auxiliary fuel, and these rates may be in- 
creased somewhat through the use of preheated air or the devel- 
opment of improved furnace designs. ; 

The most widely used furnaces for burning this wet-w 
refuse are of the flat-grate Dutch-oven type with either single- 
or multiple-feed openings similar to those illustrated in Figs. 4 and 
5. Auxiliary grates, oil burners, or pulverized-fuel firing are 
frequently used to provide additional heat for disposing of the 
wood waste, and to generate simultaneously, or during periods 
of low wood supply, such steam as may be required to meet 
demands on the unit. 

A steam-generating unit, designed to burn a mixture of pressed 
bark, sawdust, shayings, and butt ends, and equipped for supple- 
mentary pulverized-coal firing is shown in Fig. 6. The wood- 
burning furnace consists of a two-cell Dutch oven with drop-nose 
arch and flat grates each 5 ft wide X 12 ft long. The products of . 
combustion are discharged from this primary furnace into an 
upper, water-cooled, secondary furnace in which pulverized coal 
may be burned, either simultaneously with the wood, or sepa- 
rately if no wood fuel is available. The wood refuse has an aver- 
age moisture content of 60 per cent, and with this fuel continuous 
capacities of 55,000 lb of steam per hr and 15-min peak capacity 
of 85,000 Ib per hr have been carried without difficulty. This 
unit has been free from slag deposits even though coal and wood 
are frequently burned simultaneously. Complete water-cooling 
of the secondary furnace side and rear walls thus provides 
trouble-free operation and an almost total absence of mainte- 
nance charges. 

Another type of furnace which is used to burn mixtures of wet 
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aoe bark and wood refuse is shown in Fig. 7. With this design a 
sloping grate is used and the fuel enters the furnace at the front 
4 and over its full width. The fuel-supporting surfaces are divided 
into three sections. The upper front section forms the prelimi- 
nary drying zone, and consists of a refractory hearth having a 
slope of approximately 50 deg. The midsection consists of 
SL | stationary grates set at a slope of 45 deg and is provided with 
WAS horizontal air-admitting opening. The grates of the lower section 
are set slightly less than 45 deg and have fuel pushers which may 
be operated as required. Horizontal dump grates extend from 
the end of the grate to the bridge wall. Progressive feeding of 
the fuel from entrance to dump is secured through the variation 
in grate slope. For large units these furnaces are sectionalized in 
the same manner as the flat-grate type. The Dutch oven uses 
a flat arch, and the opening into the secondary furnace is screened 
by an arrangement of cooling tubes. In the lower portion of 
this opening the tubes are wide spread, while in the upper por- 
tion they are finned to present a barrier to gas flow and thereby 
cause it to sweep over the lower end of the fuel bed. Oil burners 
for supplementary firing are located in the roof of the water- 
cooled secondary furnace. 


Spent Alkaline Liquors. When pulp, for the papermaker, is 
manufactured by the chemical processes of soda and sulphate, 
caustic soda is employed as the active chemical to separate the 
cellulose fiber, by dissolving the other wood substances. These 
dissolved wood substances are carbonaceous matter which is 
then burned in smelting furnaces to recover the chemical and 
use available excess heat to generate steam. 

Alkaline pulp-mill operators call all chemical solutions liquors. 
Thus from their characteristic colors come the terms “black” 
liquor, the solution after the diffuser and up to the recovery unit; 


7 “green” liquor, the solution in the dissolving tank; and ‘white’ 
| liquor, the causticized green liquor which forms the entire cook- 
4 ing liquid for the digesters. 


The black liquor as it is washed from the pulp and discharged 
to the weak-liquor tanks contains from 12 to 20 per cent dis- 
solved solids. After passing through multiple-effect evaporators 
its solids content is raised to 45 to 55 per cent. Additional evapo- 
Toy Poste - " ", ration is next carried out in the recovery unit, after which the 
liquor is mixed with salt cake and then pumped to the recovery 

furnace where the remaining water is evaporated, the organic 

\ matter burned, and the inorganic chemicals recovered. 

Fic. 6 Sream-GENERATING UNIT FOR COMBINATION FIRING OF The amount of dry solids ere ton of pulp may be as low as 
Putverizep Coat anp Wet-Woop Rervuse From «a Putp-Miti 2000 lb for kraft stock and as high as 3400 Ib for bleached sul- 
Woop Room phate. The calorific value of black liquor varies from 5200 Btu 
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per lb for soda liquors, up to 7000 Btu per lb for rich kraft liquors. 
With this range in weight and heating value, the approximate 
amount of steam produced will usually vary from 2400 to 3300 
Ib per 1000 Ib of dry solids depending upon the design of the unit, 
and heat requirements for evaporation and chemical conversion. 

The principal function of the recovery unit is to recover the 
chemical contained in the black liquor, and to reduce the salt 
cake to sodium sulphide. Carbon and organic matter are burned 
out of the black ash, and the resulting heat is used to smelt the 
chemical, and also to generate steam. The smelt runs continu- 
ously from the furnace over water-cooled smelt spouts into the 
main dissolving tank to form the green liquor. 

The combustion process in units of this type is a critical low- 
temperature operation. The sodium salts in the liquor and smelt 
have a low temperature of vaporization and as a result some of 


Fic. 8 


357 


these are carried out of the furnace, as a gas, with the products of 
combustion. The temperature of the gas is decreased in passing 
through the boiler, and some of the soda is condensed and de- 
posited on its relatively cold surface. The recovery of this soda 
is an important operation, as it must all be returned to the hearth. 

In Fig. 8 is shown a completely integrated chemical-recovery 
unit comprising furnace, boiler, superheater, soot blowers, 
evaporator, salt-cake feeding and mixing equipment, fans, air- 
and gas-duct systems, dissolving tanks, liquor pumps, controls, 
and instruments, 

The completely water-cooled furnace in the design illustrated 
eXtends from the hearth to the upper small boiler drum. The 
hearth is of chrome-refractory construction. 

The lower portion of the furnace is divided into three over- 
lapping zones between which there are no distinct lines of de- 


Cutaway View or Recovery Umt FEATURES AND STRUCTURAL ARRANGEMENTS 


i 
| 
in 
. 


358 


marcation. Immediately above the hearth a reducing atmos- 
phere is maintained to burn the organic residue out of the black 
ash, and to secure maximum conversion of chemical into smelt. 
The intermediate zone is one in which a major portion of the 
moisture is evaporated from the black liquor as it emerges from 
the oscillating spray heads into the furnace. The heat for the 
evaporation process is obtained from burning some of the organic 
compounds out of the sprayed liquor in the upper furnace zone, 
and also from completing the combustion of gas leaving the re- 
ducing zone. 

Gas from the last boiler pass is discharged into a cascade evapo- 
rator where the densities of the black liquor are raised from 45 
to 55 per cent solids up to 65 to 70 per cent for the furnace 
sprays. 

Although one of the principal parts of a recovery unit is the 
boiler section, and its general appearance follows that of standard 
steam-generating equipment, its distinctive function places this 
heat-absorbing surface in a different category. The recovery of 
chemicals is the primary object, while resulting steam generation 
is of secondary importance. For this reason, the design shown is 
a carefully balanced combination of chemical-process require- 
ments and modern steam-generating practice to effect maximum 
chemical reduction and recovery, along with highest possible 
steam production. 


By-Propuct Fue, From SuGar MANUFACTURE 


Bagasse, or cane trash, is the refuse remaining after the juice is 
extracted from the sugar cane. It is a fibrous material, similar 
in analysis to wood, and contains from 40 to 60 per cent moisture. 
Ash content varies over a wide range depending upon the areas 
in which the cane is grown and on the different amounts of silt 
picked up by the method of harvesting employed. 

Steam requirements of mills producing raw sugar are easily 
supplied through the bagasse they turn out. Sufficient bagasse 
usually remains from the crop for starting the mill at the be- 
ginning of the next season, even though the steam-generating 
unit is of the simplest sort. 

Mills which operate white-sugar refineries are required to 
supplement the bagasse supply with other fuels. In these in- 
stances the steam-generating units may include economizers 
and/or air heaters so as to minimize the cost of purchased fuel. 

Bagasse. Bagasse is burned somewhat like hog fuel in Dutch- 
oven-type furnaces on horseshoe-shaped hearths, or on inclined 
grates. The ash, which consists mostly of fine silt, is very fusible 
and produces a slag that is difficult to remove. These slag ac- 
cumulations require periodic removal and because of this the 
cell type of construction is used so that the steam-generating 
unit may be continued on the line during cleaning periods. 

The most widely used furnace is the Cook, or horseshoe type 
illustrated in Fig. 9. It consists essentially of a refractory Dutch 
oven, usually in the form of a horseshoe, provided with several 
rows of air-admitting tuyéres located around the curved portion 
of the wall. The horseshoe shape was adopted because of the 
ease with which it is possible to distribute the fuel over the entire 
hearth, from a single fuel-feed opening in the arch, and also be- 
cause of the absence of corners that are difficult to clean. The 
width of hearth may be varied from 4 ft to 5 ft 6 in., and the front- 
to-rear depth from 6 ft to 7 ft. The number of horseshoe fur- 
naces used for a given boiler is determined by the furnace width 
available, as well as by the capacity to be developed. 

Air for combustion supplied by a forced-draft fan, is admitted 
to the furnace through the tuyéres which cause it to sweep over 
the surface of the fuel pile. The maximum rate at which bagasse 
can be burned on a hearth arrangement, as described, is approxi- 
mately 350 lb of dry substance per sq ft per hr, but the most eco- 
nomical rate, however, is from 200 to 225 lb per hr. 
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Fic. 9 SreamM-GENERATING Equirpep Wirn Horsesuor 


FURNACE FOR BAGASSE FIRING 
(Tubular air heater used with this installation.) 


Some installations are equipped with auxiliary oil burners in 
the secondary combustion chamber. These may be used to as- 
sist in starting at the beginning of the season or to providé steam 
during periods when bagasse is not available. It is good operat- 
ing practice to avoid burning auxiliary fuel simultaneously with 
bagasse, in the same unit. 

Some sugar-producing areas use the sloping grate in almost 
exclusive preference to the horseshoe type. This choice is dic- 
tated in practically all instances by the ash and silt content of 
the bagasse. Designs of this type are similar to thése for wet 
wood and employ multiple-cell construction. 


CONCLUSION 


Present-day costs of standard fuels, such as coal, oil, and gas, 
have advanced to a high level, and we must now revise some of 
our concepts regarding so-called refuse fuels. 

To-day it is frequently economical to process some of the in- 
dustrial by-products which were formerly considered as neces- 
sary waste, and use them to supplement and even replace stand- 
ard fuels. How well the combustion engineer is meeting this 
challenge is shown by the many special furnace designs which 
already have been develeped. Others are still in various experi- 
mental stages so that we can look forward to many improvements 
in methods for drying, feeding, and burning by-product fuels. 


Discussion 


H. C. Carroii.? To what extent can some of the by-products 
mentioned in the paper be used in standard furnaces designed 
primarily for burning solid fuel? 

During the coal strike in the spring of 1947, coke breeze was 
used successfully by the writer in several overthrow-stoker 
installations furnishing up to 60 per cent of the total fuel burned 
on the units, when properly mixed with fast-dwindling coal 
storage piles. This was accomplished without reducing the 
capacity of the steam outputs of the units but did increase the 
carbon content in the ash, somewhat affecting the efficiency. 

This was accomplished in one plant on a 100,000-lb unit which 
had six overthrow elements by putting a temporary steel-plate 


2 Mechanical Engineering Director, Commercial Testing and 
Engineering Company, Chicago, Ill. Mem.ASME. 
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division in the stoker hopper of each unit in the proportions of 
mixture desired and filling alternately, by a traveling weigh larry, 
the divided hoppers with coke breeze and coal. The cross action 
of the distributing rotors effected the proper mixing of the coal 
and coke of the fuel bed. A 1-month supply of coal was thus 
stretched to 50 days of full operation. The Btu value of coke 
breeze is considerably lower than coal, and usually top size is not 
over 5/gin. 

In another plant which had parallel rail unloaders to a common 
apron conveyer, elevated by bracket conveyer to the bunker and 
then distributed to the stoker hoppers, the desired proportion of 
coke breeze and coal could be obtained by adjustable choke plates 
at the rail hopper outlets. Good mixing was thus obtained as a 
traveling-belt unloader on the bunker was kept in constant ac- 
tion, back and forth the length of the bunker. The proper pro- 
portion was determined on one furnace prior to setting up this 
routine for supplying the whole plant. 

Dry wood waste, sawdust, sandings, etc., with the larger sizes 
reduced by a hog can be fed with coal on overthrow stokers if 
mixed properly, usually at the hopper. It can also be introduced 
under slight pressure direct to the furnace under control and 
with precautions against flashing back into the feed chute. 

When industrial wastes are used as auxiliary fuels in furnaces 
designed for solid fuels, the economics entering into their use 
should be considered. Often more money is spent on the means of 
handling them than they will ever earn in producing steam, but 
credit should be given for the cost of their disposal. 

In determining the value of the waste fuel, considerable care 
should be exercised to determine the amount available, its 
burning characteristics, and its heat value. We have been called 
on to determine this in a large range of fuels, and Table 2 of this 


TABLE 2. HEAT OF COMBUSTION OF VARIOUS SUBSTANCES 
Dry, Dry, 
Substance Btu Substance Btu 
Petroleum coke. .......... 15800 Oil (cottonseed) ........-- 17100 
#l Gilsonite selects?....... 17699 Oil (lard)... 16740 
Carbon, 14544 Oil 17640 
Carbon, erystal........... 14146 Oil 18000 
15120 Candy... 8096 
Soot (from oil)..........+. 11787 
Soot (from smokeless coal). 7049 10548 
Soot (Island Creek)....... 5425 Keg 10260 
Soot (Red Jacket Thacker). 10569 Egg yolk........+0--eeeee 14580 
Soot (Crystal Block Wini- Fats (animal)...........-- 17100 
4951 Hemoglobin (blood)....... 10620 
Welch anthracite (1.65 per Dynamite, 75 per ae 2322 
Wood 8593 Hydrogengas............+ 62100 
Wood (birch). 8588  Wastehemphurds...... 7982 
Wood (dry oak).........++ 8472 Cottonseed hull brans (fu- 7 
Wood | 8665 sion 2307 F)...........- 8675 
Wood sawdust (oak)....... 8493 Brown skins from peanuts.. 10431 
Wood sawdust (pine)...... 9347 8893 
Wood sawdust (pine)...... 9676 Coffee ground (165534)..... 10058 
Wood sawdust themioek). a Pecan shells (few meats left 
Wood sawdust(fir)........ 8249 10144 
Wood sawdust (spruce)..... 8449 (166838 J. W. Peterson —_ 
Wood shavings...........- 8248 
Wood shavings (hardwood = poe 
Wood bark (spruce)........+ 8817 Coke as coke as 
Wood bark (hemlock)...... 8753 received received 
Wood bark 9496 Moisture per 
Wood bark (fan)..........- 7999 cent...... , 21.67 6.46 
Bagass olatile, per 
Brown skins nuts)..... 11289 ree carbon, 
Corn on the 8100 percent... 50.64 67.91 
| 100.00 100.00 
Rags (linen). 7132 Sulphur..... 1.18 0.67 
Rags 7165 Hemlock 
Cotton batting............ 7114 bark 
Corrugated fiber carton... . 5970 as 
Wrapping paper..........- 7106 Moisture, per 


* Material used for cores in foundries. 
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discussion may be of some interest in this connection. The 
values are mostly given on a dry basis, as the moisture may vary 
over a wide range, and the ‘‘as-received” value would be affected 
by the amount of moisture present in the material when used as a 
fuel. 


H. W. Beecuer.* In the northwestern portion of the United 
States and in British Columbia, Canada, the use of forest prod- 
ucts has changed in the last 25 years from saw mills with a few 
scattering small pulp and paper plants, to a situation where prac- 
tically all species of coniferous woods are now used by the pulp 
and paper mills in competition with the sawmills and the plywood 
plants. 

In the pulp and paper mills, a far greater realization of cellulose 
content of the log for the final product is possible, and a smaller 
portion of the wood remains for fuel. The author refers to 50 per 
cent waste in manufacture of lumber. Modern pulp and paper 
plants now use hydraulic barkers for the removal of the bark. 
Larger-sized chippers that take the complete log without cutting 
are now prepared to take logs up to 30 in. diam. Larger logs are 
only sawned to sizes suitable for use in such mammoth chippers. 

This modern equipment eliminates a large portion of the saw 
kerf formerly available for fuel. What were formerly slabs now 
go into pulp. Other than the bark, in the modern pulp mill 
from 90 to 95 per cent of the cellulose content of the original 
log, as received at the mill, now goes to the digesters. In the 
face of the increased cost of supplementary oil or coal fuel, the 
paper mill now faces a diminished supply of refuse from wood 
preparation. 

With the hydraulic barker and the preponderance of bark as 
the log waste available for fuel, there is an increase of average 
moisture content in the available fuel. The amount of steam 
generated from the pulp-mill wood-preparation waste is but a 
fraction of that formerly produced. The author has clearly indi- 
cated the decrease in capacity and the decrease in efficiency re- 
sulting from high moisture content of wet wood fuel. 

While we have been able to obtain capacities in excess of those 
cited in the paper, it has only been done with the use of specially 
designed furnaces in which preheated air is used and injected 
as overdraft air in locations that would speed up the surface 
combustion. Deep conical piles are undesirable. A multiplicity 
of small cells with individual cones in each cell have been found 
to be superior to those furnaces in which two or more cones are 
placed in series. 

The conical pile is not the ideal way of burning wood fuel, but 
is generally adopted because of its simplicity and the ease with 
which fuel can be fed to the furnace. In any conical pile and for 
any individual rate of firing, there is a certain depth of fuel at 
which maximum combustion is obtainable. The center cone 
of the pile is always too thick and the tapering edges of the conical 
pile are always too thin. ; 

If fuel could be laid down approximately to a uniform thick- 
ness and supplied with air at proper pressure, the best results 
would be obtained. There are several experimental plants in 
which bark and other mill wood refuse are being tried with 
spreader stokers. It is the writer’s belief that the future firing of 
wood fuel will be in suitably designed furnaces with some form of 
spreader in which uniform depth of fuel can be maintained and 
in which the faults of the conical pile in Dutch ovens can be 
avoided. 

The writer agrees with the author that emphasis should be 
placed upon the development of a furnace, boiler, air heater, and 
fuel drier in which the waste products will be used to increase 
efficiency on some of the very high-moisture fuels that are availa- 
ble for the pulp and paper industry. 

3 Consulting Engineer, Seattle, Wash. 


4: 
> 
| 4 
4 
in 
> 


360 


C. F. Harpy. The average woodworking plant, which 
makes furniture, store fixtures, millwork, ete., in the Middle 
West, has much smaller boilers than the author mentions in his 
paper. Boilers may be used to provide steam for heating and 
process in these plants, although many also generate electric 
power. 

The managements of the majority of these plants consider saw- 
dust, trimmings, and hogged fuel as a waste product to be disposed 
of, rather than a valuable source of heat. A “unit’’ of 200 cu ft 
has a heating value of approximately 20,000,000 Btu, and 1 
cu ft, which may vary in weight from 8 to 12 lb, has a heating 
value of 10,000 to 15,000 Btu. 

In the case of wet wood from a pond or wood direct from the 
forest, it may be necessary to burn the sawdust and hogged fuel 
in the manner shown in Fig. 4 of the paper, and that is the ac- 
cepted way of burning this fuel in most plants, regardless of the 
moisture content of the wood. It is not at all uncommon to see 
one of these Dutch ovens full of kiln-dried hogged fuel and 
shavings, and another boiler being fired by coal or oil to carry a 
share of the load. 

On the other hand, a few plants have been equipped to fire wood 
fuel so that practically all of it burns in suspension, and the air 
is properly regulated to the amount of fuel burned. This reduces 
the amount of fuel burned by about 50 per cent, and thus the 
entire plant load may be carried without using a supplemental 
fuel. It is necessary only to install a storage bin (if one is not 
already installed) and to put in a low-cost shavings conveyer, 
fan, and controls, which, for the average boiler, will cost $2500 or 
less. A mechanical or pneumatic spreader stoker may also be used 
for this purpose. Such a system has the advantage that a Dutch 
oven, which is used primarily as a storage space for the fuel, is not 
required. Generally, a furnace designed for coal or oil can be 
used without alteration. With industrial coal averaging from $7 


to $10 per ton, and fuel oil costing $15 to $18 per equivalent ton, 
many plants could well afford to reappraise their opinion of so- 
called “wood waste” and to invest in equipment to burn it 
properly, 


F. X. Gric.§ In these days of high fuel costs, the efficient 
utilization of by-products as fuel becomes more and more neces- 
sary. Many industries can reduce their consumption of high- 
cost purchased fuels by burning their by-products. At the same 
time, they will eliminate a troublesome disposal problem. In 
addition to those mentioned by the author, coffee grounds, 
peanut hulls, cocoanut shells, and rice hulls area few exezaples of 
by-products with fuel value. In many instances the saving in the 
cost of disposing of these waste products alone will go a long way 
toward paying for the equipment necessary to prepare and burn 
them as fuel. 

In the burning of coke breeze, there is considerable carry-over 
of partly burned cinders in the products of combustion. Unless 
the gas baffles are tight and carefully arranged to avoid the 
impingement of concentrated cinder-laden gases on the heating 
surfaces, severe abrasion of these surfaces may result from the 
sandblasting action. 

In the burning of hogged fuel at high rates of combustion, par- 
ticularly when the logs have been floated in salt water, severe 
slagging of the grates and heating surfaces may occur. To reduce 
trouble from this source, water-cooled grates are being used and, 
obviously, the walls of the secondary furnace should be water- 
cooled. 

In the combustion of bark, particularly in the southern paper 


‘Chief Engineer, Appalachian Coals Incorporated, Cincinnati, 
Ohio. Mem. ASME. 

° Application Engineer, The Babcock & Wilcox Company, New 
York, N.Y. Mem. ASME. 
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mills, there is a considerable quantity of sand impregnated in 
the bark. Slagging of the grates and boiler heating surfaces has 
occurred. Some of this sand is carried over with the products of 
combustion, causing some abrasion of the boiler tubes. Pro- 
visions must be made to settle and remove as much sand as pos- 
sible from the furnace. 

While there are yet many plants burning bark in Dutch ovens 
with flat or inclined grates, the limitations of burning in a pile 
and the intermittent removal of ashes makes this method of 
burning unsatisfactory in modern plants. A more modern de- 
sign of bark-burning installation is shown in Fig. 10 of this dis- 
cussion. It is a Stirling boiler with completely water-cooled 
furnace walls, fired by a Detroit spreader stoker with continuous 
ash discharge. The unit is designed to operate at 550 psi and 
700 F. It will generate 85,000 lb of steam per hr when burning 
bark, and 100,000 lb of steam per hr when burning coal. It 
carries a continuous load of 95,000 lb of steam per hr on bark 
and has carried peak loads of 120,000 lb of steam per hr. The 
unit is completely automatic. The sand and ashes are dis- 
charged continuously from the front of the stoker. The cinders 
which are collected in the hoppers located at various points in 
the setting are reinjected into the furnace with the overfire-air 
system. This unit has been in service for 2 years. Several other 
units of this same type are now being constructed. 


Fig. 10 Bark-Burnine Unit With SPREADER STOKER 


Bagasse, the sugar-cane refuse, is still being burned on piles 
in Dutch ovens as shown in the paper. Fig. 11 herewith shows a 
modern arrangement for burning bagasse at high capacities in 
Ward furnaces attached to the side of an integral-furnace boiler 
with completely-water-cooled walls. It is designed for 70,000 lb of 
steam per hr on bagasse and 100,000 Ib of steam per hr on oil or 
gas. The unit is designed to operate at 650 psi and 725 F. 
Steam loads as high as 120,000 lb per hr have been carried when 
burning bagasse. Carry-over of partly burned bagasse, always a 
nuisance in sugar mills, is almost eliminated in this arrangement. 
Carry-over from the Ward furnace continues to burn in suspen- 
sion on its way through the water-cooled furnace of the integral- 
furnace boiler, a distance of about 35 ft... Some of the larger 
particles of course fall on the water-cooled floor which is equipped 
with pinhole grates supplied with air for combustion. 

On a test at the design load of 70,000 lb of steam per hr, the 
loss in efficiency due to unburned combustible leaving the stack 
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of this unit was only 0.7 per cent. Steam pressure is maintained 
automatically by a Bailey combustion control, regulating fuel 
feed, air supply, and furnace draft. Ashes are removed from the 
Ward hearths once each day. Except for the manual removal of 
ashes, the unit is completely automatic. The high efficiency on 
bagasse as well as on oil is very attractive to progressive sugar- 
mill owners. Several other units of this same type are being con- 
structed and in operation, 


AvuTHOR’sS CLOSURE 


The author wishes to thank the several discussers for providing 
additional supporting data on the use of some by-product fuels. 
All of these serve to emphasize the fact that many former by- 
products are now’ basic fuels because of newer furnace-design de- 
velopments. 

Mr. Carroll in his discussion asks: ‘To what extent can some 
of the by-products mentioned in the paper be used in standard 
furnaces designed primarily for burning solid fuels?”’ This is a 


difficult question to answer definitely because the so-called stand- 
ard furnace is one with many variables and therefore hard to fix 
or define. 


ARRANGEMENT FOR BURNING BAGASsSE IN WARD FurNAcES ATTACHED TO INTEGRAL-FURNACE BoILER 


Where the primary solid fuel is pulverized coal it is feasible to 
burn acid sludge, asphaltic pitch, petroleum coke, tar, refinery 
gas, coke-oven gas and blast-furnace gas. The burners used must 
be capable of handling the by-product fuel and the capacity ob- 
tainable will depend on a number of additional factors some of 
which are: air and fuel capacity of the burners; available tem- 
perature, pressure, and quantity of combustion air; capacity of 
induced draft fan or chimney; and draft loss through the unit. 

In some coal-fired spreader-stoker installations, coke breeze 
can be burned. In others, limited quantities of wet-wood refuse 
may be burned provided its moisture content is not too high and 
there is available preheated air for combustion. 

Where chain- or traveling-grate stokers are used it is possible to 
substitute coke breeze for coal, provided the furnaces are not of 
the “‘archless’’ type. 

When necessary to use a combination of solid fuels, particularly 
on grates of any type, it is well to avoid mixtures, because segrega- 
tion will surely occur and result in unsatisfactory furnace and fuel- 
bed conditions. In most cases improved conditions will result 
from alternate, rather than simultaneous, firing of the two fuels 
particularly if their characteristics are quite dissimilar. 
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Mr. Beecher has indicated that the conical-pile method for 
burning wet-wood refuse while successful is nevertheless undesira- 
ble. He predicts that the future furnace designs for this fuel 
will employ spreader-type stokers and level fuel beds of uniform 
thickness. This is actually more than a prediction since con- 
siderable experimental work has already been done along these 
lines. Furnaces employing several variations of spreader-stoker 
applications, for burning wet fibrous by-products, are out of the 
laboratory and well along in the development stage under full- 
scale plant-operating conditions. 
provide considerable increase in fuel-burning capacity along with 
higher efficiency and extremely long periods of service continuity. 
Full information on these newer developments should be available 
within a relatively short time. 

Mr. Hardy’s discussion of conditions that exist in a majority 
of small plants which have quantjties of wood refuse available, is 
atimely one. In many of these even a small investment for engi- 
neering design and suitable equipment will result in appreciable 
savings of purchased fuel. 

Difficulties which may be encountered when burning some of 
the by-product fuels have been pointed out by Mr. Gilg. These 
may be avoided when the designs used are developed through 
actual operating experiences. 

Data furnished in connection with the bark-fired installation 
shown in Fig. 10 supports Mr. Beecher’s predictions. Further 
experience, however, will surely lead to design simplification and 
increased capacity per unit of space occupied. 

The design of bagasse furnace illustrated-in Fig. 11 has been 
developed from the original Ward furnace of 1936.6 This newer 
so-call Ward furnace design is almost identical with one proposed 
and offered by the author in 1937 and later described in ‘‘Fuel 
Burning and Steam Generation,” a book published in Canada 
during early 1940. The illustration of this rear-arch horseshoe- 
type furnace, Fig. 12, is taken from this publication. 

The most recent improvements for bagasse burning now include 
a partially watercooled furnace construction in which Dutch-oven 
extensions, partition walls, arches, and horseshoe-shaped hearths 
are eliminated. Spreader-stoker units are used to distribute the 
bagasse onto either a dumping or continuous-discharge-type grate, 
thereby employing the combined principles of flash drying, sus- 
pension burning, and in-position burning. The fuel bed is thin, 
uniform, and actively burning over the entire grate. The grate 
surface is continuous across the length and width of the furnace, 
there being no partition walls, arches, or other space-consuming 
refractories. 

A complete bagasse combustion system of this type is described 
by H. G. Meissner in the January, 1948, issue of Combustion, 
from which the illustration, Fig. 18, is taken. A number of fur- 
naces of this type have now been in operation for sometime and 
others are under construction or on order. Carefully conducted 


6 “Bagasse Furnace,” by E. W. Kerr, Trans. ASME, 1939 ,vol. 61, 
pp. 685-691. 
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tests have shown increased efficiency, reduced carbon and radia- 
tion loss, and the ability to maintain easily a close control of fuel- 
air ratio either manually or automatically. Boiler and furnace 
availability are improved to the extent that these units may be 
kept on the line continuously throughout the grinding season. 
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Proposed Recommended Practices for the 


Preparation of New Turbine 


Lubricating Systems 


Numerous discussions between the representatives of 
turbine builders, operators, oil suppliers, turbine-equip- 
ment suppliers, and consulting turbine engineers in at- 
tendance at meetings of Technical Committee C, Section 
1, of the American Society for Testing Materials, have 
indicated the desirability of pooling the available experi- 
ence with respect to the preparation of new turbine lubri- 
cating systems in order that the most desirable practices 
might be standardized. The pooled information con- 
tained herein should be considered a ‘‘guide to desira- 
ble practices.”’ 


INTRODUCTION 


lubricating systems on large or small units in land or marine 

service should be accomplished through the co-operative 
efforts of the turbine builder, the operator, and the oil supplier. 
No phase of this work should be undertaken without a thorough 
understanding of the possible effects on subsequent operation of 
the installation, nor should it be entrusted to persons lacking in 
experience, without adequate supervision. 

While it is the primary purpose of this guide to set forth 
recommendations for the preparation of a system immediately 
prior to its initial operation, the practices followed during the 
manufacture and fabrication of the component parts are felt 
to be so closely related to the operation that a brief summary 
of procedures found to have given good results is set down as 
‘manufacturers’ practices.” 


I should be emphasized that the preparation of new turbine 


MANUFACTURERS’ PRACTICES 


Piping. After fabrication in sections suitable for subsequent 
assembly, all piping is thoroughly cleaned by immersion in hot 
alkaline cleaning solutions for the removal of oil or paint. The 
same results may be accomplished by an alkaline steam-jet 
cleaning. Following this operation, the piping is thoroughly 
washed and pickled by immersion in hot dilute hydrochloric or 
sulphuric acid to which a suitable inhibitor has been added to 
prevent attack on the bare metal. Where bending sand has 
been used and may remain in inaccessible parts of the piping, 
the use of hydrofluoric acid for its removal is recommended. 
The acid-pickling operation is followed by thorough rinsing for 
the removal of all acid. The piping is dried, after which im- 
mediate application of a suitable rust-preventive compound is 
made. The use of a petroleum-base rust preventive readily 
soluble in oil is recommended to facilitate subsequent removal 
from the piping by the method recommended herein or by 
other methods. All open ends of cleaned and treated pipe should 
be sealed by a suitable means before storage or shipment. Prod- 


1 Report prepared by Technical Committee C, Section 1, A.S. 
T.M. Committee D-2; and sponsored by the Applications Subcom- 
mittee of the Petroleum Committee of the ASME Process Industries 
Division and presented at the Annual Meeting, Atlantic City, N. J., 
Dec. 1-5, 1947, of Tue AMERICAN SocreTy OF MECHANICAL ENGINEERS. 

Note: Statements and opinions advanced in papers are to be 
understood as individual expressions of their authors and not those 
of the Society. Paper No. 47—A-39. 


ucts used for joint compounds or gasket materials have been 
known to have a deleterious effect on turbine lubricating oil. 
Such materials shall be free of acid, lead compounds, oil-soluble 
components, and other materials adversely affecting oil-service 
life. 

Cast and Fabricated Parts Other Than Tanks or Gear Cases. 
Cast and fabricated parts, such as bearing pedestals and caps, 
bearing brackets, valve-gear parts, etc., which are in contact with 
the oil, should be cleaned free from rust and scale by blasting 
with steel shot or steel grit, wire-brushing, or chipping. Rust- 
preventive coatings adequate to supply protection during ship- 
ment and storage prior to erection should then be applied. 

Oil Tanks and Gear Cases. After fabrication has been com- 
pleted, oil tanks should be cleaned by steel-grit or steel-shot- 
blasting, or by a steel brush and by a solvent to remove all grease, 
dirt, and other foreign matter such as joint and gasket com- 
pounds. It should then be protected either by an oil- and 
water-resistant paint, or by a rust-preventive coating during 
shipment and storage prior to assembly. 

Gear casings, after fabrication has been completed, should be 
cleaned by steel-grit or steel-shot-blasting or by a wire brush 
and by a solvent to remove all dirt, grease, and other foreign 
matter. It should then be protected by an oil- and water-resist- 
ant paint or by a rust-preventive coating during shipment and 
storage prior to assembly. 


CLEANING AFTER ERECTION—DIRECT-CONNECTED UNITS 


General. Before any part of the cleaning job is undertaken, a 
thorough inspection should be made of the entire system by 
those charged with the responsibility for the cleaning. Its 
condition should be determined, and all peculiarities which may 
lead to difficulties, such as air pockets or areas of poor drainage, 
should be noted. This should be followed by an agreement on 
the procedure to be adopted, which should be concurred in by 
the builder’s, operator’s, and oil supplier’s representatives. The 
initial inspection will indicate the extent of manual labor re- 
quired before introduction of any oil or flushing fluid. By 
‘manual labor” is meant the removal of thick-film (greaselike) 
rust preventives, brushing, blasting, and sweeping for the re- 
moval of welding shot, chips, sand, etc. and general preparation 
for the flushing procedure which is to follow. In this and all 
subsequent operations, lintless wiping cloths must be used, as 
accumulations of lint from this source have been known to 
contribute to plugging of oilways, with resultant serious dam- 
age. 

Flushing. Prior to the installation and circulation of flushing 
oil, arrangements should be made to prevent the entrance of any 
contaminant carried in the oil into bearings. This can be ac- 
complished by the installation of blind flanges at the bearing 
oil inlets with “jumpers” across the bearings so as to avoid long 
dead ends. On small installations, or in other cases where this 
procedure is not felt to be justified, the shells of the bearings 
may be removed or rotated so as to prevent flow of oil through 
them, but not in such a manner as to shut off the flow of high- 
pressure oil. Depending on the size and layout of the system, 
and the capacity of the pump used to circulate the flushing 
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medium, it may be desirable to sectionalize the piping and flush 
the sections individually. 

For those installations in which any rust-preventive materials 
are present, such materials must be removed before the final 
charge of lubricating oil is placed in the system. It is the re- 
sponsibility of the turbine manufacturer to advise the operator 
or his engineers the type of rust preventive used. Rust pre- 
ventives which are not readily soluble in turbine oil should be 
removed prior to assembly. If the rust preventive is oil-soluble 
and can be flushed away, it is desirable to use a flushing oil of ‘the 
same or lower viscosity than the lubricating oil recommended. 
If this course is taken, it is considered desirable to use a flushing 
oil containing the same type of rust inhibitor as the final oil 
charge. A sufficient volume of flushing oil should be provided 
in the oit tanks to permit continuous circulation with the auxili- 
ary oil pump. Means should be provided for heating the flush- 
ing oil to a temperature of 125-180 F during circulation. Heat- 
ing to a temperature above the maximum to be expected in serv- 
ice is desirable, since it will result in expansion of the piping 
greater than will oceur in service, with consequent more ef- 
fective loosening of scale and other adhering materials. 

Continuous use of a filter or centrifuge during the flushing 
operation is important. Where the lubricating system is not 
equipped with a purifier, an auxiliary filter can be installed dur- 
ing circulation to remove suspended contaminants which might 
otherwise be carried in the system. Circulation of the hot flush- 
ing oil should be continued for as long a period as necessary; this 
period may vary from 4 hr for small units up to 96 hr or longer 
for larger units. Following this flushing operation all oil is 
drained from the system, particular care being taken to drain 
all low points in the piping, coolers, and governor mechanism. 
Heavy solids which have been flushed into the oil reservoir are 
removed manually, bearing pedestals inspected and cleaned, 
and the governor hydraulic mechanism disassembled for the 
removal of any foreign material. ; 

On small systems and those in which no rust-preventive ma- 
terials have been used, the initial flushing operation can be 
accomplished satisfactorily with a charge of the same type oil 
later to be installed as lubricant. In this case the procedure 
will be similar to that followed with the use of flushing oil, pre- 
cautions being taken to remove all loose dirt and to prevent the 
entrance of dirt or other foreign material into bearings and gov- 
ernor parts. Drainage and cleaning of the system in this case 
will be carried out in the manner described for flushing oil. 

Displacement. In certain instances, in order to assure the 
complete removal of all flushing oil and any contaminants which 
it may carry in solution, it may be desirable to follow the flushing 
with a charge of “displacement” oil. The decision on necessity 
for use of a displacement charge should be left to the judgment 
of the oil supplier and turbine engineer. Factors to be considered 
include type and viscosity of flushing oil and general cleanliness 
of the system. As a displacement oil, the same type of oil as is 
to be used for the lubricant is installed in sufficient volume to 
permit circulation, and the oil, heated to 130-150 F, circu- 
lated for approximately 2 hr. Since the viscosity of this oil will 
be higher than that of most oils used for flushing, some particles 
may be suspended and flushed out which were not removed 
by the less viscous oil. When inspection of the centrifuge or 
filter at this time indicates the system to be clean, the blind 
flanges and jumpers which were initially installed may be re- 
moved and circulation continued for an additional 2 to 4-hr 
period. During this cireulation, the governor mechanism should 
be actuated in order to assure flushing of these parts. When 
this operation has been completed, where practical, all accessible 
bearings should be removed and inspected and, if found to be 
in satisfactory condition, the system may be considered clean. 
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During drainage, attention should again be given to all low 
points, afd the oil reservoir should be wiped out with lintless 
cloths, thus removing any loose solids. 

In systems in which particular care has been taken during 
fabrication and erection, it has been found entirely satisfactory 
to operate the unit for a brief period up to a few weeks on the 
displacement charge of lubricating oil if laboratory tests indi- 
cate that the oil is in satisfactory condition, particularly in re- 
gard to viscosity and cleanliness. Where the operating require- 
ments will permit this schedule, the difficulties frequently en- 
countered in the operation of a new system can be worked out 
before the final lubricating oil is charged. 


JEARED AND MARINE 


The initial remarks made with respect to manufacturers’ prac- 
tices will apply generally to direct-connected and geared sets 
alike; however, in view of the greater complexity required in 
marine systems, some variations in the procedures may be found 
desirable, and the following complete procedure has been found to 
be highly satisfactory when followed closely by a large num- 
ber of shipbuilders: 

Cleaning Steel Pipes, Valves, and Fittings 

1 Before installation and after all fabrication has been com- 
pleted, all steel pipes, valves, and fittings are to be treated as 
follows and in the order given: 

(a) All fabricated steel pipes and flanged fittings to be blown 
with steam or air to remove loose scale and sand. Steel valves 
are thoroughly blown and then inspected to insure cleanliness. 
Valves should not be subjected to steps (b) through (A). 

(b) All fabricated steel pipes and flanged fittings to be sub- 
merged and washed in a boiling solution of an alkaline metal 
cleaner such as, sodium orthosilicate. The cleansing solution 
should be prepared in accordance with the recommendations of 
the manufacturer. Pipes and fittings are to be submerged in 
the boiling solution for a period of approximately 3 to 4 hr. 
During this operation all dirt, paint, and grease are removed from 
the metal, thereby preparing the pipes and fittings for the acid 
treatment. 

(c) The pipes and fittings to be rinsed in warm fresh water. 

(d) The parts are then to be pickled by one of the two following 
methods, depending upon the time available for the pickling 
process: 

(i) The pipes and fittings to be submerged in a solution of 
dilute hydrochloric acid, the composition of which shall be 1 part 
of concentrated hydrochloric acid and 1 part water to which a 
suitable inhibitor has been added to prevent attack on the bare 
metal. This process requires pickling for a period of 8 to 16 hr, 
depending upon the condition of the pipes before application of 
the acid treatment, or 

(ii) In lieu of the dilute hydrochloric-acid solution, the parts 
may be submerged in an acid bath composed of one part of 
concentrated sulphuric acid and fifteen parts of water to which a 
suitable inhibitor has been added to prevent attack on the bare 
metal. The temperature of the solution is kept between 140 
to 180 F. Parts may be pickled in this solution for about 30 
to 45 min. Sulphuric-acid treatment may be preferred to the 
hydrochloric-acid treatment because of the fact that the former 
is quicker acting, and the same results may be obtained. 

Either of the foregoing pickling processes removes all the scale 
from the metal. 

Note: The experience of some engineers indicates a greater 
tendency toward corrosion of pipe and fitting pickled with hy- 
drochloric-acid solution. Therefore it is recommended that 


wherever convenient, sulphuric acid should be used. If cir- 
cumstances dictate the use of hydrochloric acid, the time of 
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pickling and time from the acid bath to soda neutralization 
(item f) should be kept to the minimum. 


(e) Parts should again be rinsed in warm fresh water. 

(f) Submerge parts in boiling water to which a small amount 
of sal soda has been added. 

(g) Rinse with cold fresh water. 

(h) Dry parts with an air blast. 


Protection of Steel Pipes, Valves, and Fittings During Storage 

2 After the foregoing procedure has been accomplished, the 
metal has a bright clean finish which is prone to rust. To pre- 
vent the rusting of the parts it is necessary to coat the steel pipes, 
valves, and fittings with a rust preventive for protection during 
storage prior to installation. The procedure is outlined as follows: 

(a) The pickled steel parts are dipped in a rust-preventive 
solution. 

Note: Suitable oil-soluble rust preventives are preferred, 
since they will be removed by the flushing oil. 

(b) After the rust preventive has been applied, all open ends of 
the pipes, fittings, and valves are to be carefully sealed, 
Bronze Valves 

3 Bronze valves in lubricating-oil systems do not require the 
treatment as outlined in (1) and (2). 
treated as follows: 


Bronze valves are to be 


(a) The internal parts of the valves are removed and the valve 
bodies are thoroughly cleaned. 

(b) The valve bodies are placed in boiling water, to which a 
small amount of sal soda has been added, for approximately 1 
hr. 

(c) Valve bodies are then rinsed in cold fresh water. 


Protection of Main Reduction Gears 

4 (a) The following practice has been found satisfactory for 
short-time storage and domestic shipment of gears and gear 
casings: The gears, journals, bearings, coupling, and gear cas- 
ings should be cleaned with a solvent and allowed to drain, and 
then they should be coated with a rust-preventive compound, 


If the gears are shipped assembled in the casing, no additional 
protection is required, 

If the gears are shipped externally from the case in a crate 
and supported by the journals, the journals should be given 
special covering with greaseproof, acid-free paper and/or fabric 
wrapper, and additional coatings of rust-preventive compounds. 

For long-time storage or foreign shipment, the gears, journals, 
bearings, couplings, and gear casings should be given two coat- 
ings of a rust-preventive compound. If the gear is shipped 
separately from the casing in its own crate, the gear teeth as well 
as the journal should be wrapped with greaseproof acid-free 
paper and/or fabric wrapper with the wrapper extending down 
along the rim, in order completely to protect the teeth. The 
wrapper should also be covered with rust-preventive coatings. 

Some manufacturers prefer to coat reduction gears and the 
inside of the gear case with heavy grease as a protective mate- 
rial, in order to prevent rusting during shipment and storage 
prior to installation aboard ship. 

Immediately prior to installation, the rust preventive is re- 
moved from the main reduction gears and the inside of the gear 
case and the gears are then wiped dry with clean lintless cloths. 

(b) After installation aboard ship, a small amount of rust- 
inhibited turbine oil is poured and brushed over the cleaned 
surfaces of the main gears and pinions after the gears have been 
checked for tooth contact. Two electric heaters are placed in 
the opposite corners of the sump tank to maintain a uniform 
temperature throughout the unit and prevent condensation of 


moisture until the piping is completed and the sump tank is 
ready for final cleaning. 


Cleaning Main Lubricating-Ou Sump Tank 


5 (a) Where the oil sump is integral with the gear foundation, 
shall be prepared as follows prior to installation of the gear:? 

(i) The interior surface of the sump tank is washed with kero- 
sene or other suitable cleaner to remove all foreign material and 
then wiped with clean lintless cloths (not waste). All surfaces are 
then coated with rust-inhibited turbine oil. Care must be taken 
that all pockets are free from water and foreign material before 
the system is initially charged. 

(6) After the installation of the gear and all other parts, the 
lubricating oil system shall be cleaned as follows: 

(i) The sump and gear casing are to be inspected and cleaned 
where necessary to remove foreign material. All surfaces shall 
be covered with rust-inhibited turbine oil. 

(ii) The two electric heaters mentioned in (4b) are removed 
from the lubricating sump tank. 


Cleaning and Flushing Lubricating-Oil Systems 


6 After the installation of all parts, the lubricating-oil 
system shall be cleaned and flushed as follows and in the order 
stated: 

(a) After the cleaning procedure has been accomplished as 
stated, the sump tank is ready to be charged initially with oil. 

Note: Some shipyards prefer to use regular lubricating oil 
for the flushing operation, while others prefer the use of a special 
flushing oil. Some flushing oils contain kerosene and in some 
instances traces of rust were noted in the pipes and on the gears 
after using such products. Regular lubricating oil or special 
flushing oil, which contains a rust inhibitor, has been satisfac- 
torily used for flushing. It is considered preferable to use flush- 
ing oil containing the same type of rust inhibitor as will be used 
in the final oil charge. When regular lubricating oil is used for 
flushing, it should be noted that all dirt and foreign material 
are to be removed from the oil by purifying before the oil is re- 
turned to the system. 

(b) All reduction-gear sprays and lubricating-oil leads to bear- 
ings are to be blanked off as closely as possible to the parts they 
serve. 

(c) To eliminate dead ends in the system, all long leads are to 
be connected by jumpers to the lubricating-oil drains. Jumpers 
should be of the same approximate diameter as the pipe being 
flushed. 

(d) Temporary strainers of monel metal, 40 mesh or finer, 
or temporary cloth bags are used on the inside of the lubricating- 
oil-service duplex suction and discharge strainers during the flush- 
ing period. A temporary strainer box, approximately '/,-in. 
mesh, is installed around the lubricating-oil-suction bellmouth 
in the sump tank. Temporary strainers are installed prior to 
the flushing operation and are to remain in the system until and 
during the first dock trial. The purifier should be operated con- 
tinuously during circulation of the flushing oil. 

(e) The flushing oil should be maintained at a temperature of 
125-180 F for the first circulation. 

The following means for heating the flushing oil may be used. 
All precautions should be taken to prevent localized overheating 
of the oil: 

(i) Low-pressure steam (3-5 psi pressure) may be led to the 
water side of the main lubricating-oil cooler. 

(ii) A temporary heating coil may be installed in the lubri- 
cating-oil sump tank. 


2 Where the sump is separate from the gear foundation it may be 
cleaned either before or after installation of the gear. 
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(iii) A temporary heater may be installed in the piping system. 

Coil or heater is to have no internal joints. 

(f) Oil for flushing is to be pumped into the sump tanks and is 
to be circulated through lubricating-oil pipes without entering 
the bearings or reduction-gear sprayers at a temperature of 125- 
180 F for a period of not less than 48 hr, or until no further de- 
posits are removed by the strainers or purifier. 

(g) Experience in flushing lubricating-oil systems has shown 
that almost all of the larger particles of dirt and foreign material 
are collected in the temporary strainers during the first 2 hr of 
flushing. During this time it is necessary to clean the strainers 
at frequent intervals of approximately 15 min. The oil puri- 
fier should also be inspected frequently and cleaned if neces- 
sary. 

(h) After the flushing operation is completed, the oil is pumped 
out of the lubricating-oil sump tank and all jumpers are re- 
moved. The discharge leads to the gear-nozzle sprays, and 
turbine bearings are to remain blanked off. The main lubri- 
cating-oil piping system is then tested under higher than normal 
working pressures to detect any leaks. The piping layout and 
cooler design should be checked prior to making this test to as- 
sure that no damage will be caused by the test pressures. This 
test is made by filling the main lubricating-oil piping systems 
with turbine oil and bringing the pressure up to 50 psig, or twice 
the working pressure, whichever is greater. Some shipyards 
bring the pressure up to 150 psi for a greater factor of safety. 
This pressure is held for a sufficient length of time to allow for 
examination for leaks. 

Circulation of Lubricating Oil 

7 (a) After completing the foregoing test all blanks are re- 
moved and the pipes adjacent to the blanks which were not 
flushed previously cleaned with lintless cloths (not waste) and 
reassembled. 

(b) The lubricating-oil sump tank is inspected and cleaned if 
necessary. The final charge of lubricating oil is then pumped 
into the system. 

(c) Prior to any operation of the turbines and gears, lubricating 
oil is circulated through the complete system at a temperature 
of approximately 130 F with sprays in operation and with bearing- 
supply needle valves wide open for approximately 48 hr or until 
no further solids are removed by the purifier or strainers. Strain- 
ers and purifier are cleaned periodically if necessary. Inspection 
plates on the reduction gears are then removed and sprayers and 
gear teeth inspected. 

(d) After the circulation described in 7(c), a representative 
group of turbine bearings is examined and if found dirty, a fur- 
ther inspection of bearings should be made and all dirty bear- 
ings cleaned. At this time the lubricating oil in the sump tank 
is purified by the lubricating-oil purifier. 

(e) Circulation of lubricating oil shall again be started. Dur- 
ing this period the jacking gear shall be engaged and the main 
units turned over for a period of at least 2 hr. The purifier 
should be operated during this time. 

(f) After this circulation, a representative turbine bearing and 
pinion bearing are to be examined. If they are not clean, in- 
spection of all bearings should be made. 

(g) After the first dock trial, transfer oil in the lubricating-oil 
sump tanks to the lubricating-oil settling tanks and clean the 
lubricating-oil sump tanks with lintless cloths (not waste). 

(h) All temporary strainers are removed. 

(i) After the lubricating oil is allowed to settle, it is to be run 
through the lubricating-oil purifier before it is returned to the 
main lubricating-oil sump tank. 
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Inspections 

8 After the first dock trial, the following inspections will also 
be made: 

(a) Lubricating-oil sump tank. 

(b) Representative bearings, including turbine thrust bearing. 

(c) Main thrust bearing. 

(d) Gear surfaces and sprayer nozzles (through the inspection 
doors) and couplings and oil strainers. 

(e) Inlet end of lubricating-oil coolers. 

(f) Representative piping sections between strainers and bear- 
ing, paying particular attention to surfaces of the steel piping 
and internal parts of oil-actuated governor or controls. 


CONCLUSION 


While proper construction and preparation of the system prior 
to operation are essential, numerous additional factors are in- 
volved in obtaining continuous trouble-free operation of the 
turbine unit. These include adequate facilities for oil main- 
tenance, proper use of such facilities, and means adopted for 
periodic checking of oil quality. The Committee! hopes to con- 
sider and possibly make recommendations in regard to these 
factors at some later date. 


Discussion 


L. BaLLarD.* The Committee is to be congratulated on its ex- 
cellent approach to the establishment of a long-needed standard 
procedure for cleaning oiling systems of new steam turbines. The 
importance of an initially clean system cannot be overempha- 
sized, particularly from the standpoint of prolonging the time 
until the system must again be cleaned. The oiling systems of 
modern steam turbines are complex, and considerable time and 
expense are required for cleaning and, possibly, dismantling, after 
the unit is in service. 

Modern inhibited turbine oils will provide years of dependable 
service if initial contamination is eliminated, reasonable protec- 
tion provided against subsequent build-up of contaminants, and 
the catalytic effect of metals minimized. From the latter stand- 
point there is convincing evidence in support of the reeommenda- 
tion that an oil-resistant paint or protective coating be applied to 
the internal surfaces of the oil reservoir either at the manu- 
facturer’s plant or prior to installing the flushing oil. Although 
iron is one of the least active metals in its influence on oil de- 
terioration, nevertheless, the large area of metal surface with 
which the oil is in contact makes it desirable to provide a pro- 
tective coating. Of even greater importance is protection of the 
upper parts of the reservoir against corrosion. A rust-inhibited 
oil will prevent effectively rusting of oiling-system parts with 
which it is in contact, but the upper parts of the reservoir are not 
so coated. Asa result, they are subject to possible corrosion by 
water vapor and low-molecular-weight volatile acids, the latter 
produced as a result of oil oxidation. A suitable oil-resistant 
paint, a number of which are on the market, will serve the double 
purpose of protecting the upper parts of the reservoir against 
corrosion and minimizing the detrimental influence of the large 
area of iron surface on oil deterioration. Once the turbine is in 
service and the metal surfaces permeated with oil, a very rigid 
cleaning procedure is required to provide assurance that the 
paint will adhere firmly and not peel off. The proper time to 
apply such a coating is prior to initial operation of the unit. 


C. W. Bett, Sr.‘ This paper points out a large number of 


3 Assistant Sales Engineer Manager—Industrial, Tidewater As- 
sociated Oil Company, New York, N. Y. Mem. ASME. 

4 Pennsylvania Power & Light Company, Hazleton, Pa. Mem. 
ASME. 
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hazards frequently overlooked in the planning for building and 
putting in service, equipment depending on circulating-oil sys- 
tems. (The rules suggested here apply as well to heavy motor- 
driven equipment as to turbines.) Such a set of suggestions will 
assist in stabilizing what has been a very confused situation. 

The paper does not emphasize the value of laboratory checking 
of samples during flushing and early operation of lubricating 
systems. This writer believes such checking valuable and would 
like to hear an expression from others on this point. 

It has been found that by-pass filters can be notably effective 

‘if connected in a strategic manner so that heavier foreign matter 
is taken off naturally. This will include moisture and rust par- 
ticles. The results may be indifferent if the connection is not 
properly located. 

Every element of the lubrication system which will be either 
exposed to the oil stream itself or to vapors therefrom, should be 
blasted or pickled and properly painted, in so far as possible, with 
a permanent moisture- and oil-resistant paint, before being filled 
with oil. It is next to impossible to make paint adhere to metal 
surfaces after they have been oil-soaked. 

Tanks and other containers, piping, etc., should be made, when 
it is possible, with smooth unobstructed inner surfaces. Tack- 
welded angles and other internal tank stiffeners interfere with 
satisfactory rustproofing when new and are traps for contami- 
nants later. : 

The writer feels that wire brushes should only be recommended 
for removal of incidental rust. They will never remove mill scale 
nor will they produce a thoroughly satisfactory surface to which 
paint will adhere. 

Heating of lubricating oils can be done more safely with hot 
water than with steam. When the more volatile solvent-type 
oils are used for flushing, the safe temperature limit may be 
critical at less than 212 F. 

In general, an oil system designed to preserve the lubricating 
oil will be of the “slow-circuit” type, which will drop out heavy 
contaminants and will also have a tendency to clear itself of the 
usual heavier materials rather promptly. 

The term “grease’’ as a rust preventive is questionable because 
many heavy greases would be bad contaminants in turbine-type 
oils. 


LeRoy F. Deminc.§ The following observations relative to 
marine installations of turbine-gear lubrication systems are 
based upon the writer’s contact with ships built for the United 
States Maritime Commission during and subsequent to the war. 

1 The strainers and filters through which the flushing oil 
is circulated serve principally to remove pipe scale, sand, and 
shipyard debris. A magnetic filter is usually installed to remove 
small particles of ferrous metals. The removal of microscopic 
particles of dirt, sludge, and varnish has not been observed to be 
a problem worthy of consideration in the flushing of new tur- 
bine and gear lubrication systems. 


2 Steel pipe and plate used in the fabrication of lube-oil 


systems should be pickled to remove mill scale. The waiver of 
this requirement during the war produced results which make 
it appear to be questionable wisdom to depart from the require- 
ments, even when facing a national emergency such as we faced 
at that time. 

3 The trouble experienced with rust in some turbine-gear in- 
stallations due to the condensation of moisture in the gear 
case was conspicuous by its absence in the C-2 ships which were 
fitted with a dehumidifier in the vent on the main gear case. 


* Arlington, Va. 


These units were installed on ships built by the North Carolina 
Shipbuilding Company at Wilmington, N. C. However, this 
yard was equipped with a gear shop in which the gears were 
assembled before being installed in the ships. The precautions 
exercised in this yard to insure that the gears were in good con- 
dition when installed could not be duplicated in shipyards not so 
equipped, and it is possible that not all of the improved operating 
experience with rust should be credited to the dehumidifiers. 

Another feature of the dehumidifier worthy of mention is the 
condensation and return to the system of oil vapor which other- 
wise escapes into the engine room. 

4 The problems arising from the use of paint to prevent 
rusting of parts between the time of manufacture and the time 
the vessel is placed in service are of interest. The vessels in the 
Commission’s laidup or reserve fleet are prepared for layup by 
withdrawing the oil from the lubrication system; the system is 
then charged with a conditioning compound, U. 8S. Navy Speci- 
fication 52C16a, Grade II. The conditioning compound is circu- 
lated through the system until the entire surface of the gears, the 
interior of the pipes, gear cases, sumps, gravity tanks, etc., are 
thoroughly coated. The conditioning compound which has 
not adhered to the surfaces mentioned is then withdrawn and 
re-used on other ships. No special flushing is specified for the 
preparation of the vessel for return to service. The conditioning 
compound is sgluble in lubricating oil, and it is claimed it has 
no harmful effects. It may be applied as noted, by spray equip- 
ment or by hand brush. Since the conditioning compound has 
been found to be an effective rust preventive, its use in lieu of 
paint for the preservation of the surface of ferrous metals through 
the interval mentioned would seem to merit consideration. 


F. S. Jones.¢ Although it is not mentioned in the paper, it 
should be pointed out that the manufacturer’s field engineer plays 
a very important part in the proper preparation of a new turbine- 
lubrication system prior to the installation of the operating batch 
of oil. He knows, through instruction from his factory, the type 
of material that may have been used for rustproofing of various 
parts of the oiling system and therefore knows what procedure 
should be necessary for the complete removal of such coating 
where necessary. Furthermore, he is informed as. to whether or 


_ not any of the coatings may be of a nature that would injure 


turbine oil if it were used for flushing, and can decide whether or 
not the same turbine oil can be used for lubrication after being 
purified. 

If various parts of the lubrication system are sectionalized for 
flushing, care should be taken so that no unprotected parts should 
be subjected to heat enough to promote condensation when they 
cool off again. 


CoMMITTEE CLOSURE 


The Committee charged with the responsibility of preparing 
this paper greatly appreciates the comments of the various dis- 
cussers relative to the need for a paper of this type. With regard 
to the suggestion made by several of the discussers pertaining to 
the application of oil and water-resistant paints to prevent rust- 
ing, the Committee has found such materials very helpful where 
properly selected and applied. Paints which were not suitably 
oil resistant or which were not applied with sufficient care have 
been known to contaminate the turbine lubricating oil causing 
operating difficulties. 


6 Industrial Division, Socony, Vacuum Oil Company, New York, 
N.Y. Mem. ASME. 
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Heat Transfer to Water Boiling 


Under Pressure 


By E. A. FARBER! anp R. L. SCORAH? 


The film coefficient of heat transfer from a hot metal 
surface to a boiling liquid was estimated from experiments 
with an electrically heated wire submerged in the liquid. 
The heat-flow rate was given by the consumption of elec- 
tric power. The temperature drop through the film was 
taken as the difference between the surface temperature 
of the wire and the mean temperature of the liquid. The 
surface temperature of the wire was estimated by a small 
thermocouple. The graph of film coefficient, as a func- 
tion of temperature drop through the film, is called the 
“boiling” curve. As the temperature drop increased, the 
film coefficient first rose to a maximum, then fell to a 
minimum, from which it rose steadily as the temperature 
drop continued to increase. When water was boiled at 
atmospheric pressure, different heated metals gave dif- 
ferent boiling curves. Preliminary data are given for 
nickel, tungsten, chromel A, and chromel C. When water 
was boiled at different elevated pressures, the same heated 
metal gave different boiling curves. The data are given 
for nickel and chromel at 0, 25, 50, 75, and 100 psig. 
Throughout these experiments the general form of the 
boiling curve remains the same. 


INTRODUCTION 


HERE is an extensive literature on the subject of boiling, 

excellent reviews of which have been given by McAdams 

(1),3 King (2), Jakob (3), Drew and Mueller (4). Many 
investigations have been made of the boiling curve using steam- 
heated metal tubes submerged in various liquids boiling at 
atmospheric pressure. Under these conditions, the temperature 
drop through the boiling film has been limited to modest values, 
usually less than 240 F. In general, these experiments have 
given values along the boiling curve for various combinations of 
liquids and metals. These data have often been sufficient to de- 
fine the maximum values of the film coefficient and frequently 
extend to the region of the minimum values. 

Apparently it was Nukiyama (5) who first obtained values of 
the film coefficient in the region beyond the minimum on the 
boiling curve. He used an electrically heated platinum wire 
submerged in water boiling at atmospheric pressure. For some 
reason, he was unable to determine values of the film coefficient 
in the region between the maximum and minimum points of the 
boiling curve, and, consequently, his maximum and minimum 
values rest to some extent on speculation. Furthermore, he 
used no surface-standardizing procedure, as did the present 


' Research Fellow, University of Iowa, Iowa City, Iowa. Jun. 
ASME, 

* Professor of Mechanical Engineering, University of Missouri, 
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authors. Therefore his results are not comparable, so are not 


presented herewith for comparison. 
EXPERIMENTAL ARRANGEMENTS 


The fundamental characteristics of the experiment were first 
explored at atmospheric pressure in the open jar shown in Fig. 1. 
The tests reported herewith were made in the pressure apparatus 
shown in Fig 2, using the bus bars shown in Fig. 3. The pressure 
vessel consists of a 6-in. pipe-cross mounted horizontally, with 
glass windows fitted at two opposite flanges. One other flange 
is connected to a vertical 6-in. header, and the opposite flange 
receives the test wire and thermocouple assembly mounted on a 
blind flange, as shown in Fig. 3. The vertical header is pro- 
vided with a water column, a safety valve, feed and drain lines, a 
pressure gage, a thermometer well, and an electric immersion 
heater. 


Test WIRES AND Bus Bars 


The submerged part of the electrical circuit is shown in Fig. 3. 
The upper bus bar was made of 1-in-diam cold-rolled steel 
shafting. One erid of the bar is reduced to 5/s in. diam to pass 
through a */,-in. hole in the blind flange and threaded to receive 


tightening nuts and collars. The collars and the bar were elec- 
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Fig. 1 Test APPARATUS 
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Fic. Pressure Apparatus in Tests REPORTED 


trically insulated from the flange by gaskets made of selected 
India mica. A movable extension arm made of '/2-in. X 2-in. 
mild steel and provided with a locking device was fitted per- 
pendicular to the 1-in. bar. 

The lower bus bar was made of mild steel in the form of a bolt 
with a 2-in-square head and a 5/s-in-diam shank threaded for 
tightening nuts and collars. The assembly was made through a 
hole in the flange using mica gaskets. Extension bars made in 
various lengths of !/s-in. X 2-in. mild-steel stock were fastened 
to the square head by alloy-steel cap screws. The contact sur- 
faces were lapped to secure good electrical connection. 

With these arrangements, the bus bars were able to accom- 
modate test wires of various lengths and to position them as de- 
sired in view of the observation windows. 

The connection between the bus bars and the test wires was 
made by means of two compression blocks at each joint. The 
blocks were made of !/,-in. X !/2-in. mild-steel stock each 2 in. 
long. The '/2-in. faces were lapped to each other and to the 
bus-bar surface to insure good electrical connection. Each pair 
of blocks was fastened to the bus bar by two alloy-steel cap 
screws. The test wire was gripped for a '/2-in. length between the 
two blocks. Round grooves were cold-forged in the block sur- 
face to grip the test wire without crushing. These grooves were 
made by pressing a pair of blocks together with a drill rod be- 
tween them of slightly smaller diameter than the test wire. 

In the experiments reported here, the test wires were all 
0.040 in. diam and made of nickel, tungsten, chromel A, or chro- 
mel C. The length of test wire between the bus-bar connections 
was 6 in. in all experiments. When assembled in the pressure 
vessel, the bus bars held the test wires in a horizontal position at 
an elevation about 20 in. below the water level. 
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Bus Bars Usep tn Test APPARATUS 


The electrical resistance of the circuit was concentrated in the 
test wires. The end losses were small since the results obtained 
were independent of the test-wire length. This characteristic 
was demonstrated by connecting the voltmeter leads with spring 
clips at various positions along the length of the test wire. For 
a given operating condition, the voltage drop was directly propor- 
tional to the wire length. The electrical resistance of the bus bars 
was so low that with our instruments the same voltage drop was 
observed when the voltmeter leads were clipped to the bus bars 
or to the ends of the heated test wire. In the experiments, the 
voltmeter leads were connected to the bus bars. 

Both direct and alternating current were used to heat the 
wires and no difference was detected in the results obtained. 
Under the conditions of our laboratory, it was more convenient to 
use 220-volt single-phase 60-cycle power. The supply line was 
connected to a 7-kva variac autotransformer which provided the 
quick control necessary to regulate the boiling process. The 
secondary of the autotransformer was connected to the primary 
of a 5-kva transformer having a 5 to 1 step-down voltage ratio. 
The 5-kva secondary was connected to the bus bars. 


TEMPERATURE MEASUREMENTS 


The surface temperature of the test wire was estimated in 
three ways: (a) by using the experimental wire as a resistance 
thermometer; (b) by using a small thermocouple; and (c) by an 
optical pyrometer at high temperatures. 

When the experimental wire was used as a resistance ther- 
mometer, the measurement of the surface temperature depended 
upon a knowledge of the temperature field within the wire. The 
analysis of the temperature field required a precise knowledge 
of the necessary physical, electrical, and thermal properties of the 
wire, and precise values of the current and voltage drop. The 
method appeared promising, but in practice, proved to require 
instrumentation beyond the facilities of our laboratory. Special 
difficulties confronted this method as the surface temperature 
of the test wire approached the melting point. Evidence was 
obtained that the core of the wire melted first and that the 
melted area could spread to points on the surface without causing 
the wire to separate into pieces. The microstructures shown 
in Fig. 4 were obtained from specimens of chromel C test wires 
0.100 in. diam, first in the as-received condition, and then after 
glowing under water for 15 min without separating into pieces. 
Evidently the greater part of the wire had been molten under 
water, and the value of such a wire as a resistance thermometer 
appeared very doubtful. Because of these difficulties, the use of 
a thermocouple and an optical pyrometer was investigated. 

The thermocouples finally employed were made of chromel- 
alumel No. 28 gage wire. A small cylindrical thermocouple 
weld was used, and the couple was electrically welded to 
the surface of the test wire in a position normal to the test-wire 
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surface. The weld was made without forming a fillet. The 
temperatures indicated by such thermocouples when the sub- 
merged test wire was not heated electrically agreed with the water 
temperatures given by a Weston thermometer. By heating the 
submerged test wire electrically until it was glowing, the surface 
temperature could be estimated by a Leeds and Northrup optical 
pyrometer. The results of this comparison agreed within 30 deg 
F at indicated temperatures of the order of 1500 F. Under these 
operating conditions the test wire was surrounded by a thick 
film of highly superheated steam. The thermocouple wires 
passed through this film. In so far as the eye could detect, there 
was no variation in color or brightness along the length of the 
test wire or at the thermocouple connection, and no indication of 
boiling was observed along the thermocouple wires. The availa- 
ble evidence suggests that the film of superheated steam sup- 
pressed the temperature gradient along the thermocouple wires 
situated within the film so that the conduction loss was small 
and the junction, accordingly, operated very near the surface 
temperature of the test wire. In the preparation of the test 
wires with thermocouple attached, only about one assembly in ten 
passed the following inspections: 


1 A small cylindrical thermocouple junction welded normal 
to the test-wire surface without forming a fillet. 

2 Agreement between the temperature indicated by the 
thermocouple and the temperature of the water when the sub- 
merged test wire was not heated electrically. 

3 A uniform color and brightness along the test wire and at 
the thermoeouple junction when the test wire was glowing under 
water. 

4 Agreement within 2 per cent between the temperature indi- 
cated by the thermocouple and the temperature indicated by an 
optical pyrometer when the test wire was glowing under water. 


Having passed these inspections, the temperature indicated by 
the thermocouple was taken as the surface temperature of the 
wire, 

Test runs were made with the thermocouple attached at the 
top, side, and bottom of the test wire with the same results. 
Similar runs were made with the thermocouple attached at vari- 
ous locations along the length of the test wire with no difference 
in the results. In the experiments reported here, the thermo- 


After glowing; X18 


or CuroMEL C Test WIRES 


couple was attached near the mid-length of the test wire at a 
point about 30 deg above the horizontal. The length of sub- 
merged thermocouple wires was about 11 in. 

Surface temperatures obtained in this way are certainly sub- 
ject to error, but under the circumstances, they appear to be the 
best available estimates of the true surface temperatures. 

The temperature of the water was read from a Weston ther- 
mometer and checked with the saturation temperature corre- 
sponding to the pressure. 


ANALYTICAL PROCEDURE 


The numerical observations consist of the length and diameter 
of the wire, the values of electric current, voltage drop, water 
temperature, and hot surface temperature. 

The heat transfer is 


and the film coefficient 
3.413 EI 
(2! 
AAT xDL(T,—T,) 
where 
q = heat transfer, Btu/hr 
h = film coefficient of heat transfer, Btu/(hr) (ft?) (deg F) 


= voltage drop in the test wire, volts 


I = current flow in the test wire, amp 
D = wire diameter, ft 
L = wire length, ft 


T, = surface temperature of wire, deg F 
mean water temperature, deg F 
AT = T, — T,, = temperature drop in boiling film, deg F 


s 
° 
° 
a 
106 aT aT 


Fie. 5 Bortinc Curves 


‘ 


372 TRANSACTIONS OF THE ASME 


OPERATING CHARACTERISTICS 


The general form of the experimental results is shown in Fig. 5. 
The boiling process was stable from A to B and from C to D, 
and unstable between B and C. After increasing the energy 
input from A to B, a further increase caused the wire tempera- 
ture to rise as much as 1000 deg F, and the boiling process would 
attempt to come into equilibrium at some’ point E above the 
melting point of the experimental wire. When the entrgy in- 
put was quickly lowered before the wire could melt, the boiling 
process would reach equilibrium at some point such as D. The 
energy input could then be regulated for various conditions be- 
tween D and C. Starting at C with slowly applied increases of 
energy, it was frequently possible to move the boiling process 
through the conditions between C and B. Starting at F in the 
unstable region, a quickly applied increase of energy would cause 
the boiling process to shift to some point such as G, and con- 
versely, a quickly applied decrease of energy would cause the 
boiling process to shift to some point such as H. For energy 
inputs between B and C, there were three possible values of AT, 
the melting temperature of the wire permitting. 


VISUAL OBSERVATIONS 


From visual observations of the boiling process, it was possible 
to identify at least six different variations corresponding to 
different regions along the boiling curve. The transition from 
one type into another, though gradual, is represented by Jines in 
Fig. 6. The different types of boiling are described as follows: 


I For AT values from 0 up to about 4 F, steam was pro- 
duced by vaporization at the liquid-vapor interface. The heat 
transfer from the metal surface to the liquid took place by con- 
duction and single-phase convection which maintained an upward 
flow of superheated liquid. 

II Ebullition began ata AT value of about 4 F. For values 
of AT from 4 to about 11 F, many small spheroidal bubbles would 
leave the metal surface, some combined to form larger bubbles, all 
condensed in superheated liquid before reaching the liquid-vapor 
interface. The boiling was nucleate in the sense that the 
bubbles originated at favored spots on the metal surface. Care 
was taken to insure the absence of subcooled liquid. 

III For values of AT from 11 to about 65 F, nucleate boiling 
was observed. Larger and more numerous bubbles were gene- 
rated, and they were able to transport steam to the liquid-vapor 
interface. Whether these bubbles increased or decreased in 
size could not be observed since several bubbles would almost 
invariably combine before reaching the interface. 

IV For values of AT’ from 65 to 400 F, an unstable steam 
film formed around the wire, and large bubbles originated at the 
outer upper surface of this film. This steam film was not me- 
chanically stable, and under the action of the circulation cur- 
rents the film appeared to collapse and re-form rapidly. The 
presence of this steam film provided additional resistance to heat 
transfer, and reduced the value of the heat-transfer coefficient. 

V For values of AT from 400 to 1000 F, the steam film 
around the wire was stable in the sense that it did not collapse 
and re-form repeatedly. The shape of the outer surface of the 
steam film varied continuously under the action of the circula- 
tion currents and the rapid discharge of steam bubbles. 

VI For values of AT above 1000 F, the influence of radiation 
became pronounced. In this region the wire was observed to 
radiate visible light. The steam film was very stable me- 
chanically, and the orderly discharge of bubbles suggested (a) 
that the frequency and location of bubble origination was con- 
trolled by factors operating at the outer surface of the steam 
film, and (b) that ‘favored spots’ along the wire were without 
effect. 
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Fig. 7 shows in sketch form the phenomena observed in the 
different regions along the boiling curve. Photographic observa- 
tions were tried with disappointing results. 

The foregoing descriptions and sketches apply for atmospheric 
pressure. At elevated pressures, the corresponding values of 
AT along the boiling curve were modified as shown by the data. 
The appearance of the boiling process under pressure paralleled 
the descriptions. In general, the bubbles were smaller, the films 
thinner, the circulation less. 

Since the same rate of heat transfer can be obtained with any 
one of three different values of AT’, it was possible to operate a 
wire with sections at any one of three different temperatures. 
This type of operation was used to observe the shape and be- 
havior of the axial end of the steam film. The middle portion 
of an experimental wire was heated to incandescence, and a steam 
film described as type VI was established. The wire on either 
side of this glowing section was operated at a lower value of AT 
corresponding to type III boiling. The change from film to 
nucleate boiling at both ends of the incandescent section was 
sharp. The end of the film was funnel-shaped as shown in Fig. 
8. On the liquid side of the funnel, no bubbles were observed 
for a short distance along the wire, which suggested that the 
heat transferred in this section was absorbed by superheating 
the liquid. Only the ragged end of the funnel cone gave off 
bubbles, and they were discharged at a rather high velocity in 
the axial direction. This type of film-end boiling was a noisy 
process and at times caused the wire and its supports to vibrate. 


EXPERIMENTAL RESULTS 


Test data were taken at 0, 25, 50, 75, and 100 psig. In all tests 
the wires were 6 in. long, 0.040 in. diam, and were operated in a 
horizontal position at a point 20 in. below the water level. The 
results for chromel C, chromel A, and nickel are plotted in Figs. 
9, 10, and 11, respectively. A comparison of the boiling curves 
at 0 psig for chromel C, chromel A, nickel, and tungsten is shown 
in Fig. 12. The test data are given in Table 1. 


REPRODUCIBILITY OF EXPERIMENTAL RESULTS 


When new test wires were required, they were made to glow 
under water for about 15 min, after which previous test results 
could be duplicated. One demonstration of this characteristic 
was the comparison of six test runs made with different wires 
on different days. The test data are given in Table 2, and 
plotted in Fig. 13. These test wires were made of chromel C, 
0.040 in. diam X 6 in. long, and were operated in a horizontal 
position under atmospheric pressure plus 20 in. of water. 


WIRE-SURFACE-FINISH MEASUREMENTS 


Preliminary studies of the wire surface have included measure- 
ments of the surface roughness of chromel C wires as-received, 
and after glowing under water for 15 min. The surface profiles 
shown in Fig. 14 were made by Mr. Paul Ogden with a Type 
SA2 Brush surface analyzer, and the root-mean-square roughness 
was measured with a type BL-105 meter. The trace was made 
parallel to the wire axis. The wires were 0.102 in. diam. The 
roughness expressed in root-mean-square microinches at 8 loca- 
tions on each wire was as follows: 


Rms Maximum’ Mean Minimum Max/ Min 
As-received 54 30.5 7 7.14 
' Glowing 15 min. 64 43.5 23 2.78 


These measurements indicate that after glowing under water for 
15 min, the mean roughness of the wire surface was increased 42 
per cent, and the range of roughness was decreased 61 per cent. 
The small increase in mean roughness was not considered sig- 
nificant, but the large increase in uniformity of the roughness and 
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TABLE 1 DATA FROM TESTS ON CHROMEL C, CHROMEL A, NICKEL, AND TUNGSTEN WIRE 
(All wires 0.040 in. diam and 6 in. long. Wires held horizontal and 20 in. below water level) 
V/A at h E I Q/a oT h 
A = 2120 
pril 25, 1946, chromel'C, o psig, Tw 212° F, 1502 8742 858000. 58.0 11,820. 
493000. 2.8 5930. 
= 6.6 38.2 164,000, 176. 932. 
3 22.6 57900. 392. 148. 
bees 24.6 67750 26.3 2580. 6.40 37.2 155000, 1200. 123. 
276000. 44.8 8020 
1s? 85.6 820000, 90.8 11250 June 13, 1946, chromel C, 75 psig, Tw = 320° F, 
16.2 94.2 992500. 99.9 9970. 
14.13 82.4 756000 143. 5290. 
9-15 3468 326000, 222. 14706 *02¢ 2.61 1.37 1.90 
4. 33 31.6 89000. 510. 1756 “116 E51 50.7 2°52 22°82 
3699 2362 60300, 1009. 59.8 1°98 3°76 
4.68 27.2 82900, 1420. 58.5 1°05 6.05 4130, 5°92 700: 
7.90 46.0 236500. 2280. 103.5 8.55 49.6 276000. 13.3 20810 
June 12, 1946, chromel C, 25 psic, Tw = 267° F, 
, 18.8 09.6 1340000, 30.1 444,500. 
y 44,5 89.0 886000. 42.8 20670. 
20 ll. 6604 493000. 69.5 7080. 
7037 4208 204,000, 123. 1670, 
3.89 22.6 57300. 219 262. 
3085 2242 55600, 508. 109.5 
3025 18.8 39800. lé Po] 2110. 5-96 3406 134,000 889 151 
7.08 41.0 189000. 26.9 7013. 
9.67 5966 376000, 3304 11230. 
13250 F321, 690000. 1229 16120. June 15, 1946, chromel C, 100 psig, Tw = 337° F, 
15.60 90.6 920000: $1.1 12090 .006 6 
16475 97 ols 1063000. $l. 17250. 2018 "100 12h 70 1179 
13.60 79.0 700000. lll. 6320. 058 12.7 1.32 
33.4 125400. 276. 45 e218 180, 2.21 31.8 
3.80 52500. 643. 81.1 “358 4°97 2780. 3:46 
the 3293 22.7 58000. 5.68 10200. 
10.0 5842 379000. 7.30 51830. 
7228 b202 200000. 16. 10903 Abe? 85.6 819000. 9.20 _&9160. 
. 20.5 119.0 1590000. 2.8 21,200. 
June 235 19406, chromel Cs 50 psig, Tw = 297° F, 20.0 116.4 
18.1 105.0 12140000. 19.9 62100. 
20019 1h 90 1657) 1405 3406 798000. 2he? 32500. 
0053 +310 10.7 1.72 6.23 8.9 530k 309000. 50.9 6050. 
1.06 125.6 3421 3902 “68600. 87.1 789. 
542 3.14 1109. 5268 195. 2675 15.8 28300, 1738. 159. 
1.67 9-70 10540. 9-72 1086. 2.89 15.8 31600, 251. 126, 
7.89 45.8 235000. 19.8 11930. 
12,2 566000. 2567 22080, 
11.9 86.4 839000! 32.1 26170. May 6, 1946, chromel A, o psig, Tw = 211° F, 
15.5 89.8 906000. 3905 22910. 003 2017 .03 219 217 
2005 2022 207 edl 
2012 2057 ohh 58 
0126 6.23 1.00 6.23 
2061 11.75 1.70 6.9 
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TABLE 1 (Continued) TABLE 1 (Continued) 
AT F I Q/A AT h 
3.61 230.0 540500. 10.6 51110. 
5265 27.6 101600. 9.02 11250. 1.63 103.6 109900. 20.3 5420. 
4.01 19.46 50900. 13.5 3760. +882 56.2 32270, 5201 620, 
2.54 12.36 204,20. 20.8 981. 2810 51.8 27310. 203. 135. 
267k 13.36 23810. 39.8 1,09 69.2 49100. 462. 106, 
5.17 2502 84,900. 142. 598. 1.53 7.6 97210. 821. 119, 
8,25 40.2 216000, 239. 906. 345 220.0 494100. 1730. 287. 
May 10, 1946, nickel, o psig, Tw = 212° F, July 2, 1946, nickel, 75 psig, Tw = 320° F, 
200188 21196 035 242 200123 0787 06 022 229 
200388 02465 262 262 1.00 200427 22718 052 
200872 2558 1.09 2.92 200851 5.42 30.1 1.10 
20384 25.8 00354 22.61 522. 1.68 Si. 
20848 5.39 297.6 3,22 90.3 2568 36.2 13400, 2625 5950. 
0178 11.38 1320. 4.63 286. 256 99,2 101000. 3.14 32110, 
0495 31.35 10100. 6.22 1630. 3,02 192.4 378500. 4.63 80170, 
292k 8.4 35120. 7.58 4,630. 3.72 236.0 571000. 5.58 102300. 
1. 56 el, 101000. 8.99 11210. 3296 252.0 650000. 6.92 94250. 
2.51 159.4 260500. 11.8 22130. 4el6 264.0 715000, 11.9 60320, 
2.90 185.0 34.9000. 14.3 26500. 2,03 129.0 170800, 17.3 9870, 
3.03 193.0 380600. 18.3 2810, 1.20 76.6 59000, 28.5 2105. 
1.89 120.8 148700, 30.3 4920. 089 56.4 32700. 267. 
283 52.6 284,00. 6561 436. 2.12 70.8 51200, 3596 143. 
267 18500. 222. 83. 1.94 124.0 156900, 830, 189. 
87 55.6 31440. 438. Te 3.13 199.6 407000 1480. 276. 
3.33 72.0 52900, 698. 76. 
2.30 146.0 218500. 1750. 125. July 3, 1946, nickel, 100 psig, Tw = 337 F. 
3.03 193.0 380500. 2080. 183. 
200278 032 91 
Juen 29, 1946, nickel, 25 psig, Tw = 267° F, 20123 732 6.27 061 10,3 
00636 4.04 167.3 092 182. 
.0014 .090 .08 sae 2288 18.3 3439. 1.32 2610, 
20065 0415 1.76 282 2.14 0965 61.6 38700, 1.78 21800. 
20298 1.848 35.9 1.78 19.6 2.18 131.8 187000, 2.16 864,00, 
sae3 7.86 629.4 3.08 205. 3465 232.0 552000, 3.07 181200. 
2352 21.62 95h. 4.61 1030. 4.03 256.0 672000, 4.31 156000, 
0985 62.8 40270. 5.99 6720. 2.68 170.4 298000, 7.80 38200, 
2.43 154.8 244900. 8.73 28150. 1.37 87.4 78000, 19.2 4080. 
2.98 190.0 368600, 33219. 2910 57.8 34250. 37.9 906. 
3.09 197.0 1038000, 23.2 30150, e911 58.0 34450 178. 193. 
2.17 138.4 195500. 20.7 94,70. 1,09 9.2 49200. 293. 168. 
1.06 67.6 14,6650. 39.5 1120. 1.64 104.4 111500, 618. 181. 
+699 20300. 165. 3.22 205.0 431000, 1390. 310. 
0915 58.2 34670. 382. 91. 
1.15 73.0 54650. 619. 88, May 12, 1946, tungsten, O psig, Twe 212° F, 
2543 135.8 188300, 1420. 
2.73 238.0 423000. 2090. 20021 20326 205 025 18 
20041 0753 220 48 
July 1, 1946, nickel, 50 psig, Tw = 297° F. 20142 0214 1,98 ell 1.79 
20322 0488 10.23 1.98 5.18 
.00188 0119 1.46 046 20762 1.152 5761 3416 18.1 
200519 2369 1.25 2.07 220 3.044 396. 5.61 70.9 
21048 065 453.7 2.22 205. 1.00 20.0 13020, 13.0 832. 
0421 26.82 7350. 098 24,80. 2.00 39060, 14. 2315. 
1.31 83.6 71300. 3-99 17930. 2,50 40.0 65100. 16,0 3370. 
2.43 154.6 244500. 548 720. 
212.0 461000. 34,0. 
TABLE 1 (Continued) 
E I Q/A 4T h 
3.25 50.0 105800. 17.0 5170. 
4.10 60.0 160100. + 36,0 84,70. 
§.25 80.0 273400. 20.0 11340. 
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TABLE 2, COMPARATIVE DATA FROM SIX TEST RUNS ON DIFFERENT WIRES ON DIFFERENT DAYS 


(Six chromel C wires with pressure 0 psig. All wires 0.040 in. diam and 6 in. long. Wires held horizontal and 20 in, below water level) 
E I Q/A aT h E I Q/A AT h 
Wire No. 3. April 18, 1946 = Twe 212° F, 
Wire No. 1, April 10, 1946, Tw = 212° F. : 
00326 -0189 OL 022 -18 
200747 20432 e41 
00182 024 .138 2.15 1.39 1.55 
00228 0132 02 013 40.2 10.2 
-00557 +0322 239 2465 2.72 832 9.30 88.5 
-0117 -0678 52 1.77 10.3 11890 18.8 32 
0496 +287 9.27 2.26 4.1 5.41 31.2 110000 28.9 3810 
-160 0926 90.7 5.05 19.2 9,62 43.8 214800 34.1 6300 
712 4.12 1910 ll.1 172. 11.6 67.6 512500 51.0 10050 
2.29 13.3 19980 20.1 993 14.1 82.2 755400 67.5 11200 
4.97 28.8 93500 29.1 3210 16.1 93.2 977000 81.0 12060 
6.05 35.2 138800 34.0 4080 15.7 8h. 865000 115 7520 
9.27 53.6 324,000 40.5 8000 7-13 41.4 190200 241 790 
10.10 59.0 388800 48.0 8100 4.70 27k 84,000 410 205 
11.25 65.6 481000 54.0 8900 3.60 21.0 49300 783 63 
13.25 76.8 665000 60.1 11050 itd 23.8 63800 1160 55 
15.60 90.4 915000 84 19909 4.88 28.2 89600 1690 53 
14.60 84.4 801000 199 7350 7.56 44.0 216500 2165 100 
14.40 83.6 783000 15 5190 
maz 64.2 465000 193 2410 
5243 31.4 111200 372 299 Wire No. &., April 19, 1946, Tw e 212° F. 
3.79 23.8 58800 588 100 
3.78 21.8 53600 1050 51 .00171 .9099 .10 
3.84 19.8 109000 1880 58 .00219 .0127 .02 
6.67 3764 164000 2090 82 .00277 -0162 03 19 15 
290831 0482 22 58 045 
300 10,1 2.30 4.3 
-216 1.26 177 5.92 30 
Wire No 2., April 11, 1946, TW 212° F. 3.25 18.9 14,0000 2he7 1620 
3.84 22.4 55950 25.3 2210 
6.05 35.4 139300 30.9 4510 
7.09 47.8 256000 39.2 6530 
00261 02 18 11.35 65.6 485000 51.8 9370 
00675 0392 49 13.30 77.0 666000 60.0 11100 
-0173 -0998 1685 1.10 1.05 15.80 91.6 942000 77.8 1210C 
438 15.6 2.79 5.61 16.20 94.0 994000 1¢9 9120 
178 1,02 113 5-59 21.1 14.65 85.2 813500 133 6110 
-880 5.08 2910 13. 222 12.80 7h.2 617500 172 90 
2.89 16.8 31600 22.9 1380 5.85 40.2 153100 287 533 
6.12 35.6 141900 31.8 4460 3.94 23.0 59100 519 1ls 
6.68 54.0 235000 38.2 6150 i,.00 23.2 60500 605 100 
12.0 69.6 546000 2369 10200 3.65 21.2 ©5400 710 71 
13.0 75.6 64,2500 64.2 10050 3.99 23.0 59800 12z0 49 
| 88.4 877500 88.0 9970 6.45 37.6 158000 2060 76 
14.8 86.2 834500 126 6620 8.10 47.0 248000 2215 112 
13.8 79.8 715500 159 4500 
12.1 70.4 555000 178 3120 
5.85 33.9 129000 
3 20 
— | + 3 1220 48 Wire No. 5., April 25, 1946, data given in Table l. 
7022 42.0 197500 2100 94 


TABLE 2. (Continued) 
E I Q/A AT h 
Wire No 6., May 12, 1946, TW e 2129 F. 


00276 0161 -03 
00485 0280 22 
-O1L4 0834 .78 
0398 .230 5. 1.93 3.09 
+427 20.5 3.05 6.72 
1.88 398 7.65 5 
1.255 7.26 5945 15.2 91 
3.50 20.2 46160 22.2 2080 
5.79 33-4 126000 30.6 010 . 
7.55 i,3. 216000 35.4 100 
10.7 61.8 430000 16.2 9310 
13. 78.4 694,000 62.5 11100 
15.7 91.2 934500 89 10500 
13.6 79.0 701000 169 4150 
6.20 35.8 14,600 295 490 
3.56 20.8 48300 895 54 
4.58 26.8 80050 1510 53 
6.86 39.8 178000 2170 82 
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the more fine-grained character of that roughness, as shown by 
the profile trace, was thought to be a contributing factor in ex- 
plaining the reproducibility of data after the wire had been made 
to glow under water. ‘ 

The available roughness measurements have suggested as & 
working hypothesis that the more uniform and fine-detailed 
roughness of a wire surface, produced by heating the wire to 


Srx Test Runs Wits Dirrerent Wires ON DIFFERENT Days 


incandescence under water, largely accounts for the reproduci- 
bility of the heat-transfer data from such wires. 


CONCLUSIONS 


A number of conclusions can be drawn from these preliminary 
experiments, as follows: 


1 The boiling curve was found to be continuous over a wide 
range of metal surface temperatures, and the form of the curve 
remained the same. As the value of AT’ was increased from 0, 
the value of the heat-transfer coefficient increased to a maxi- 
mum, then fell to a minimum, from which it increased steadily 
until the metal failed by melting. 

2 Atthesame pressure, different metals gave different numeri- 
cal values for the boiling curve. 

At atmospheric pressure and a AT of 10, the heat-transfer 
coefficient was 100 for chromel C, 500 for tungsten, 3300 for 
chromel A, and 20,000 for nickel. 

3 At different elevated pressures, the same metal gave differ- 
ent numerical values for the boiling curve. 

For chromel C and a AT of 10, the heat-transfer coefficient was 
100 for 0 psig, 1200 for 50 psig, 8000 for 75 psig, and 90,000 
for 100 psig. 

4 The mechanism of the boiling process is different for dif- 
ferent parts of the boiling curve. 

The boiling process at atmospheric and elevated pressures was 
observed, described, and illustrated in the paper. 

5 The mechanism of the boiling process permits the same 
heat-transfer rate with three different values of AT. 

For chromel C at atmospheric pressure, a heat-transfer rate 
of 100,000 Btu/(hr) (ft?) was allowed at AT values of 30, 430, and 
1650 F, the corresponding values of the heat-transfer coefficient 
being 3330, 232, and 60.5. The presence of such boiling condi- 
tions may explain certain industrial operating phenomena. 

6 The electrically heated, submerged-wire method of study- 
ing the boiling process is promising, and its further use and de- 


Tiki 
: 


380 : TRANSACTIONS OF THE ASME 


velopment should be encouraged. The precision of the surface 
temperature measurements should be increased. 
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Discussion 


R. C. Corey.‘ The results obtained by the authors for the 
variation of the heat-transfer coefficient, h, as a function of the 
temperature gradient between the heater and the liquid, are ex- 
tremely interesting and thought-provoking. That heat-transfer 
rates as high as 1,000,000 Btu per hr and sq ft could be attained 
with temperature differences of the order of 10 deg F, as noted 
for chromel C at a gage pressure of 100 psi, suggests lines for 
fundamental research on the heat-transfer characteristics of the 
steaming surfaces of boiler tubes at pressures up to 2000 psi. 
To date, estimates of the temperature gradient between the fluid 
and the tube metal in furnace wall tubes absorbing heat at 
rates of the order of 100,000 Btu per hr and sq ft are based upon 
assumed film coefficients between 5000 and 20,000, and therefore 
are subject to considerable controversy. 

The authors mention that the wire temperatures were deter- 
mined independently by means of-thermocouples and an optical 
pyrometer, and that at 1500 F, the two methods agreed within 
30 deg F. However, they concede inherent errors in the thermo- 
couple method but neglect to state that measurements with the 
optical pyrometer also may be seriously in error, depending upon 
whether the radiator is surrounded by a hotter or a colder en- 
vironment and upon the temperature and emissivity of the 
wire.> Since the interpretation of the results depends to some 
extent upon accurate determinations of the temperature gradient, 
particularly in the regions where the minimum occurs in the h- 
values, it would seem desirable to investigate more thoroughly 
the errors in the temperature measurements. 

It is stated in the paper that in zone II, “ .. . many small 
spheroidal bubbles would leave the metal surface, some combined 
to form larger bubbles, all condensed in superheated liquid before 
reaching the liquid-vapor interface.” It is not clear to the 


4 Supervising Engineer, Combustion Research Section, Central 
Experiment Station, Bureau of Mines, “Pittsburgh, Pa. Published 
by permission of Director, Bureau of Mines, U. 8S. Department of 
the Interior. 

5 ‘‘Errors in Temperature Measurement by Radiometric Measure- 
ments,” by W. T. Reid and R. C. Corey, Combustion, vol. 15, Feb- 
ruary, 1944, pp. 30-34. 
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writer why the authors assume the liquid to be superheated. 
Condensation of the bubbles would occur if the temperature 
of the liquid were not uniform. 

Since the A-value for given temperature gradients was influ- 
enced markedly by the composition of the heater wire, and the 
maximum value was a function of pressure, some explanation for 
the abrupt cutoff for tungsten wire, which is shown in Fig. 12, 
would be desirable. 

The marked difference found for the heat-transfer characteristics 
of chromel A, chromel C, and nickel wires is of considerable in- 


terest. Larson’s work® with metallic ebullators, in which he: 


studied the phenomena of liquid superheat and of nucleate boiling 
in connection with heat transfer, suggests that the important cri- 
terion of good ebullators is nonwettability and that physical 
roughness or porosity of the surface did not appear to be a factor. 
Since he found marked variations in superheat for different metals 
and alloys, it seems likely that the nature of the surface as re- 
gards the valence type and the crystal structure of the phase 
comprising the surface may influence strongly the adhesion-free 
energy of the surface. In the authors’ experiments, the marked 
differences found between chromel A and chromel C, which are 
essentially chromium-nickel alloys, leads one to suspect that pre- 
treatment of the-wires under water, to secure reproducible results, 
resulted in oxide phases of different compositions for the two 
alloys. It is well known that oxidizing treatment of single-phase 
chromium alloys leads to diffusion of the elements to the surface 
at different rates, with the result that the ratio of the metal ions 
in the surface oxide may be quite different from that of the parent 
metal.? 


W.H. McApams.* This paper presents data over a wide range 
of temperature differences for water boiling on four different metal 
surfaces. It represents a substantial contribution to the litera- 
ture in the rather poorly understood field of heat transfer to 
boiling liquids, both at atmospheric pressure and elevated pres- 
sures. 

In view of the interest in this field, it is hoped that the authors 
will publish the original data and not merely plots of coefficients 
versus temperature difference. It is difficult to read these 
plotted values with reasonable precision, in view of the number 
of logarithmic cycles required in the graphs. It is believed that 
other workers would appreciate complete tables of data, show- 
ing run number, wire material, wire diameter and length, location 
of voltage taps, power dissipated from wire, type of electricity 
(dc or ac in each case), location of thermocouples on each wire, 
pressure, temperature of the liquid, whether or not fouling or 
discoloration of the wires occurred, and readings by optical pyro- 
meter (when used). 

The significance of readings of thermocouples attached directly 
to a cylinder carrying either a-c or d-c electricity, has long been a 
matter of conjecture, since the drop in applied voltage across the 
width of the thermocouple might not be negligible to the voltage 
set up by the thermocouple. 

Surely some heat is conducted from the power wire along the 
leads of the thermocouples and dissipated to the liquid, causing 
the heat-flux density and coefficient, based only upon the area 
of the power wire, to be too high. When the electrically heated 
wire was quite hot, was any boiling noted from the leads of 
the thermocouple? Even though temperatures measured by 
a thermocouple agreed within 30 deg F with those obtained by 


6 “Factors Affecting Boiling in a Liquid,” by R. F. Larson, [ndus- 
trial and Engineering Chemistry, vol. 37, 1945, pp. 1004-1009. 

7“Corrosion by Hot Gases,”’ by R. G. Corey, Combustion, vol. 15, 
November, 1943, pp. 34-39. . 

8 Professor, Department of Chemical Engineering, The Massa- 
chusetts Institute of Technology, Cambridge, Mass. 
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the optical pyrometer, if the latter were sighted on the thermo- 
couple, errors due to conduction in the leads might still be sub- 
stantial, since both measured temperatures might be significantly 
lower than that of the wire with no thermocouple attached. 
Would the authors care to give a quantitative estimate of the 
errors caused by conduction in the leads, and to report any 
measured gradients in temperature along the test section of the 
power wire? ; 

Because of the possibility of error in temperature measurement, 
it would be safer to plot heat-flux density versus temperature, 
rather than coefficient versus temperature in order to isolate any 
possible error in the abscissa. 


‘EK. P. Parrrivee.® Any attempt to correlate what happens at 
the surface of a horizontal electrically heated wire 6 in. long 
and 0.04 in. diam with what happens on the internal surface of a 
vertical boiler tube 50 ft long with an internal diameter of 0.92 
in. must seem a mere exercise of the imagination. Nevertheless, 
the film boiling produced in the laboratory by the authors of this 
paper differs only in magnitude and in detail from the film boiling 
observed by Davidson, Hardie, Humphreys, Markson, Mum- 
ford, and Ravese, published in their important paper five years 

Fig. 30 of that paper indicates the existence of a “hot spot” 
part way up the vertical 50-ft wall tube, with normal tempera- 
tures above and below this limited region of overheating. In 
their discussion of this figure, Davidson, et al, say, ‘““‘The value 
of At rose above the limits of the chart shortly after point 10 and 
returned to normal values at point 16. It is in this length of the 
tube that steam-blanketing or the co-existence of continuous 
phases of vapor and liquid is assumed.” 

The present authors appear to have duplicated, under labora- 
tory conditions, the creation of a localized region of film boiling. 
Even though they heated a portion of their experimental wire to 
incandescence to produce this condition, the temperature of the 
metal surface may not have been much higher than that indicated 
by the microstructure of some boiler tubes which have failed in 
service at localized hot spots. 


F. B. Scunerper.'! In so far as the test arrangements are 
concerned, one of the most important measurements is the de- 
termination of the temperature of the wire surface and of the 
mean temperature of the water. It is believed that if a typical 
test reading were published it would help to answer some of the 
questions in the mind of the reader. In the absence of this in- 
formation, the writer would be interested to know the answers 
to several questions. 

Every precaution has been taken to assemble the thermo- 
couples correctly to the wire, according to the best-known prac- 
tice. They were attached at right angles to the wire and at 
various positions around the perimeter. It was found that such 
a location does not cause a variation of the temperature. This 
agrees with previous experiments in so far as higher temperature 
differences are concerned. However, at lower temperature dif- 
ferences between metal and water, substantial variations of 
the wire temperature at various positions around the perimeter 
have been observed in previous tests with tubes of 1/2 in. diam 
and larger. Since the wires of this investigation had a diameter 
of 0.040 in., it would be valuable to know for what diameters the 
influence of the location of thermocouples can be noticed. 


® Director of Research, Hall Laboratories, Inc., Pittsburgh, Pa. 

‘0 “Studies in Heat Transmission Through Boiler Tubing at Pres- 
sures From 500 to 3300 Pounds,”’ by W. F. Davidson, P. H. Hardie, 
C. G. R. Humphreys, A. A. Markson, A. R. Mumford, and T. Ravese, 
Trans. ASME, vol. 65, 1943, pp. 553-591. 

" Locomotive Engineering Division, General Electric Company, 
Erie, Pa. Mem. ASME. 
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The presence of the thermocouple wires causes deflection of the 
circulation currents around the wire which has led to misleading 
results in previous experiments. From the illustrations and from 
the description it is not clear where the thermocouples were 
fastened longitudinally. The writer believes that the correct 
location would have been at the center of the wire, in order to 
avoid the cooling effect of the bus bars and of the walls. How- 
ever, special tests would have to be carried out to determine the 
effect. of circulatory disturbances. In this investigation the 
readings of the.thermocouples were checked with thermometers 
only at noncirculating flow. 

The mean water temperature was measured by a thermometer 
suspended above the center of the horizontal wire, as shown in 
Fig. 1 of the paper. Since this will measure the temperature of 
the warm current of water and of bubbles rising from the wire 
before the current is dispersed by the circulatory motion, the 
recorded temperature difference between wire and water will be 
a minimum. If the thermometer was located above the center 
of the wire, but laterally displaced toward the wall, probably 
higher temperature differences would be obtained. The differ- 
ence in readings may be important at low values of AT. The 
distance between the thermometer and the wire is also important 
since the temperature of the rising current varies with height. 
Therefore the writer would appreciate any information about 
temperature traverses in the vessel during the tests. 

The influence of the type of water used in the test is considera- 
ble. With the use of distilled water, the heat-transfer coeffi- 
cient may be 25 per cent lower than with contaminated water. 
Also, a film of oil on the wire may reduce the heat-transfer values 
considerably within the temperature range of tests previously 
taken. In this investigation the wires were subjected to glow 
for 15 min before the tests were started. This may have caused 
a thermal decomposition of the oil with an accompanying in- 
crease of heat transfer due to scaling. If tests have been under- 
taken to determine the influence of distilled water, water with 
special agents, wires free of oil before glowing, and wires’with an 
oil film before glowing, the writer would be indebted to the au- 
thors for publishing them. 

From the ‘Visual Observations” as described in item IT andshown 
in sketch II of Fig. 7 of the paper, we learn that small spheroidal 
bubbles combine to form larger bubbles. Previous publications 
of similar observations maintain that the bubbles grow rapidly 
from small into larger ones. According to McAdams, the super- 
heat is consumed in vaporizing additional liquid, thus increasing 
the volume of the bubble. He substantiates his statement by 
referring to the stroboscopic photographs of Jacob-and Fritz 
who measured the increase in volume of typical bubbles. They 
obtained an increase of up to 4500 per cent of the original volume. 

In addition, the writer cannot agree with the authors that the 
larger bubbles condense in the superheated liquid before reaching 
the liquid-vapor interphase. Since the heat transfer into the 
liquid is considerably higher than into vapor, the temperature 
of the vapor in the bubble, even if superheated, must be lower 
than the temperature of the liquid. This temperature gradient 
permits the evaporation of additional liquid whereby the re- 
maining part could be cooled to the temperature of the vapor in 
the bubbles. Then this process is terminated. The bubbles 
attained maximum size. In order to condense the vapor in the 
bubbles completely, the temperature of the surrounding liquid 
must be below the saturation temperature of the vapor. There- 
fore in the region where the bubbles disappear the liquid cannot 
be superheated. On the contrary, the temperature of the 
liquid must be subcooled. Since no other heat loss can occur, 


the only explanation is the mixing of the previously superheated 
liquid with cooler liquid in the apparatus which did not pass the 
hot wire. 


At this stage of the boiling process, the location of 
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the thermometer which determines the mean temperature of the 
water isimportant. At higher values of heat dissipation, the total 
amount of water in the vessel becomes superheated with the 
result that condensation of vapor is impossible. The bubbles 
reach the liquid-vapor interface of the liquid as described in item 
III. 

In Fig. 8 of the paper the authors describe the very interesting 
formation of a funnel-shaped film and observe that no bubbles 
appear close to the glowing wire. In one section the authors re- 
mark that the wire was heated to incandescence.- If this means 
the radiation of white light, the temperature of the wire must 
have been above 1500 F, which agrees with the authors’ state- 
ment that A7’ was above 1000 F in sketch VI, Fig. 7. If these 
temperatures were above 2500 F, the dissociation tempera- 
ture between hydrogen and oxygen, it is possible that the film 
around the wire, as shown in Fig. 8, did not consist entirely of 
steam, but also of hydrogen and oxygen. The high velocity 
of the bubbles and the noise may indicate explosive combustion of 
the hydrogen-oxygen-gas mixture. 

The data derived by the authors and illustrated in Figs. 9 
to 12 of the paper can be compared with similar information in 
the region of atmospheric pressure only. The test results of this 
investigation furnish film coefficients of heat transfer of 11,000 
to 30,000 Btu per hr sq ft deg F for chromel C and A at critical 
temperature differences of from 20 deg F to 70 deg F. The 
authors found a maximum film coefficient of 25,000 Btu per hr 
sq ft deg F at a critical temperature of 30 deg F for nickel. Me- 
Adams published values for chrome-plated copper of from 3300 
to 8600 Btu per hr sq ft deg F at 45 deg F, and for nickel-plated 
copper of from 3800 to 8200 Btu per hr sq ft deg F at 50 F to 42 F 
at atmospheric pressure. Chromel C attained approximately 
the same film coefficients as the maximum values reached for 
chrome-plated copper. However, chromel A and nickel show 
values which are far above similar results. On the other hand, 
the critical temperature difference for chromel C is 70 deg F, 
while the highest critical temperature difference previously known 
for metal in water is about 55 deg F. 

Nickel and chromel A show a critical temperature difference of 
approximately 20 deg F, which is one half of the hitherto known 
value. Since the maximum values of the film coefficients found 
by the authors for chromel A and nickel are very high, multiples 
of those for chromel C, copper and steel, the writer would appre- 
ciate knowing upon what characteristics of the materials or 
the liquid the authors base their explanation for this outstanding 
result. A duplication of their findings would be extremely valua- 
ble in commercial evaporative processes. 

On the other hand, at a temperature difference of 5 deg F, the 
values of the film coefficients of heat transfer at atmospheric 
pressure are from 20 to 500 Btu per hr sq ft deg F while previous 
tests furnish data of 220 to 700 Btu per hr sq ft deg F. About 
220 seemed to be normal. Therefore it is remarkable that 
chrome! C and tungsten have such low coefficients as 20 and 50 
Btu per hr sq ft deg F. 

In conclusions 1 and 2 of the paper, the authors describe the 
standard boiling curve. It would have been valuable to sub- 
stantiate by test that this curve can be straightened into a flat 
line from zero AT to critical A7’ at the maximum heat-transfer 
coefficient with sufficient agitation at both atmospheric and 
elevated pressures. Furthermore, it is not known if this line 
extends over the critical temperature and continues until it meets 
the rising branch of the boiling curve (see VI in Fig. 6). In 


conclusions 3, the authors furnish data of the remarkable in- 
crease of heat transfer by increasing the pressure to 50 or 100 psi. 

As a detail matter, the writer would like to mention that at 
AT = 10, h = 500 for tungsten as per Fig. 12, and not 155 as 
described. 
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In concluding the discussion, the writer believes that the in- 
dustrial world connected with evaporative processes is indebted 
to the authors for their important findings which may well 
stimulate further research in this particular field. Although 
there are many questions which remain unsolved, the results 
shown in this paper can be used immediately and to great ad- 
vantage in commercial applications. 


B. J. Cross'* anp W. 8. Patrerson.'® Research work such 
as that reported by the authors is a valuable contribution to the 
technical literature when it confirms the work of earlier investi- 
gators or extends the investigation into unexplored regions as 
the authors have done by working up to 100 psi with extremely 
high rates of heat flow. Such work is particularly valuable if the 
results lead to conclusions and recommendations for application 
to industrial-equipment design problems. However, the writers 
would like to have the authors explain the following: 

1 The authors present data which show that different metals 
give different boiling curves and different film coefficients. Is 
this not more a function of surface condition than a function of 
the composition of the wire? It is stated that for any wire the 
results could not be duplicated until the wire was first conditioned 
by heating to redness when immersed. Was the surface finish of 
all test wires identical before and after use for the boiling tests? 
What were the “visual and thermal inspections” which led to the 
rejection of 9 out of 10 test-wire assemblies? 

It is known that practically all metals are chemically attacked 
by water. Therefore it is reasonable to expect that the four 
metals used in the heating elements would each be differently 
attacked and each would have a different surface condition. 

It would also be expected that mild steel, the material most 
commonly used in commercial heat-transfer apparatus, would 
give other values for film coefficient than those reported. 

If this suggested explanation of the difference in the results 
with the four wires used is true, then the composition of the water 
would be a factor. Has this been given consideration? 

2 Could the condensation of steam bubbles as described in 
item II of ‘‘Visual Observations’ be due to heat losses from the 
pressure vessel, which would result in nonuniform water tem- 
perature throughout the vessel, particularly at low rates of boil- 
ing? It seems difficult to account for bubble condensation by the 
method suggested by the authors. 

3 The authors state that circulation was less at elevated 
pressure compared to atmospheric pressure. Does this refer 
to observed velocity of the bubbles flowing upward from the wires 
or water velocity approaching or passing the test wire? That 
less circulation produced thinner films is contrary to what we 
would expect. 

We agree with the authors that their method of studying the 
boiling process is promising, and its further use and development 
should be encouraged. The use of a single horizontal wire may, 
however, give results which are different from what would be 
obtained with a bank of horizontal wires or tubes (to simulate a 
commercial evaporator). In the latter case, the circulation con- 
ditions would be different in many respects depending upon tube 
arrangement and width of lanes between tubes. Evaporation 
from the inside or outside of vertical tubes could be simulated 
by mounting the test wire vertically and enclosing it in a tube to 
force the steam generated to increase velocity as it approached 
the top of the test wire, thereby duplicating to a certain extent 
conditions which exist in vertical boiler tubes. 

Some relationships pertaining to maximum values of At, h, and 


12 Research Engineer, Combustion Engineering Company, Inc., 
New York, N. Y. Mem. ASME. 

13 Assistant Manager, Forced Circulation Boilers, Combustion 
Engineering Company, Inc. Mem. ASME. 
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q/A are plotted in Figs. 15 to 18, inclusive, of this discussion, using 
data from the authors’ curves. Although the shape of the curves 
for h maximum, Fig. 15, and At at maximum A, Fig. 16, are 
quite similar for the three metals when plotted against pressure, 
the curves for g/A at maximum h (Fig. 17), are not similar. 
For two of the metals, a maximum point appears at 90 psi, above 
which the total heat flux drops off. The same phenomenon is 
illustrated when g/A maximum is plotted against pressure, Fig. 
18. Do the authors have any explanation for these phenomena 
or for the fact that their data show more than twice the maxi- 
mum heat flux for chromel C than for nickel heating surface? 

It is interesting to note that heat-transfer rates in excess of 
1,000,000 Btu per hr per sq ft were obtained with nucleate boiling 
and with temperature differences of the order of 10 to 20 deg F 
between boiling surface and fluid. 


Autuors’ CLOSURE 


This paper was accorded encouraging and thoughtful discussion 
at Chicago, and the foregoing discussers have submitted their 
remarks for publication. The authors thank all discussers for 
their interest in the subject and their helpful comments. 

The manuscript has been extended for publication to include 
the original data in accordance with Professor McAdams’ sug- 
gestion, and other items of general interest have been added. 
Since the questions raised by the discussers are quite similar, our 
reply has been directed to those topics. 
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Condensation of Zone II Bubbles 


The type II boiling mechanism was observed in the open jar 
shown in Fig. 1 and in the test apparatus shown in Fig. 2. The 
test apparatus was very heavily insulated, and by means of the 
electric immersion heater in the vertical header, the whole water 
content of the apparatus was brought slowly to a streaming con- 
dition at the desired test pressure. The heat loss was so small that 
tests could be made without operating the immersion heater. 
The thermometer well used in the measurement of the water 
temperature was located about midway between the experimental 
wire in the pipe-cross and the vertical header containing the steam 
space. Since the water temperature checked the saturation tem- 
perature corresponding to the pressure, it was concluded that 
the small currents of superheated liquid steaming upward from 
the test wire to the liquid-vapor interface in the header had been 
well mixed before passing the thermometer well. 

When operating at elevated pressures, a novel check on the 
absence of subcooled liquid in the test section of the pipe-cross 
was available. Strong illumination was arranged at one sight 
glass so as to floodlight the whole test section as observed from 
the opposite sight glass. With the test wire not operating, the 
saturated water was clear and free of steam bubbles and striations. 
Then by valving off steam, the pressure was reduced until the 
first vapor bubbles appeared. These bubbles were of the nucleate 
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type formed at favored spots. The observed even character of the 
distribution of these bubbles throughout the interior surfaces of 
the test section was considered strong evidence against the pres- 
ence of undercooled surfaces and pockets of subcooled water. 

Much closer inspection of the boiling process was possible 
when using the open jar of Fig. 1, and many hours have been 
spent in such observations. To insure against the presence of 
subcooled liquid, eight or more thermometers were placed 
throughout the water, and the jar was covered with insulation in 
which inspection doors were provided. Under these conditions, 
the authors and their associates have often observed the type II 
boiling mechanism with the same results. The bubbles were origi- 
nated at favored spots and with few exceptions were very small, 
suggesting a mist. The tendency for these bubbles to combine 
before condensing was later observed to be less frequent than 
at first believed. Condensation of the zone II bubbles was always 
completed within a few inches of the test wire. 

Temperature Measurements 

The water temperature was influenced by the location of the 
thermometer. Referring to Fig. 1, for locations directly above 
the test wire, the temperature was somewhat higher due to the 
presence of superheated liquid in this region. Quite uniform 
water temperatures were observed at locations to the side and 
below the test wire. In the test apparatus shown in Fig. 2, the 
thermometer well was located at a point 16 in. distant horizontally 
from the center of the test wire in order to minimize the influence 
of superheat on the observed water temperature. 

Regarding the test wire thermocouples, no evidence of boiling 
was observed along the thermocouple wires. With the limited 
facilities of our laboratory, the construction of a test wire and 
thermocoup#e assembly was so difficult for our students that no 
attempt was made to further complicate the construction by 
fastening secondary thermocouples to the wires ef the primary 
thermocouples in order to observe the operating gradient. 

As to the effect of test-wire diameters above 0.040 in. on the 
uniformity of the surface temperature around the wire, some 
experiments have been made with 0.102-in-diam wires and very 
nearly uniform temperatures were observed around the wire. 

Some error must have been present in the optical-pyrometer 
measurements of the surface temperature. The wire was assumed 
to be a hot body surrounded by a colder body, and the emissivity 
of the wire surface was taken as equivalent to that of solid iron 
oxide. These conditions are covered by Table 1 of an excellent 
paper® by Reid and Corey. From this table, an optical-pyrometer 
observation of 1600 F corresponds to a true surface temperature 
of 1603 F, a small error. However, our assumptions have not 

- been proved, and one of our graduate students, D. E. Hall, has 
undertaken an experimental study of the problem. 


Test Wires and Test Water 

The Farber method" of standardizing a metal surface for boil- 
ing consists of heating the metal component to incandescence for 
a short period of time while submerged in the boiling liquid. 
After applying the treatment to a test wire, the surface was cov- 
ered with a dark-gray coating or scale, very thin and tough. 
Once formed, this new surface appeared to be quite stable or at 
least subject only to a very slow rate of growth. When examined 
at various magnifications, the surface was observed to have a 
uniform, lacelike, or spongy structure. The gas film which covered 
the surface during the process was composed of steam and its 
dissociation products. Considering the materials present, the 
lacelike fine structure of the surface was very probably covered 
by a thin film of oxides. 

14 “Structural Changes in a Chrome-Nickel-Iron Alloy Due to 
High Temperature Heat Flux,” by Paul Ogden, J. T. Kimbrell, and 
R. L. Scorah, NEPA Symposium on Heat Transfer, Oak Ridge, 
Tenn., December 8-12, 1947. 
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The Farber treatment was applied to wires in the “as received” 
condition, free from ordinary dirt. The effect of preliminary 
coatings of oil and other agents was not investigated. In the 
case of tungsten, it was not possible to secure incandescence as 
the wire failed by chemical action when AT’ exceeded 21 F at 
atmospheric pressure. 

The over-all result of the Farber treatment was considered to 
be the establishment of more durable and more uniform physical 
and chemical properties at the solid-fluid interface, the principal 
properties being the surface tension, emissivity, and chemical 
stability of the solid surface. The Farber treatment was able to 
make the surface properties more uniform for each kind of wire 
but was not able to make the surface properties more alike for 
various kinds of wire. The characteristic differences in the inter- 
face properties of different metal-water combinations persist — 
after the Farber treatment and account for the difference in the 
boiling performance of different kinds of wires, as shown in Fig, 
12 and Figs. 15 through 18. The fundamental phenomena in- 
volved here were the subject of an important paper published 
recently by Professor Larson. 

The test water was required to be clear for good visual ob- 
servation of the test wire and to operate without fouling the wire 
surface. In the open jar of Fig. 1, where solid-nickel bus bars were 
used, distilled water was employed. In the test apparatus of 
Fig. 2 distilled water discolored rapidly. Various agents such as 
trisodium phosphate and sodium hydroxide were added to ad- 
just the pH value of the solution to the point of minimum solu- 
bility for iron. The results were not altogether satisfactory. 
The procedure finally adopted was to wash and boil the apparatus 
with the immersion heater using a pH = 10 solution of distilled 
water and sodium hydroxide. The solution was then drained, 
the sight glasses cleaned, the test wire assembly installed, the 
apparatus filled with distilled water and brought to a steaming 
condition at the test pressure. For a considerable period of time 
the test water remained clear and satisfactory for tests and visual 
observations. 


Applications 


Imagination like the spirit is unquenchable, and there must be 
some correlation between a laboratory test wire and a 50-ft boiler 
wall tube. Aside from geometrical and material differences, the 
heatflux and fluid dynamic effects were uniform along the test 
wire and variable along the tube. 

The open jar of Fig. 1 has been the scene of many interesting 
experiments intended to simulate some feature of commercial 
boiling equipment. Our students have made resistance elements 
of many different materials and shapes and ‘have observed the 
resulting effects. For example, when the natural circulation cur- 
rents were confined to flow through a closed passage made of glass 
walls, the circulation velocity increased, throwing scalding water 
out of the jar, and the passage above the heated wire eventually 
became steam-bound. This simple step in changing the original 
laboratory conditions toward those simulating the conditions of 
commercial apparatus seriously complicated the whole boiling 
process. For these reasons the present tests were directed toward 
a study of boiling under fundamentally simple conditions. 
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Radio-Frequency Heating in the 


Woodworking Industry 


By F. L. MACALUSO,! BALTIMORE, MD. 


Radio-frequency heating is finding wide application in 
the woodworking industry for such processes as edge- 
gluing, plywood manufacture, drying, assembly-gluing. 
The theory of radio-frequency heating is reviewed briefly, 
and how this type of heat is applied in various applications 
is described. Several case histories of actual manufac- 
turing problems are taken up. The recent Federal Com- 
munications Commission Regulations on the use of radio- 
frequency power for industrial heating are treated com- 
prehensively. 


industry to produce better products cheaper and faster. 

While the advent of synthetic-resin glues made possible 
the manufacture of stronger, more durable products, the cheaper 
and more rapid results obtained from using these glues were not 
fully realized until a tool was developed for setting these resins 
quickly and efficiently. This tool is. the industrial radio-fre- 
quency generator which is being used economically in industry 
for a variety of purposes including edge-gluing, plywood manu- 
facture, assembly-gluing of cabinets, manufacture of timbers 
and spars, Jamination of tennis-racket frames, and drying. 


power is being used in the woodworking 


Tueory or Rapio-FREQqUENCY HEATING 
Heating of wood or other “nonconducting” material by radio- 
frequency power is not mysterious and is essentially the same as 
electrical heating of any other material. The basic heat equa- 


tion is 
Btu = pounds heated X specific heat X temperature change, 
Converting this to electrical power units 
Kw = 1.76 X 10-2 Mc(T: — 71)..... 
where 
M = Ibper min heated 
c = specific heat 
T>— 7, = temperature change, deg F 


Using Equation [2], the powers required to heat 1 lb of copper, 
steel, and wood through 100 F in 1 min are 162 w, 208 w, and 
616 w, respectively, the difference in power requirements being 
due entirely to the difference in specific heats of the three mate- 
rials, 

Electrical heating is accomplished by passing a current through 
the piece to be heated, and the value of this current squared 
times the resistance of the piece is the power. Considering a 
pound of copper, a cube about 1.46 in. on the side, the voltage and 
current required are approximately 0.0087 volt and 18,650 amp. 
This illustrates why copper is used as an electrical conductor 


1 Design Engineer, Industrial Electronics Division, Westinghouse 
Electric Corporation. Jun. ASME. 

Contributed by the Wood Industries Division and presented at 
the Annual Meeting, Atlantic City, N. J., December 1-5, 1947, 
of THe AMERICAN Society OF MECHANICAL ENGINEERS. 

Note: Statements and opinions advanced in papers are to be 
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and other means are used for heatingit. To heat 1 lb of nichrome 
steel (high electrical resistance), a cube 1.5 in. on the side, the 
voltage and current required are approximately 0.074 volt and 
2820 amp. While the current is still high, it is considerably less 
than for the copper cube and if drawn out into not too fine a wire 
would heat readily with not too great a current. 

To heat 1 lb of wood, a 1 X 6 board 8 in. long, with 60-cycle 
current and with electrodes on the 6 X 8 faces requires approxi- 
mately 2,250,000 volts, and 0.027 amp. This high voltage is 
extremely impractical. It is calculated using the fundamental 
dielectric heating equation 


where 


Pv = power density, watts per cu in. 

FE, = voltage gradient, kv per in. 

frequency in megacycles 

= loss factor, a property of the material which varies 
somewhat with frequency 


Using a radio frequency of 13.6 megacycles this heating can 
be accomplished with 2100 volts and 5.8 amp, which are entirely 
reasonable figures for RF heating. The only justification for radio 
frequency in the dielectric heating of nonconducting materials 
is to permit heating with reasonable voltages. 


PLywoop MANUFACTURE 


One of the first commercially successful applications of RF 
heating in the woodworking industry was in the manufacture 
of plywood. In this process, the sheets of veneer spread with 
glue are placed between large flat electrodes in a press. The 
electric field between electrodes is perpendicular to the glue 
lines and, since the electrical properties of the glue are such 
that it heats more slowly than the wood, the glue is heated 
mostly by conduction from the greater mass of adjacent wood. 
The press platens may be cold, or they may be heated to prevent 
conduction losses from the wood into the press. 

The problem easily resolves itself into heating the entire mass 
of wood to the setting temperature of the glue in a sufficiently 
long time to permit the glue to set and to permit the escape of 
steam without damage to the wood when heating must be car- 
ried over the boiling point. Ten sheets of 4-ft X 8ft X !/rin. 
plywood can be heated from 70 to 140 F in approximately 10 
min with a 20-kw RF generator. In RF heating, the heat is 
generated uniformly within the material and the whole board 
comes up to temperature practically simultaneously. When 
using a hot-platen press for thin sections, the time for the heat 
to penetrate to the remotest glue line is relatively short, while 
for thicker sections it is considerably longer and damage to the 
outer veneers may result. Hence there is a dividing line be- 
tween favorable hot-platen-press applications and RF heating 
applications. Economic studies have shown that for plywood 
of 1/2 to */, in. thickness or less, a multiple-opening hot-platen 
press is more economical than an RF generator. This dividing 


line varies considerably from plant to plant, depending upon the 
quantity of waste wood available for steam generation and upon 
local power costs. The dividing line wil] undoubtedly be lowered 
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SLIDING DOOR OPERATED BY AIR, as RF generator and power 
TO OPEN WHEN PRESS OPENS. ALUMINUM OR COPPER SHIELD 
BY 4 IN ON ALL SIDES. AND WELL BONDED AT ALL JOINTS. woodworking industry finds 
\ / better uses for what is now 

waste wood. 


favorable for RF heating than 


\ | The manufacture of curved 
\ plywood is considerably more 


= panels, particularly on short 

— runs, since curved wooden 
DOOR GUIDE HIGH VOLTAGE ELECTRODE ‘GROUND ELECTRODE forms covered with thin metal 
electrodes are much more eco- 
nomical than curved metal 
forms with heating elements. 
A variety of curved plywood 
articles such as dresser-drawer 
fronts, laminated — golf-club 
heads, radio-cabinet sections, 
it — — and specialty furniture items 
are being produced economi- 


Fic. Dracrammatic Drawine or Press Rapio-FREQUENCY cally with RF heating. 
GENERATOR ASSEMBLY 


— the manufacture of large flat 


R. F GENERATOR 


GLUING 


The most important com- 
mercial application of RF heat- 
ing in the woodworking indus- 
try today appears to be that 
of edge-gluing narrow boards 
to fabricate core stock or large 
open-face panels. The general 
practice is to glue several pieces 
from 2 to 4in. wide and 1 in. 
thick into panels as large as 48 
X< 96. In the laminating proc- 
ess for making plywood, the 
electrodes are on the faces of 
the board, the electric field is 
perpendicular to the glue lines, 
and all the wood must be heated 
in order to heat and set the 
glue. Inedge gluing, the elec- 
‘trodes are also on the faces of 
the board, but the glue lines 
are parallel to the electric 
field. Fortunately, a wet glue 
line has a much higher electri- 
‘ cal conductivity and loss factor 

than the adjacent wood, result- 
ing in selective heating of the glue line with very little power 
going into the wood. An edge-gluing press-generator assembly 
is shown diagrammatically in Fig. 1, and Figs. 2 and 3 show ex- 
amples of such installations. Here the individual boards are 
held flat between electrodes by a few pounds per square inch top 
pressure, and a 100 to 200-psi glue-line pressure is exerted from 
the sides, 

For small panels on the order of 15in. X 30in., it has been com- 
mon practice to use solid sheets of stainless steel for the elec- 
trodes, while for the larger sizes up to 48 in. X 96 in. either solid 
sheets or strips are used as electrodes. The construction and 
principle of strip electrodes is shown in Fig. 4. If the proper 
power and heating times are used, a glue line heated by strip 
electrodes will be set only along the zigzag pattern connecting 
the electrode strips. This highly selective heating makes for ’ . 
Fic. 3. Weivon-Fiuincusavcn Epce-Guuinc Press Wirs 10-Kw _ higher production and greater economy of RF equipment. When 

RF Generator room-temperature-setting resin glues are used, the portion of the 
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glue not set by RF heat soon sets up, and 100 per cent glue-line 
strength is quickly developed. Using this process; 36-in. x 
96-in. boards made of 1-in. X 3-in. pieces have been satisfacto- 
rily glued in 20 sec and less using a 10-kw RF generator. 

In most plant operations, it is only necessary to develop suffi- 
cient glue-line strength to permit handling while full strength 
is developed during normal delays before other operations. 
Should greater initial strength be desired, it is only necessary to 
extend the heating time and the complete 
glue line will be cured. A further advan- 
tage of strip electrodes is that it simplifies 
generator load matching with the result 
that generator adjustments are never neces- 
sary except when changing sizes of assem- 


387 


FUNCTIONS AND PROPERTIES OF GLUE IN RF HeEatIneG 


The primary function of the glue is naturally to bond pieces 

of wood together. In applications such as through heating for 
» plywood manufacture where the glue is heated by conduction 
from the wood, RF heating imposes no specia] requirements on 
the glue, and glue set by RF heat in this manner has the same 
physical properties, time-temperature setting curves, strength, 
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bled boards. 
Although practically all RF heating for 


edge-gluing wood is done today with batch- 
type presses, a continuous RF edge-gluing 
press has recently been developed which 
tests indicated will produce at greater rates 
than the batch press. A schematic arrange- 
ment of the press is shown in Fig. 5, and 
Fig. 6 is such a press with its RF generator. The design of this 
press is mostly a mechanical problem of carrying the glued 
boards between electrodes and of holding the pieces firmly and 
free from vibration while the glue is being set. It can handle 
various widths of assembled boards, from 18 to 36 in., and of 
any desired length. The application of RF power on this press 
is a fairly simple problem, and in co-operation with RF genera- 
tor manufacturers, the press components were designed and laid 
out to permit the-most efficient utilization of RF power. 


GROUND ELECTRODE 


The use of RF power for edge-gluing affords particularly note- 
worthy savings, since it eliminates the cumbersome carrier 
clamps requiring many operators, saves considerable manu- 
facturing and storage space, permits the use of high-temperature 
setting and highly water-resistant glues, permits a glue saving 
of as much as 50 per cent in some operations, and makes for 
greater uniformity with less rejects. A well-designed press 
generator installation is simple, small, clean, and easy to operate. 
Initial setup can be accomplished by a qualified technician in a 
few hours. Most installations have press and generator controls 
interlocked so that a single start button closes the press and 
applies RF power until the generator timer shuts off the power 
and opens the press. 
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moisture resistance, etc., as the same glue set by other heating 
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heated selectively by RF heat, the glue line is made to carry a 
considerable portion of the RF current and hence special prop- 
erties are demanded. These properties are high conductivity, 
high loss factor, and high are resistance. A number of resine 
glues are now on the market which are very satisfactory for this 
type of heating. In general, the urea, resorcinol, and melamine 
glues are satisfactory, while the alkaline phenolic glues are not. 
Some of these urea, resorcinol, and melamine glues were origi- 
nally compounded for curing cycles of many minutes to many 
hours and, fortunately, have reacted satisfactorily with heating 
cycles of a few seconds. Considerable research is being done 
by glue manufacturers to adjust, their resins to meet these new 
conditions, and greatly improved glues are expected. 


SPECIAL GLUE-LINE-HEATING APPLICATIONS 


Two specialized applications of glue-line heating or edge gluing 
are found in the manufacture of laminated timbers and tennis 
rackets. 

A typical laminated timber is made using six 1 X 2-in. 
pieces and gluing these on their 2-in. faces to form a 2 X 6-in. 
piece. It is far more economical in this case to set the glue by 
heating along the glue line rather than by heating the entire mass 
of wood to set the glue. Both straight and curved laminated 
timbers are produced commercially by RF heating. In the case 
of the 2 X 6 timber made of six 1 X 2’s, electrodes approxi- 
mately 5 in. wide are used, and their length depends upon the 
generator rating, which in turn depends upon the production rate 
desired. The length is usually proportioned to give heating 
times of around 30 sec. With straight timbers, only sufficient 
glue strength need be developed during the heating cycle to 
permit preliminary handling, and ful] strength is developed dur- 
ing normal delays before finishing operations. With curved 
timbers, additional glue strength must be developed while in 
the clamps in order to overcome the shearing forces on the glue 
line set up by the bent laminae. Production rates possible vary 
considerably and depend upon the type and size of the wood 
pieces, type of glue and glue area, and upon whether straight or 
curved timbers are being produced. 

The manufacture of a tennis, badminton, or squash racket is a 
very interesting application of RF power. In order to produce 
the best rackets with freedom from warping and with proper 
resilience, strength and ‘‘feel,”’ the manufacturers have found it 
best to make them from !/s to !/-in. veneers of very highly 
selected hardwoods. In addition to the long veneers, each about 
1 in. wide X 65 in. long, a triangular-shaped throat, a crescent- 
shaped bow reinforcement and a handle plug or wedge must also 
be glued in. In the better rackets, several thin fiber pieces are 
added between the veneers for decorative effect and for rein- 
forcement against splitting when the stringing holes are drilled. 
All these pieces are spread with glue and placed in pneumatic, or 
mechanical clamps which form the veneers to the desired shape. 
In a 10-ply racket there are approximately 700 sq in. of glue 
area. Using flat electrodes, shaped to conform to the outlines 
of the racket, and heating along the glue lines, the racket can be 
set in about 30 sec with a 2-kw RF generator. The racket is 
complete and ready for further operations as soon as it is re- 
moved from the press. 


DRYING 


The present-day bottleneck in the woodworking industry 
appears to be in kiln-drying properly before fabrication. Un- 
fortunately, RF heating is not economically sound for this ap- 
plication except in very specialized cases. It has been found by 
laboratory tests that approximately 3.25 lb of water can be 
evaporated per kilowatthour. Since approximately 2000 Ib of 
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water must be removed from 1000 fbm of green lumber, 615 kw 
of RF power will be required to process 1000 fbm per hr. 

For very specialized applications, as in the final drying of 
knife handles, tool handles, pipe blanks, golf-club heads, where 
conventional drying means may cause considerable rejects due 
to checking, splitting, or-where accurate drying control is desired, 
RF heating has proved economically sound. 


ASSEMBLY GLUING 


One of the most interesting applications of RF heating in the 
woodworking industry is that of assembly gluing for the manu- 
facture of items such as radio cabinets, clock cases, and sewing 
cabinets. With a little experience, the design of the jigs and 
clamps, location of the electrodes, and selection of the proper 
generator. rating and frequency are relatively simple. The best 
way to describe this process is to study a particular case his- 
tory. The radio-phonograph cabinet, shown in Fig. 7, is as- 
sembled in production by this process, using waterproof resin 
glues and RF heat. No nails or screws are used at all. 

The first operation is the bonding and forming of the curved 
plywood front panel. Three plies of !/1, veneer, approximately 
30 in. X 22 in., are spread with glue and plgcedina press. The 
press forms the veneers and a 5-kw 5-megaecyvele RF generator 
sets the glue in about 120 sec. This piece is then cut, making 
four cabinet front panels. 

The next two operations are accomplished with one two-posi- 
tion 2-kw 15-megacycle generator with a transfer switch to switch 
the power alternately to two jigs. Both jobs are done with 
simple jigs using spring-loaded clamps for pressure. Since these 
operations require 30 and 20 sec, respectively, and the jig-loading 
times are 20 and 30 sec, the generator is in practically constant 
use. The generator is adjusted so that no change is required 
when changing jobs, and the two generator timers are set for 
the two required heating times. The first of these operations is 
to apply a 14 X 6 X 3/16 flat plywood stiffener, a long stiffener 
piece on the top, a bottom edge piece and four small triangular 
blocks to the curved: front panel. This is a combination of 
through-heating to glue the two pieces of plywood, and glue-line 
heating to fasten the other pieces and is done in 30 sec. The 
second of these operations is also a combination of through- 
heating and glue-line heating in which a thin strip and two tri- 
angular blocks are assembled to the record-player shelf. 


Fig. 7 CABINET MANUFACTURED AND AS- 
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In the next operation the side panels are assembled. Two 
small rectangular blocks for the radio-chassis support, two 
rounded corner pieces to reinforce the curved front panel, the 
bottom edge piece, and a glue block to reinforce it are all glued 
to the side panel. Each of the small pieces is placed in a recess 
in the jig, the flat side panel is placed on top and located from the 
jig, and the whole assembly is placed in a press where an air 
cylinder exerts the gluing pressure. The electrodes are in the 
jig, and the press ram carries the RF leads to the jig. Two of 
these assemblies are heated together for 20 see with k 5-kw 15- 
megacycle RF generator. Since the parts are placed in the jigs 
outside the press, several jigs are provided, and the generator is 
in constant use except for the press opening and closing times. 

In the fifth operation the top of the cabinet is glued. Here 
the two sides, front strip, back, and glue block for the back are 
assembled in a jig, clamped and heated for 45 see with a 2-kw 
15-megacyele generator. Again, a transfer switch is used so that 
as one jig is being loaded and unloaded, the parts in the other 
are being heated and the RF power is on practically continuously. 

In the sixth and final operation, the subassemblies for two cabi- 
nets, front, two sides, record-player shelf, back, and several glue 
blocks are loaded in a jig and heated for 110 see with a 5-kw 15- 
megacyele generator. A transfer switch and two jigs are pro- 
vided to permit practically continyous generator operation. 

In all of these operations, the cost of the jigs and presses is 
remarkably low. Changes in cabinet design resulting in jig 
changes do not necessarily mean a costly retooling process or 
Jong interruptions in production. This proces; does not rely 
upon nails, serews, or clamps to hold the cabinet together for a 
long glue-setting period, and the absence of screws and nails re- 
Sultsina finer cabinet. In addition to the advantages mentioned, 
the use of RF power for glue-setting has also resulted in cabinets 
which are truly square and accurately aligned, floor-space require- 
ments have been reduced by eliminating storage space, and, by 
better plant Jayout, labor costs have been reduced by using 
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fewer and less skilled operators, fewer clamps, presses, and jigs 
are required, and stronger cabinets result, due to the use of water- 
resistant glues. 


Economics or RF HEATING 


The cost of radio-frequency power per kilowatthour output, 
as in other electrical equipment, is not uniform but decreases 
gradually as the output rating increases. This is illustrated in 
Fig. 8. The total operating cost of the generators for various 
ratings is also shown in Fig. 8, and a breakdown of this total 
is shown in Fig. 9. The tube-replacement costs are based on a 
tube life of 3000-5000 hr, amortization on 5 years at 16 hr per 
day and power at $0.01 per kwhr. These curves are based on 
continuous full-power operation which is seldom achieved. 
When operating at reduced power or on intermittent processes, 
the power costs may be reduced and tube life extended. To the 
foregoing must be added the cost of associated equipment and 
labor costs. Labor costs are usually low since unskilled labor is 
used, The cost of associated equipment varies from a few dollars 
to many times the cost of the RF generator. 

It is interesting to note that these curves are approximately 
20 per cent lower than those published? in 1943, in spite of gener- 
ally increasing prices. Mass production and use of RF power 
which is really just beginning, together with simplification and 
standardization of design and better tube performance should 
lower these costs still further. 


Tue Rapio-FREQUENCY GENERATOR 


The purpose of the radio-frequency generator used in industrial 
heating is to take energy from a 60-cycle power source and con- 
vert this into energy at frequencies of many millions of cycles 
per second. The generator operates- essentially as follows: It 
takes energy at 220, 440, or other commercial voltages, trans- 


2 “Heating Wood With Radio-Frequency Power,” by J. P. Taylor, 
Trans. ASME, vol. 65, 1943, pp. 201-212. 
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formsit by means of a plate transformer to about 10,000 volts and 
converts this to a high-voltage direct-current supply through 
rectifier tubes. This high direct-current voltage is pulsed by an 
oscillator tube into a circuit resonant at the desired radio fre- 
quency. The resonant circuit or “tank,” made up, generally, of 
capacitors and inductances, stores the energy and controls the 
frequency. The energy for heating is then drawn from the 
tank by the load matching or coupling network. 

The design of the tank circuit and coupling network for effi- 
cient stable operation and for operation with the greatest variety 
of loads is the most important consideration in RF generator de- 


Fic. 10 WestincHousk 10-Kw RF Grnerkator 


DEVELOPED ESPECIALLY FOR MpGrk-GLUING APPLICATIONS 


Fic. 11 WestincHovse 100-Kw Inpustrian RF Generator 


sign. A 10-kw and a 100-kw industrial RF generator are shown 
in Figs. 10 and 11, respectively. 


FEDERAL COMMUNICATIONS COMMISSION REGULATIONS 


The radio-frequency generator used for industrial-heating pur- 
poses is essentially the same as a broadcast or communications 
transmitter, and if connected to an antenna would radiate its 
generated energy into space. Although designed and intended 
to concentrate its energy into fhe workpiece to be heated, there 
is always the possibility that parts of the generator, RF trans- 
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mission line, power line, and work circuits may form an antenna 
and radiate energy into space. The radio-frequency generators 
used in the woodworking industry range in power from 2 kw to 
several hundred kilowatts and at the frequencies generally ased, 
3 to 30 megacycles per sec, only a very small portion of this 
power may produce sufficient radiation to cause interference to 
vital communications channels, 

Under the Communications Act of 1934, the Federal Communi- 
cations Commission was given control over all channels of inter- 
state and international radio communications and also over all 
sources of radio-frequency power which might interfere with 
such communications. By 1945 the industrial radio-frequency 
power installed already exceeded the total power of all broad- 
cast stations, and some communications interference was en- 
countered, particularly from medical diathermy equipment. At 
the request of the Federal Communications Commission, a 
commmittee consisting of manufacturers, users, and consultants 
in the radio-frequency-heating field was set up to study this 
problem. A great deal of time was spent in making radiation 
tests on existing equipment and in formulating proposed rules. 

The final rules of the Federal Communications Commission, 
which were made effective July 1, 1947, are as follows: 


1 Several frequencies are assigned to radio-frequency heat- 
ing, namely, 13.6 Mc, 27.3 Mc, 40.9 Mc, and some other much 
higher frequencies not now commercially important. Operation 
on these frequencies is permitted without a license. 

2 When not operating on an assigned frequency, the in- 
stallation 

(a) Shall have a field-strength radiation of not more than 10 
microvolts per meter’ at one mile from the source of radiation. 

(b) When interference with communications channels is 
caused regardless of the amount of radiation, the radiation 
shall be reduced to such limits to prevent the interference. 


Close tolerances are specified for operation on the assigned 
frequencies so that expensive automatic frequency control 
equipment must be incorporated in the generator to keep it 
within the frequency limits. This equipment is expensive and 
bulky and its use is limited economically to the larger RF gen- 
erators of 50 and 100-kw rating. Moreover, most wood heating 
is done in the frequency of 3 to 10 megacycles and there is no as- 
signed frequency in this range. 

Therefore all installations of RF generators made after July 1, 
1947, unless on an assigned frequency and frequency stabilized, 
must be properly shielded to prevent communications inter- 
ference. The rules of the FCC further state that a certificate 
must be furnished by the manufacturer of the equipment or by a 
competent engineer stating that each unit of the installation, 
RF generator, press, ete., has been type-tested and can reasona- 
bly be expected to meet the radiation requirements. Installa- 
tions made prior to July 1, 1947, are exempt from these rules 
except that if communications interference is found, the equip- 
ment will be shut down, the source of interference remedied, and 
a certificate be then issued stating that the equipment has been 
tested and found satisfactory. 

These regulations may appear to be severe and discouraging 
to the prospective user of RF equipment. This is not so. The 
advent of these rules has been expected for some time by estal- 
lished manufacturers of ‘RF equipment, and the better generators 
are built to minimize radiation. The radio industry has pro- 
vided the engineering know-how on designing, placing, and shield- 


3 The microvolt per meter is the unit of RF field strength. Ap- 
proximately 25 microvolts per meter are required for satisfactory AM 
broadcast reception with a small receiver, 5 to 10 microvolts per 
meter for FM reception, and 1 microvolt per meter for reception with 
a highly sensitive communications receiver. 
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ing the components outside the generator, which are the major 
causes of radiation. The shielding required to make the equip- 
ment safe, with a few minor refinements, also serves as the radia- 
tion shield. Field-strength tests made on equipments of 100- 
kw rating and higher have proved the soundness of this engineer- 
ing knowledge, so that the average user of 10 and 20-kw genera- 
tors need have no fear if his equipment is properly designed, in- 
stalled, and operated. 


CONCLUSION 


The highly progressive and competitive woodworking industry 
offers perhaps the most fertile field for the application of RF heat- 
ing. While RF heating is new, it has already made great strides 
in some woodworking applications and has barely scratched the 
surface on others. A great deal of co-operative research and 


development work must be done by the woodworker, glue chem- 
ist, and generator manufacturer before the potential benefits 
are all derived. 


Radio-frequency-heating is not a panacea. It is just another 
method of heating, and 1 Btu of RF heat is exactly equal to 1 
Btu of any other kind of heat, except that the radio-frequency Btu 
costs a lot more but can be directed and controlled to heat 
uniformly or only the areas necessary, resulting in a saving of 
heat required and thus gaining an advantage in over-all economy. 
As time goes on, we wil] have cheaper and more durable genera- 
tors, with gimple controls, and with greater ranges in fre- 
quency and other characteristics to cover a greater range of 
applications. 
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Results of Accelerated Testeaud 
~ Long-Term Exposures on Glue 


Joints in Laminated Beams 


By T. R. TRUAX' ano M. L. SELBO,? MADISON, WIS. 


A rapid method developed at the U. S. Forest Products 
Laboratory for determining the durability of glue joints 
in laminated beams intended for exterior service is de- 
scribed. The test is based upon the principle that severe 
shrinking and swelling of laminated members produce 
stresses, which cause checking of wood, failure of glue 
joints, or both. Vacuum and pressure are employed in 
bringing about the desired conditions of shrinking and 
swelling. Results of the test are correlated with more 
extended laboratory exposures and with long-term soak- 
ing and weathering. 


INTRODUCTION 


HE development of new glues and gluing methods has been 

more or less paralleled with the development of ‘new or 

modified test methods for their evaluation. Testing of 
glues dates back many decades and, undoubtedly, was practiced 
much earlier than existing records indicate. With each new 
development in the field of woodworking glues, there has arisen 
‘a need for new or modified test procedures which fully evaluate 
the new product; its properties, application, and usefulness. 

Through the years some form of joint test has been the com- 
mon and generally accepted method of testing most glues for 
wood joints and the adequacy of such joints for different uses. 
Many types of joint tests have been devised and used with vari- 
ations in the form of specimens, the exposure or treatment of the 
joints before test, and the method of applying the load or stress 
to determine the strength and performance of the bond. The 
block-shear and plywood-shear tests, developed at the U. 8. 
Forest Products Laboratory during the first world-war period, 
have been extensively used in determining the bonding strength of 
glues and the importance and limitations of gluing procedures.* 
When the specimens were subjected to various exposures before 
test, the two methods, and especially the plywood-shear test, 
have also been valuable in determining the durability of glues 
and wood joints. 

Production of water-resistant plywood during and following 
that war and its evolution into a type suitable for exterior use was 
preceded or accompanied by the development of accelerated test 
methods. The adequacy of plywood for exterior service was first 
established by subjecting unprotected panels to the variable 
conditions of outside exposure. The standards for its productien 
were established, and the control of essential quality has been 


' Technologist, Forest Products Laboratory, Forest Service, U. 8. 
Department of Agriculture. 

* Chemical Engineer, Forest Products Laboratory, Forest Service, 
U.S. Department of Agriculture. 

*“The Gluing of Wood,” by T. R. Truax, USDA Technical Bulletin 
No. 1500, June, 1929. 

Contributed by the Wood Industries Division and presented at 
the Annual Meeting, Atlantic City, N. J., December 1-5, 1947, 
of Tae American SocteTy OF MECHANICAL ENGINEERS. 

Note: Statements and opinions advanced in papers are to be 
understood as individual expressions of their authors and not those 
of the Society. Paper No. 47—A-85. 


maintained by the use of accelerated test methods carefully cor- 
related to the performance of the panels in service. Likewise, in 
laminated construction there is in progress the evaluation of 
glues and gluing techniques under different service conditions 
and of testing methods that will assure the development of suita- 
ble standards and the maintenance of adequate glue bonds in 
service, 

Laminated structural members for interior or limited exposures 
followed the development of water-resistant plywood in this coun- 
try, but in Europe they have been in service since about the be- 
ginning of the century.‘ Because of the form and size of material 
and essential differences in the details of construction of plywood 
and laminated members, however, the test methods and means 
of evaluating the two forms of construction must be varied. Fur- 
thermore, the methods in use for evaluation of the glue joints in 
interior laminated members are not adequate for judging the per- 
formance of joints under exterior exposure. 

The necessity for test methods more discriminating in regard to 
durability of joints in heavy laminated construction than were pro- 
vided by existing methods became apparent during the develop- 
ment of processes for laminating timbers for exterior use at the 
start of the recent war. Laminated oak timbers which gave 
initial high strength in the block-shear test soon developed delami- 
nation of glue joints when exposed to the weather.’ This led to 
the conclusion that test methods more nearly simulating service 
conditions would be necessary for evaluating the suitability of 
glue joints for exterior use. 

Laminating for exterior use, like many other major develop- 
ments, was prompted by an urgent need in time of war. The 
Navy needed immense numbers of ships and boats, the building 
of which soon brought on a shortage of available materials. 
White oak, the foremost shipbuilding species, seasons slowly, 
especially in large dimensions. Nominal 1-in. oak lumber, how- 


‘ever, can be dried in a relatively short time. Therefore a process 


was developed whereby boat and ship timbers of the desired 
shapes and sizes and timbers for other exterior uses were lami- 
nated from kiln-dried lumber with intermediate-temperature- 
setting phenol and later with resorcinol resin glues. 

In exterior use, timbers are subjected to wettihg and drying 
which cause severe stresses and a tendency to check. In lami- 
nated timbers, these stresses are more or less concentrated at the 
glue lines. In addition, the laminations are usually relatively 
thick, in comparison with veneer used. for plywood, and the re- 
quirements on glue-line performance are even more rigid than 
in exterior plywood. Hence accelerated tests that predict ac- 
curately the durability of laminated members under exterior ex- 
posure are of considerable importance. 

The work of the U. 8. Forest. Products Laboratory on test pro- 
cedures and test methods to be discussed, deals exclusively with 


4“The Glued Laminated Wooden Arch,” by T. R. C. Wilson, 
USDA Technical Bulletin No. 691, October, 1939. 

5 ‘Laminating Lumber for Extreme Service Conditions,’ by C. D. 
Dosker and A. C. Knauss, Mechanical Engineering, vol. 66, 1944, 
pp. 763-773. 
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types of glues, such as phenol, melamine, and resorcinol resins 
which, when properly used, have been found durable in exterior 
service. 


DEVELOPMENT OF ACCELERATED TEST METHODS 


During service, timbers used for exterior purposes may be 
expected to undergo considerable change in moisture content. 
To furnish dependable test results, stresses similar to those which 
might occur in service therefore must be induced during the test 
and, furthermore, the possible leaching or solvent effect. of moist- 
ure upon the glue must be simulated. The two accelerated tests, 
to be described in the following, were intended to simulate these 
conditions. 

Soaking-Drying Cyclic Delamination Test (180-day test). Sec- 
tions 2 in. long were cut from laminated beams 8 X 10 or 6 X 6 
in. in cross section and exposed to a repeating cycle of soaking 
for 30 days, followed by drying in a room at 80 F and 30 per cent 
relative humidity for 30 days. The test included three complete 
cycles for a total test period of 180 days. Observations were 
made on the condition of the sections and, during the first week 
of drying in each cycle when the delamination was most in evi- 
dence, the total length of open glue joints on the sections was 
measured. This was expressed as a percentage of the total length 
of glue joints exposed, and referred to as the percentage delamina- 
tion. A low percentage of delamination indicates durable joints, 
and a high percentage poor durability. Examples of good and 
poor durability as indicated by the 180-day cy clic test are shown 
in Figs. 1 and 2. 

Vacuum-Pressure, Soaking-Drying Cyclic Delamination Test 
(21-day test). The chief disadvantage of the 180-day cyclic test 
was its extended duration and, consequently, attention was paid 
to development of a test method that would be less time-consum- 
ing. It was found that by application of vacuum and pressure 
the moisture content of 6 X 6-in. beam sections 3 in. long could 
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be brought well above the fiber-saturation point and often as high 
as 80 per cent or more in a period of 24 hr. Since the checking in 
the wood and open glue joints usually were more pronounced 
during the first week of drying, it was assumed that the drying 
part of the cycle might also be shortened. Eventually, the follow- 
ing test procedure was evolved: 

The test sections were placed in an autoclave or other type of 
pressure vessel;' they were immersed in water at room tempera- 
ture and weighted down to keep them submerged. A vacuum of 20 
to 25 in. of mercury was then drawn and held for 2 hr. The 
vacuum was released and air pressure of 75 psi was applied for 2 
hr. The vacuum-pressure cycle was repeated once, while the 
specimens remained immersed. The soaking was continued for 
an additional 16 hr at atmospheric pressure. The specimens 
were then dried in a room maintained at 80 F and 30 per cent 
relative humidity and provided with brisk circulation of air. 
The sections were placed at least 2 in. apart and with the end- 
grain surfaces parallel to the stream of air. The drying was con- 
tinued for a total period of 6 days. The entire soaking-drying 
cycle was repeated twice for a total test period of 21 days. 

The total length of open glue joints (delamination) on the end- 
grain surfaces of the sections was measured during the part of the 
drying period of the third and final eycle when the checking of 
the wood and open glue joints were most in evidence (usually dur- 
ing the third or fourth day of drying). To facilitate measurement 
of delamination, the end-grain surfaces of the sections were cut or 
sanded smooth prior to the start of the test. A magnifying 
glass was used as an aid in measuring delamination. 

Examples of different degrees of durability, as indicated by 
the vacuum-pressure 21-day cyclic test, are illustrated in Figs. 3 
and 4. 

It is realized that variations in the 21-day test may be per- 
missible without. making the test less useful and further work is 
planned with the idea of shortening the test period. For ex- 
ample, two cycles requiring 14 days instead of*the three evcles 
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Fic. 3 
CycLes oF VacuUM-PRESSURE SOAKING-DryING Test, INDICATES 
Poor Durasi.ity or GLUE JOINTS 


Cross Section or Warre-Oak Beam, Exposep To THREE 


TABLE 1 DELAMINATION IN WHITE-OAK BEAM SECTIONS 
AFTER EACH OF THREE VACUUM-PRESSURE, SOAKING-DRY- 
ING CYCLES 
--- —-Delamination, per cent 
Cycle 1 Cycle Cycle 3 
0.1 0.4 1.2 
3 1.5 
4 1.5 1.9 
.6 1.6 1.8 
.8 2.2 4.2 
1.2 2.1 2.5 
1.3 3.8 3.9 
1.4 2.9 4.4 
1.8 3.5 4.5 
2.6 5.9 6.5 
3.3 8.7 11.1 
3.9 5.5° 6.4 
4.0 6.1 9.5 
4.6 9.5 11.9 
4.7 8.0 8.4 
7.5 15.5 16.4 
8.0 12.2 15.3 
9.2 11.9 15.2 
10.6 20.2 22.5 
12.6 17.5 20.0 
15.3 29.5 31.2 
16.5 20.5 23.5 
25.3 31.2 41.4 
27.8 33.8 36.2 
Average 6.8 10.6 12.6 


requiring 21 days might be sufficient. Some available data, how- 
ever, indicate that three cycles are preferable to two. 

In Table 1 the amount of delamination developed in each of 
24 white-oak beam sections after one, two, and three cycles in the 
accelerated vacuum-pressure, soaking-drying test is shown. The 
average delamination value for all sections after various cycles is 
shown graphically in Fig. 5. In general, the amount of delamina- 
tion increased with each of the three cycles, but the average rate 
of increase was greatest in the first cycle and less in each of the 
two succeeding cycles, with an indication that the amount of fur- 
ther delamination beyond the three cycles would be small, pro- 
vided the test was continued further. 

Usually, after a few cycles of severe soaking and drying, the 
internal stresses are largely relieved, either by failure of the glue 
joints or by checking of the wood, and the amount of glue-joint 
delamination brought about by further exposure is relatively 


Fic. 4 Cross Section or WuitTe-Oak Beam, Exposep to THREE 
Cyc_es or VacuuM-PREssURE SoOAKING-DryiINnG Test, INDICATES 
EXcELLENT DuRaABILITY OF GLUE JOINTS 


AMOUNT OF DEL AMINATION (PERCENT) 


NUMBER OF CYCLES 


Fic. 5 Averace AMOUNT OF DELAMINATION IN 24 Wuite-Oak 
Beam SecTIONS AFTER 1, 2, AND 3 CyrcLes In VACUUM-PRESSURE 
Soaxine-DryinG Test 


small. On the other hand, if the test is carried through only two 
cycles where the rate of increase in delamination is still appre- 
ciable, there is less assurance that the results are true indications 
of the durability of the glue joints than when three cycles have 
been completed, and the delamination has more nearly reached 
its maximum. 


Lono-TerRM Exposures 


To be of value, any test method for laminated members in- 
tended for exterior service should produce results indicative of 
durability in such service. Long-term weather exposures and 
continuous. soaking tests of laminated beams were therefore 
started early in the work as a control for other tests. 

Weathering Tests. For the weathering tests beams were made 
6 X 6or8 X 10 in. in cross section and about 4 ft inlength. To 
one end of each beam a protective coating was applied, after 
which the beams were placed on racks and subjected to outdoor 
exposure with the unpainted ends directed south. At intervals of 
a year or less the unpainted end of each beam was inspected for 
delamination. At the time of the inspections, block-shear tests 
were usually made on sections cut from the painted ends of the 
beams. 

Soaking Tests. Laminated beams 8 X 10 in. in cross section 
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-and about 4 ft in length with a protective coating on one end were 
immersed in salt water (4 per cent) for periods up to 3'/: years. 
They were examined for delamination at regular intervals, 
and sections were also cut from them for block-shear tests. These 
sections were conditioned to about 12 per cent. moisture content 
before the block-shear specimens were cut and tested. 


CoRRELATION OF REsuLTS From Various 


The ultimate aim of the various tests was to determine the dura- 
bility of the glue bonds under severe exposure conditions and 
the test method that might be the most dependable for predicting 
durability, as well as being easily and quickly carried out. For 
this purpose a comparison of results from various test methods 
became necessary. 

During the progress of the laminating studies, beams were 
made up from time to time with different glues and under differ- 
ent curing conditions so that they represented considerable varia- 
tion in glue-bond quality. The beams were subjected to one 
or more of the four test procedures previously described, and 
usually two of the testing methods were applied to the same 
beams. In other cases duplicate beams, made at different times 
with the same glue and gluing conditions but tested by different 
methods, afforded a basis for comparison of testing procedures. 

Comparison of Continuous Soakimg and Weathering Exposures. 

Results of continuous soaking for periods up to 3'/: years of 
60 some beams, Fig. 6, and weathering tests on a considerably 
larger number indicated that exposure to weathering produces 
delamination much more rapidly than continuous soaking. Only 
a few specimens among the beams exposed to soaking developed 
small amounts of open glue joints during the 3'/:-year period; 
whereas beams similarly made and exposed to the weather in 
many cases developed large amounts of open glue joints. Shear 
blocks cut from beams during soaking and reconditioned to about 
12 per cent moisture content before testing, in general, showed 
no appreciable weakening, indicating that prolonged continuous 
soaking had very little deteriorating effect on the glue bonds. 
When beams which had been soaked for 3'/, years were dried, 
considerable delamination developed in some of them, but in 
others the glue joints remained intact even after severe drying. 
The beam shown in Fig. 7 had developed considerable delamina- 
tion in practically every joint after 4 years of exposure to the 
weather; whereas a beam similarly glued and cured but exposed 
to continuous soaking was practically free from joint failure 
after 3!/. years of exposure. In the beams exposed to weathering, 
the glue joints that showed little or no opening during the first 
year usually remained in about the same condition throughout the 
several years of exposure. 
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Comparison of Results From 180-Day Cyclic Test and 21-Day 
Vacuum-Pressure Cyclic Test. In so far as the time element is 
concerned, the 21-day cyclic test is a great improvement over the 
180-day test. The means of testing durability, by inducing 
stresses which would result in checking or delamination or both, 
was similar for both tests. The possible leaching or solvent effect 
might of course be greater for the longer soaking periods of the 
180-day tests. In the continuous soaking tests of beams and also 
in previous work with plywood,* it was established, however, that 
the effect of soaking on the types of glues that are durable under 
severe exposure is not appreciable. For this reason it was con- 
sidered that the shortening of the soaking period would probably 
not affect the results. In Table 2 delamination values are shown 
for two different groups of test sections from beams similarly 


TABLE 2 DELAMINATION VALUES IN TEST SECTIONS TAKEN 
FROM LAMINATED BEAMS SIMILARLY GLUED AND CURED, 
BUT SUBJECTED TO DIFFERENT CYCLIC TESTS 


Delamination developed 
180-day test, 2l-day test. 
per cent . per cent 
0.0¢ 1.3 
.0 2.1 
0 2.2 
.0 2.6 
0 3.2 

0b "2.38 
3.5 
6 5.5 
6 1.0 
.8 
5.8 
6b 3.56 
1.2 2.4 
1.9 4.3 
3.9 2.2 
4.2 1.8 
4.4 2.5 
3.16 2.66 
5.5 4.1 
6.5 aa 
11.1 6.1 
11.9 6.0 
14.8 16.5 
10.0 
15.2 8.4 
15.8 20.3 
16.4 10.2 
22.5 23.5 
31.2 20.0 
20.26 


@ Reading down the left column the delamination values for the 180-day 
test are arranged in ascending order, and in the right column delamination 
values are shown for sections similarly glued and cured but subjected to the 
21 day test. 

b’ Average of 5 preceding values. 


6*Summary of Information on the Durability of Woodworking 
Glues,”” by F. F. Wangaard, Forest Products Laboratory Report 
No. 1530 (revised 1946). 
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LAMINATED Beam Exposep TO WEATHER FOR ABouT4 YEARS SHOws A PERCENTAGE 


or Open GLUE JOINTS 


glued and cured, one group having been subjected to the 21-day 
test and the other group to the 180-day test. 

There is no very close agreement between the results from indi- 
vidual sections of each pair, but the general trend indicated by the 
two tests is similar. If averages for groups of five sections are 
considered rather than results for individual sections, the simi- 
larity becomes more obvious. The results show that where the 

‘delamination is small the test values from the 21-day test are 
slightly higher than those from the 180-day test. With increased 
magnitude of delamination, however, the reverse trend is indi- 
cated. It is possible that with highly undercured glues, the 
longer leaching period of the 180-day test may be more damaging 
to the joints; on the other hand, the differences in ‘results are 
somewhat inconsistent and are probably not significant. 

Comparison of Results of Weathering Test and Accelerated 
Vacuum-Pressure, Soaking-Drying Test. Since exposure to 
weathering causes deterioration of imperfect glue bonds (made 
with phenol, melamine, or resorcinol resins), it was used as a 
basis of comparison for the accelerated vacuum-pressure, soak- 
ing-drying cycles. It is recognized that weather conditions vary 
in different localities and result in a more severe exposure in one 
part of the country than in other parts. In the Madison area, 
where these tests were conducted, however, the climatic changes 
throughout the year are rather drastic, and the stresses induced 
in unprotected wood products due to temperature and moisture 
changes are quite severe. Consequently, it is believed that the 


glues and curing conditions which produced bonds that performed . 


satisfactorily in unprotected outdoor exposure throughout the 
yearly cycle would be adequate for most exterior services; 
Whereas appreciable delamination would indicate inadequate 
bonds. However, no attempt has been made to determine the 
relation of the severity of weathering period to the cyclic test in 
deterioration or delamination of glue joints. 


In Table 3 a comparison is made between results of the 21-day 


cyclic test and weather exposure on white-oak beams. Percent- 
age delamination (length of open glue joints) is shown in parallel 


TABLE3 AMOUNT OF DELAMINATION DEVELOPED IN WHITE- 

OAK BEAM SECTIONS SUBJECTED TO ACCELERATED VACUUM- 

PRESSURE CYCLIC TEST (21-DAY TEST), AND IN BEAMS EX- 
POSED TO WEATHER FOR APPROXIMATELY 1 YEAR 


~Delamination—— — ———- Delamination 
In vacuum- Under In vacuum- nder 
pressure weather pressure weather 
cycle, ex posure, cycle, exposure, 
per cent per cent per cent per cent 
0.5 3.1 10.2 28.0 
0.6 4.1 11.9 12.5 
0.9 4.4 12.0 28.0 
0.9 9.6 14.8 42.8 
Peo 7.0 16.0 54.0 
1.2 5.9 16.5 40.0 
1.3 11.4 17.8 37.8 
1.4 9.9 19.2 27.0 
1.7 10.9 22.1 55.4 
2.0 14.0 25.5 46.6 
2.2 29.4 44.0 
2.2 13.0 48.0 100.0 
2.3 18.7 76.0 95.0 
2.4 5.7 78.0 96.0 
2.7 6.7 92.0 95.0 
2.9 5.9 100.0 100.0 
2.9 13.3 
3.3 6.0 
3.6 
4.1 3.0 
4.1 20.5 
4.2 25.1 
4.3 4.0 
4.4 7.0 
4.4 23.9 
5.9 18.1 
6.0 27.0 
6.1 11.2 
8.2 13.5 
9.5 32.6 


columns for beam sections subjected to cyclic test, and the beams 
exposed to the weather for approximately i year. Similar com- 
parative tests were made, using the 21-day cyclic and the weather- 
ing tests on groups of hard maple, southern yellow pine, and 
Douglas-fir beams. In most cases the specimen for the cyclie 
test was cut from the same beam that was exposed to the weather, 
and in every case the cyclic section represented the same species, 
glue, and curing condition that were used with the weather- 
exposure beam. In determining the amount of delamination in 
the cyclic test, both end-grain surfaces of the specimen were 
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TABLE 4 AVERAGE AMOUNT OF DELAMINATION BY GROUPS OF BEAMS IN VACUUM- 
PRESSURE SOAKING-DRYING CYCLE AND WEATHERING TESTS 


Grouping 


- Southern pine 


Hard maple and Douglas-fir 


by amount ———-White oak 
of delami- Delamination 
nation in -—— Per cent ——~ 


Cycle Weather- 
bea i 


OP 
SOPN MAI 


8 


OQ PINE AND FIR 


DELAMINATION UNDER CYCLIC EXPOSURE (PERCENT) 


a 


8 12 16 20 24 28 
DELAMINATION UNDER WEATHER EXPOSURE (PERCENT) 


Fig. 8 CoMPARISON OF DELAMINATION VALUES OBTAINED WITH 
VacuuM-PREssSURE SoakKiING-DryING CyYcLE AND ExposuRE TO 
WEATHER 


examined and the condition of the glue jojnts recorded; whereas, 
in the weathering test, the amount of delamination in the glue 
joints was based only upon the one end surface of the beam fac- 
ing south. This may have been an important factor in determin- 
ing the amount of delaminatioh recorded in the two tests and may 
have affected to some extent the consistency of results. 

The results on white-oak beams, Table 3, show considerable 
divergence between individual specimens, and the same was true 
for the other species. However, the general trend of increasing 
delamination in the cyclic test with increased delamination under 
exposure to the weather was exhibited in all the tests. This trend 
becomes even more apparent when the averages of .groups of 
specimens are taken. Such averages of groups for the different 
species (southern yellow pine and Douglas fir grouped together), 
shown in Table 4 and presented graphically in Fig. 8, indicate 
the general relationship between the two types of test. The 
pattern of the data suggests the probability «f a somewhat dif- 
ferent relationship for the hardwoods and softwoods, but the 
indications are not yet sufficiently definite to warrant positive 
conclusions. 

The failure of glued joints is frequently the result of improper 
gluing technique, and, in the case of thermosetting glues to be 
used for exterior purposes, improper cure has often been found 
to be an important eause of failure. The vacuum-pressure 
soaking-drying cyclic test has been found convenient to deter- 
mine the required curing temperature for different glues. Its 
use in determining the adequacy of joints in laminated white-oak 
beams, glued with two different intermediate-temperature-setting 
phenols is shown in Fig. 9, where percentage of delamination is 
plotted against the curing temperature. 

The plotted values were obtained by applying the cyclic test 
to two 3-in. sections from each beam, while the remainder was 
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exposed to the weather. Hence each point on the graphs is 
based upon results from two specimens. From the graphs it 
may be noted that the amount of delamination is closely related 
to temperature of cure and was found to correlate well with the 
amount of delamination that developed on the parts of the beams 
exposed to weathering. 

Results of block-shear tests on the same white-oak beams are 
also shown in Fig. 9. There was no significant difference in 
shear strength for the various curing temperatures. The wood- 
failure values, however, decreased generally with lower curing 
temperatures and appeared to disclose incomplete cure and poor 
durability better than the strength results. 
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Fic. 9 Resutts or VacuuM-PressurE Soakinc-Dryina Cyc ic 
Tests AND BLock-SHEAR TeEsTs ON WuaITe-Oak Beams GLUED WITH 
Two Dirrerent ADHESIVES CURED AT VARIOUS TEMPERATURES 


The appearance of beam sections and of the beams after the 
21-day cyclic and weathering tegts, respectively, are shown in 
Figs. 3, 4, 7, 10, 11, and 12. Figs. 3 and 4 show white-oak beam 
sections subjected to the vacuum-pressure cycle test, in which 
poor and good joint durability are indicated, Figs. 7 and 10 
show two similar beams after exposure to the weather for 4 years 
with comparable results. Figs. 11 and 12 show six white-oak 
beams that represent a wide range in joint performance and dura- 
bility when exposed to the weather, with the percentages of 
delamination obtained in the 21-day cyclic and weathering tests 
given in the captions. 

Extensive block-shear tests were made on many of the beams 
immediately following their manufacture and at various stages 
during exposure in the other forms of test. Most of the results 
of such shear tests are not here presented because they were not 
found to indicate accurately joint performance under severe 
exposures. While the block-shear test is of value for the control 
of original joint quality, no close correlation exists between origi- 
nal joint strength and later delamination in weathering tests, 
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Fic. 10 Wuaire-Oak Beam Ex- 
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Fie. 11 Laminateo Wuite- 
Oak Beams Exposep To WEATH- 
ER FOR Asout 2 YEARS, 
Lert to Ricut, SHowep Per- 
CENTAGES OF DELAMINATION OF 
100, 95, AND 9.3, ResPECTIVELY 


(Delamination values obtained in 

21-day cyclic test on sections cut 

from these beams were 92, 76, and 
3.6, respectively.) 


Fie. 12 Lamanatep 
Oak Beams, GLUED Wi1TH THREE 
DirFeRENT GLUES AND Exposep 
TO FoR AsBouTtT 3 
Years, From Lert to Riaut, 
PERCENTAGES OF De- 
LAMINATION OF 15.7, 11.8, AND 
8.6, RESPECTIVELY 


(Delamination values obtained in 

21-day cyclic test on sections cut 

from these beams were 6.1, 3.6, and 
1.5, respectively.) 
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Neither is block-shear strength after exposure as reliable an indi- 
cation of joint durability as the percentage of delamination in 
accelerated cyclic tests. The estimated wood failures in the 
block-shear test have been found to be a better indication of 
durability under severe exposure than the shear-strength values 
when glues of known durability are used. Estimated wood fail- 
ures in the dry block-shear test, however, are of no value in dis- 
tinguishing between durable and nondurable glues. 


CONCLUSIONS 


In conclusion, it appears that the vacuum-pressure, soaking- 
drying cyclic test gives a reliable indication of glue-joint dura- 
bility in laminated beams under severe exposure; that it is fairly 
comparable in severity and results obtained with a longer soaking- 
drying cyclic test; that wetting-drying cyclic tests are more 
severe than continuous soaking and more nearly comparable to 
weathering as an indication of joint performance in heavy tim- 
bers; and that the block-shear test, while of value in judging 
original joint strength, does not indicate joint durability under 
weather exposures as accurately as percentage of delamination in 
accelerated cyclic tests, but that details of the vacuum-pressure, 
soaking-drying cyclic test are not yet fully known, especially as 
related to different species. 


Discussion 


C. F. MacLacan.?. When we first learned of the development 
of this ‘‘short-term”’ testing method, through visits to the au- 
thors’ laboratory, we became considerably interested in it since 
the “quality of the bond” is measured without employing ele- 
vated temperature which in many instances further cures an in- 
completely cured glue line rather than determines the actual glue- 
line quality. Thus the necessary equipment was installed and 
many tests of this order have been carried out. Comparative 
tests between the 21-day vacuum-pressure procedure and 1-year 
unprotected outdoor exposure on a rack on our laboratory roof 
in Bainbridge, N. Y., reveal a fairly close correlation. This, 
difference in our results over the results obtained at Madison may 
very well be due to the difference in climatic conditions. 

What has been the experience in the effect of the thickness of 
the individual laminates making up the laminated beam section 
for this test? Does not the test become more stringent as the 
thickness of each laminate is increased? 

What have been the experiences with regard to the results ob- 
tained on different species? For example, has it not been found 
that an adhesive exhibiting considerable delamination on white 
oak may exhibit no delamination on Douglas fir? 


7 Casein Company of America, Research and Development Labo- 
ratories, Bainbridge, N. Y. 
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What are the authors’ views regarding the adaptation of this 
testing method for such constructions as plywood t6 stud sec- 
tions, etc., as employed in prefabricated house building? 

Referring to methods of shortening the time factor for this 
type of cycle testing, has any consideration been given the use of, 
3 days’ drying at 100 F rather than 6 days at 80 F. It is the 
writer’s belief that the use of 100 F would not be instrumental in 
promoting further curing. 


AvuTHORS’ CLOSURE 


In a study not reported on here laminated beams were pre- 
pared from laminations varying over a considerable range both 
in width and thickness. The beams were fabricated according 
to the best-known technique with a durable glue and, when sub-: 
jected to cyclic tests similar to those described here, no appre- 
ciable amount of delamination developed in any of them. 

The stresses developed in a laminated section depend, among 
other factors, on the dimensions of each lamination. However, 
variations in stresses for different constructions occur not only 
during accelerated exposures, but also in service. Hence it is 
important that a test indicate the performance of the glue bonds, 
irrespective of the thickness of laminations or other construction 
details and the ability of the glue bonds to withstand the stresses 
developed in the particular construction under service condi- 
tions. ‘ 

In regard to results obtained with different species, it is true 
that joints in certain species fail while in others, although made 
with the same adhesive and under the same conditions, no failure 
develops. Offhand this might seem as if the test would be ap- 
plicable to the one species, but not to the other. However, long- 
term weather exposures have confirmed that glues and gluing 
conditions that produce adequate bonds in one species may be 
unsatisfactory for another, so in reality the test gives a true indi- 
cation of the glue-bond requirements for each species. 

The purpose of the test is to bring about rapid failure where 
under ordinary exposure conditions failure would eventually 
develop after various periods of service, and it is entirely possible 
that it might Be adapted to testing of other than laminated con- 
struction. In fact, the authors have used a modification of this 
test to evaluate the glue bonds in boat-frame assembly joints 
(frames joined with plywood gussets). It must be kept in mind, 
however, that in its present form the test is necessarily severe 
and that for constructions not intended for exterior service modi- 
fications would be required. 

Shortening of both the soaking and drying periods of the cycle 
has been tried and appears to be feasible provided the drying 
conditions are favorable. A drying temperature somewhat higher 
than 80 F has also been used and is especially beneficial where it is 
difficult to maintain a low humidity. 
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Studies in Boundary Lubrication—II 


Influence of Adsorbed Moisture Films on Coefficient 
of Static Friction Between Lubricated Surfaces 


By W. E. CAMPBELL’ ano E. A. THURBER,' MURRAY HILL, N. J. 


Extraordinarily high values of the coefficient of static 
friction between steel surfaces lubricated with straight 
chain normal hydrocarbons (heptane to decane) are shown 
to be due to a film of adsorbed moisture at the solid-liquid 
interface. Friction measurements on a highly refined 
paraffin-base oil applied to surfaces in equilibrium with a 
dry and a moist atmosphere, confirm this idea, the coef- 
ficient of friction being 0.35 for the dry and 0.6 for the moist 
lubricated surfaces. Friction measurements are recorded 
for four fundamentally different lubricant types on steel, 
brass, and glass in equilibrium with dry air and air of 75 
per cent humidity, respectively. The friction is in all 
cases raised from 40 to 70 per cent in the high humidity, 
the effects being particularly pronounced on glass. The 
results of the tests provide an explanation for many of 
the discrepancies among oiliness results in the literature 
obtained by the static-friction method, and indicate that 
the humidity of the atmosphere plays a significant part in 
the mechanism of boundary lubrication. 


INTRODUCTION 


HE coefficient of static friction between lubricated sur- 

faces under boundary conditions has been shown by 

Rayleigh (1)? to increase when water is added to the lubri- 
cant. 
tions of certain organic liquids over a wide concentration range 
and found that the friction was raised by the presencé of water. 
More recently Rhodes and Allen (3) found that water vapor in 
the air caused a rise in static friction, and in the first paper of 
this: series (4) similar effects were noted. At no time, however, 
has a thorough investigation of the effect of adsorbed moisture 
films on the coefficient of static friction been made for commonly 
employed lubricant types. It is the object of this paper to record 
the results of such an investigation. 


Hardy (2) later made a quantitative study of water solu-, 


a desiccator through which dry air could be passed while a run was 
in progress. Thecapacity of the desiccator was 10 liters and the 
rate of air flow, in general, of the order of 100 liters per hr. Re- 
peat measurements were made by withdrawing a stop 0.01 in. from 
the slider. Successive measurements could thus be made with- 
out admitting atmospheric air to the surfaces. The slider con- 
sisted of three 1-in. chromium-steel balls clamped at the apexes of 
a triangle between two steel plates. The plate was of hardened 
tool steel having an optically plane surface. 

The procedure in making a run was to clean the surfaces of the 
balls and of the plate by an abrasive method, the test for cleanli- 
ness being the ability of water to wet surfaces uniformly in a very 
thin film (4, 5). After rinsing with redistilled alcohol and drying 
ir? a current of clean dry air, the slider was placed upon the plate, 
which in turn was placed upon a leveling platform mounted inside 
the desiccator. Dry air was then passed at a rapid rate for 15 
min, and two or three preliminary clean-friction determinations 
made in order to check the cleanliness of the surfaces. If these 
measurements indicated that the surfaces were clean (pu 
= 0.78 + 0.04), the lid of the desiccator was raised, the slider re- 
moved, and the balls shifted to expose a fresh surface of contact. 
A sufficient amount of the liquid to be tested to form a pool com- 
pletely surrounding the balls of the slider when in position was 
added to the plate and the slider placed in position. The 
desiccator was closed and dry air was passed again from 10 to 20 
min before starting friction readings. The rate of flow of air 
through the chamber was then cut down to 60 liters per hr in order 
to reduce the rate of evaporation of the lubricant. The paraffins 
used in these studies were obtained from the U. S. Bureau of 
Standards and were of very high purity. They were redistilled 
over sodium and kept sealed in pyrex tubes until ready for use. 


MotsturE EFFECTS FOR PuRE HyDROCARBONS ON STEEL 


The early results on octane, nonane, and decane gave initial 


TABLE 1 RESULTS OF TESTS ON OCTANE AND DECANE 


venangy fficient of static fricti 0 
oefficient of static friction. y 0. 
oefficient of static friction. 4» 0. 


@ No visible traces of lubricant left on plate. 
6 Slider slip at initial load applied. 
¢ Small pool of lubricant under each ball. 


DESCRIPTION OF METHOD 


The method used was essentially that of Hardy and has been 
described in detail in the earlier paper (4). It consisted in deter- 
mining the load necessary to make a three-legged slider slip on a 
polished horizontal surface. The experiments were carried out in 


' Bell Telephone Laboratories, Inc. 

*? Numbers in parentheses refer to the Bibliography at the end of 
the paper. 

Contributed by the Research Committee on Lubrication and pre- 
sented at the Annual Meeting, Atlantic City, N. J., December 1-5, 
1947, of Tue AMERICAN Society oF MECHANICAL ENGINEERS. 

Nore: Statements and opinions advanced in papers are to be 
understood as individual expressions of their authors and not those of 
the Society. Paper No. 47—A-18. 


76 0.75 0.70 0.64% <0.36 <0.4> 0.50 0.51 0.53 
1 16 1 25 32 36 42 50 
0.64 0.65 0.58¢ 
30 40 50 


coefficients of friction varying between 0.7 and 0.8, indicating - 
that, under the conditions of the experiment, these liquids were 
nonlubricants on steel. These results were quite unexpected in 
the light of Hardy’s measurements, which gave values varying 
between 0.35 and 0.45 for similar substances. In later runs on 
octane and decane, readings were continued until the bulk of the 
lubricant had evaporated. It was noticed that the readings be- 
came lower as the pool of lubricant became discontinuous due to 
evaporation from between the balls, and that the downward 
trend was accelerated as the last visible traces of lubricant 
vanished from the surface. Results indicating this effect are 
given in Table 1. 

In still later work, measurements were continued for some time 
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spectively, obtained by Hardy (6) on steel surfaces 
for which » = 0.74. 


MorsturE Errects ror UNLUBRICATED SURFACES 


NONANE | 


The latter of the two explanations just given 
serves to account for the downward trend observed 


| 
| 
L 


in earlier work (4), where the measurements were 


INITIAL CONTINUOUS POOL 
| | } DIMINISHING IN SIZE 
| | | NO VISIBLE LUBRICANT 


COEF FICIENT 
OF STATIC FRICTION, 


on the surfaces before drying. Furthermore, in any 


° 40 80 120 160 200 240 280 
TIME IN MINUTES 


i—t made in a dry atmosphere but the oil was placed 
|_| 
2 


> seo ~—CSerries of dry-friction readings taken by the standard 
technique .above, the first reading was invariably 


Fic. 1 Corrricrent or Static Friction Steet—HyprocarBon—STeet as a higher by a factor of about 10 per cent. It ap- 


FUNCTION OF TIME 


TABLE 2 RESULTS OF TESTS ON OCTANE AND NONANE 


Lubricant 
» 0.83 0.79 0.76 0.73 0.657 <0.5% 0.30 0.33 0.33 
20 0 35 0 6 


5 4 0 0 
ctane 0.63 0.72 0.68 0.82 0.80 0.78 0.77 0.82 0.83 
¢ 100 110 170 180 °&# 190 200 330 340 350 
» 0.70 0.78 0.77 0.72 0.70 0.70 0.59 0.51% 0.45 
5 10 20 30 40 70. #115 160 200 
onane 0.35 0.40 0.47 0.74 0.74 0.87 0.82 
t 235 250 260 320 350 340 350 


* No visible traces of lubricant left on plate. 
6 Slider slipped at initial load applied. 


after all traces of visible lubricant had disappeared. The results 
given in Table 2 and plotted in Fig. 1 are typical of the behavior 
observed in these runs. Similar results were obtained for very 
pure butyl alcohol, except that the initial coefficient was not 
quite so high, being of the order of 0.6. It will be noticed that the 
results pass through a minimum and then trend upward, reach- 
ing a constant value equal to the clean value for steel on steel. 
Water run over the slider and plate at the end of the run re- 
mained in a continuous thin film, indicating freedom of the 
surfaces from adsorbed organic films. 

These results may be explained in two ways: (a) on the 
assumption that evaporation of the hydrocarbon deposited a film 
of volatile impurity on the surface which is subsequently re- 
moved by evaporation. This seemed rather unlikely, since vola- 
tile organic impurities would be low-molecular-weight com- 
pounds and would not be expected to give friction values as low 
as those recorded. An alternative explanation (b) which seemed 
more in line with the facts observed, was that a film of moisture 
was trapped at the hydrocarbon-metal interface when the lid of 
the chamber was removed for placing the lubricant and slider in 
position, and was responsible for the high initial friction values 
recorded. The water evaporated after the bulk of the’ hydrocar- 
bon had disappeared. The friction at the minimum point was 
that due either to a mixed hydrocarbon-water film or to a hydro- 
carbon film in equilibrium with the hydrocarbon vapors in the 
chamber, With further passage of air, the last traces of hydro- 
carbon were removed from the surfaces and the friction rose 
again to the clean value for steel on steel. 

On this latter basis, a steady value of u, much lower than the 
initial values previously recorded, should be obtained when a film 
is deposited on the surfaces from the hydrocarbon vapors alone. 
To test this point, the slider and plate were placed in the cham- 
ber after cleaning, and allowed to dry thoroughly, the slider being 
mounted on a pedestal out of contact with the plate. After 1/- 
hr passage of dry air, the stream was diverted so that it bubbled 
through the hydrocarbon before entering the chamber. After 
thoroughly saturating the atmosphere in this manner, the slider 
was manipulated onto the plate without opening the chamber. 
Using this method, the following results were obtained: Hep- 
tane, » = 0.57; octane, u = 0.48; decane, u = 0.44, each re- 
sult being the mean of 10 readings showing no trend of any kind. 
These results compare with values of u» = 0.43, 0.41, 0.39, re- 


peared that even, with clean surfaces, water adsorbed 

from the surrounding atmosphere before drying the 
chamber was held between the balls and the plate, and could 
produce increased friction. To test this possibility further, the 
following experiment was carried out: 

The slider and plate were dried in the desiccator out of contact 
with each other. The slider was then placed on the surface with- 
out opening the chamber and five readings were taken in the 
resulting very dry atmosphere. The readings were » = 0.75, 
0.77, 0.73, 0.80, 0.75. The lid of the desiccator was now re- 
moved, the slider lifted out, and, after a few seconds’ exposure 
to the room atmosphere (relative humidity 52 per cent), re- 
placed on the plate. The lid was replaced and dry air passed 
for 15 min. Three readings using this procedure between readings 
gave » = 1.05, 0.94, 1.16. Three additional readings without re- 
opening the chamber gave values of » = 0.78, 0.73, 0.79. 

A similar experiment with a silver slider on a nickel plate gave 
even more striking results. Five readings with both surfaces dry 
in a dry atmosphere gave u = 0.40, 0.37, 0.38, 0.37, 0.40. Two 
readings taken by exposing the surfaces briefly to air and subse- 
quent drying in contact gave » = 0.84 and 1.00. 

Further readings taken without reopening the chamber gave 

.4 = 0.38, 0.36, 0.39, 0.37, 0.37. The chamber was now opened 
again, slider and plate breathed upon gently, and the slider re- 
placed immediately after the visible moisture had evaporated. 
After from 30 to 50 min drying, readings were taken. The re- 
sults for three measurements carried out in this manner were u» = 
2.13, 1.57, and 2.57. Upon opening the chamber and taking 
readings with the whole apparatus exposed to room humidity, a 
value of » = 0.34 was obtained as the mean of five readings and 
breathing upon the surfaces had no effect. 

The nature of the slip was entirely different when the high read- 
ings were recorded, being very sharp and sudden as contrasted with 
relatively even movement for the lower values. The additional 
force required to produce slip, after exposure of the surfaces to 
moisture and subsequent drying, must be due to an invisible 
film of moisture adsorbed near the zone of metallic contact. Over 
the rest of the surface the film is absent. The area at which the 
water is held must be very small and the high friction cannot 
be due to ordinary capillary forces. Possibly chemical bonds have 
to be destroyed before slip occurs. 

The situation for an adsorbed water film at an oil-metal inter- 
face is different in that the water film extends over both surfaces. 
The mechanism in this case will be discussed later. The clean- 
friction results provide a demonstration, however, of the enorm- 
ous effects which can be produced by an invisible adsorbed film 
of water. 


Moisture Errects ror WHITE O11 ON STEEL 
In many of the earlier studies on reproducibility, highly re- 


fined white paraffin-base oils were used because they were con- . 


sidered to represent a comparatively simple and reproducible 
type of commercial product. Therefore the first studies of 
moisture effects were made upon such an oil which had been 
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percolated through Fuller’s earth. This oil was then divided into 
two portions, one of which was shaken with freshly distilled 
water and allowed to stand in contact with water until ready for 
use. The other portion was dried by shaking with anhydrous 
sodium sulphate. Measurements of the static coefficient were 
then made for the following combinations: 

1 Dry oil on dry surfaces. 

2 Moist oil on dry surfaces. 
Dry oil on moist surfaces. 

4 Moist oil on moist surfaces. 


In making dry measurements, the surfaces were dried out of 
contact as described earlier, the dry oil was added to the plate 
without opening the chamber, and the slider then manipulated 
into position. For the measurements on the moist surfaces, the 
slider and plate were allowed to come to equilibrium with de- 
greased air at 50 per cent relative humidity before addition of oil. 
For measurements using dry oil, dry air was passed at 100 liters per 
hr during the. course of the run; when moist oils were used, de- 
greased air at 50 per cent relative humidity was passed. The oils 

*were spread to cover the entire surface of thé plate by means of a 
clean glass rod inserted through the air-exit hole. The graphited 
oil was the white mineral oil to which a commercial suspension of 

. colloidal graphite in oil had been added to give a concentration of 

0.02 per cent. 


TABLE 3_ EFFECT OF MOISTURE ON COEFFICIENT OF STATIC 
FRICTION BETWEEN STEEL SURFACES LUBRICATED BY A 
WHITE MINERAL OIL 


Average 


deviation 
Condition Condition from mean, 
of oil of surfaces “ per cent 
Dry Dry 0.33 2.3 
Dry Dry 0.36 3.4 
Dry Dry 0.35 4.9 
Moist Dry 0.37 4.5 
Dry Moist ° 0.61 2.7 
Moist Moist 0.62 2.1 
Moist Moist 0.60 6.4 
Graphited Moist 0.60 10.6 
Graphited Moist 0.54 7.0 


In all the measurements, which are recorded in Table 3, the 
mean of 10 readings was taken after the friction had reached a 
steady value, since slight initial trends were sometimes noted. 
Although the reproducibility of a given set of 10 readings for the 
dry oil on dry surfaces is not appreciably better than that ob- 
tained in earlier work on undried oils and surfaces, considerably 
closer checks were obtained for the means of repeat determina- 
tions.* 

The results confirm the effects observed for the hydrocar- 
bons. It appears that the presence or absence of a moisture 
film on the metal surfaces before addition of oil is the important 
factor, because low results were obtained for a moist oil on a dry 
surface, while high results were obtained for a dry oil on a moist 
surface. 

It is claimed that the graphite in a graphited oil adsorbs on the 
surfaces producing a “graphoid”’ surface of very low friction, and 
that such surfaces suffer correspondingly low wear. The results 
for the two measurements on a graphited oil indicate that no 
such film forms under the conditions of the experiment. The 
second group of measurements were made after rubbing the 
slider over an area of about 9 sq mm surrounding each ball for 
10 min, allowing the surfaces to stand in contact for 24 hr, and 
repeating the agitation. Readings were then made on the por- 
tions of the surface which had been abraded in this mamner. 
Though some lowering is evident, it is not sufficient to be caused 
by a graphite film,‘ and could be accounted for by the presence of 


* Early measurements on a similar white paraffin-base oil had 
yielded values varying from 0.26 to 0.47. 

‘ Measurements of u for the same slider against a graphite surface 
gave a value of 0.25. 
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polar constituents in the graphite suspension. It seems clear 
that if a graphoid film forms in a bearing under operating condi- 
tions, its formation must require considerable time and running- 
in. 


Moisture Errects FoR Various Souip-LUBRICANT CoMBI- 
NATIONS 


Having established the mechanism of the friction rise produced 
by moisture films in the case of a type of oil known to be weakly 
adsorbed on steel, experiments were carried out to determine the 
nature of the effect for a series of typical oils on steel and brass. 
The same oils were then tested on glass surfaces, which were used 
extensively in Hardy’s work, and which are of interest in mecha- 
nism studies because of their hydrophilic nature. 

The static friction between the lubricated surfaces was deter- 
mined for the dry oil on the dry surfaces by the procedure already 
described. For moist runs the surfaces were allowed to come to 
equilibrium with an atmosphere of 75 per cent humidity before 
addition of oil. The high-humidity measurements were carried 
out in a constant-humidity room at a temperature of 25C. The 
surfaces were cleaned and dried by the standard procedure and 
were then allowed to come to equilibrium in the moist atmosphere 
for '/; hr, during which time several clean values for u were de- 
termined. It is of interest to note that these clean values are the 
same as the clean values in a dry atmosphere for each of the 
three solids. The brass slider was similar to the steel slider, 1-in. 
brass balls being clamped in a duplicate steel frame. The glass 
slider consisted of three clear glass marbles 5/; in. diam set in a 
steel frame. The brass plate was flat to 1 X 10-° in. and was 
polished free of visible surface scratches. The glass plate was cut 
from a piece of plate glass. ; 

The values obtained from these measurements are given in 
Table 4. They generally represent the mean of the first 10 values 
obtained for a given combination and set of conditions. 

The results for repeat runs on the moist surfaces were not al- 
ways very reproducible, particularly in the case of lard oil and 
oleic acid on glass. The lowest moist value, however, was always 
considerably higher than the corresponding dry value. ‘Where 
more than one determination wasmade, the mean is recorded in 
Table 4. 


TABLE 4 _ EFFECT OF MOISTURE ON COEFFICIENT OF STATIC 
FRICTION BETWEEN LUBRICATED METAL SURFACES 


~ 
-—Steel—— -——Brass—— 

Lubricant Dry Moist Dry Moist Dry Moist 
White mineral oil... 0.35 0.56 0.30 0.56 0.27 0.95 
a 0.27 0.46 0.27 da 0.16 0.70 
0.11 0.33 0.11 0.16 0.85 
OO eee 0.12 0.20 - 0.15 0.34 0.16 0.81 


p» Steel-steel = 0.76 
» Brass-brass = 0.86 
» Glass-glass = 0.96 


It will be noticed that the friction-raising effect of moisture is 
present in every case, and that for steel and brass u for the moist - 
lubricated surfaces rates the lubricants in the same general order 
as u for the dry lubricated surfaces. Adhesion tension work of 
Bartell (8) and preferential wetting measurements by Bulkley 
and Snyder (7), have shown that a glass surface is very hydro- 
philic and adsorbs water more strongly than fatty acids. As 
would be expected from these results, the friction-raising effect 
for glass is greater and more persistent than for steel and brass. 
The lower result for the spindle oil is rather surprising, but this 
oil showed unexpectedly low values in several other experiments, 
and the values for the dry runs showed a wider spread than any 
other oil tested. It would appear that this oil contains constitu- 
ents giving it very high oiliness, but, unfortunately, it was not 
possible to obtain detailed information which could be used to 
explain its behavior. 
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It is worthy of note that there is no definite effect of the base 
metal in the dry measurements in Table 4, such as that which 
has been observed by Hardy and his co-workers (9, 10, 11). 

These workers have also reported a decreasing trend of values 
of static friction for metal surfaces lubricated with polar com- 
pounds. The time for equilibrium to be established varies from 
10 to 16 min and is called the “latent period.” This is interpreted 
as representing the time for the lubricant molecules to rearrange 
themselves in a position of preferred orientation at the metal- 
liquid interface. Some evidence of such a downward trend was 
observed in making the dry measurements herein reported, in 
spite of the careful attempts to exclude moisture. However, the 
time to reach equilibrium was not sufficiently reproducible to be 
given a definite value, and was, in general, of the order of several 
hours. Moreover, although usually absent in measurements on 
nonpolar liquids such as white mineral oil, and somewhat more 
marked for substances such as fatty acids, the trend wag present 
in many cases where it would be expected, from Hardy’s work, 
to be nonexistent or at most very slight. In view of the trends 
obtained for the hydrocarbons, and those to be described for the 
moist measurements later, it is felt that the effects observed 
can be explained as being due to traces of moisture or to the 
formation of a corrosion layer at the metal-liquid interface. 


REVERSIBILITY OF MoIsTuRE EFFECT 


In order to determine to what extent changes in friction could 
be reversed by variation of the water in the atmosphere, several 
experiments were run on surfaces flooded with the white purified 
oil. It was found that changes in friction took place very slowly, 
in the absence of agitation, as was to be expected from the re- 
sults for a moist oil on a dry plate. The results, plotted in Fig. 
2, are the most convincing that were obtained. In this experi- 
ment air was bubbled through water and through the chamber 
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before the surfaces were flooded with oil. Seventy measurements 
of friction, in groups of ten, were then made over a period of 5 
hr, moist air passing continuously. The value thus obtained was 
0.63, the dry value for the oil being 0.35. Dry air'was'then passed 
through the chamber for 178 hr, when the friction had dropped to 
0.49. Further measurements over a period of 4 hr gave a mean 
of 0.46. Moist air was then passed for 30 hr, after which the 
friction had risen to 0.57. Two more sets of readings over a period 
of 1'/, hr raised the value to 0.58. 

It is clear that the phenomenon is reversible to a considerable 
extent, though the process of removal of the water is very slow. 
It is of interest to note that the original high value was never at- 
tained on remoistening the air, probably because, over the long 
periods required to produce drying, some oxidation, resulting in 
the formation of more polar compounds, took place. 


Time Errects 

In many of the runs made on the moist surfaces, a downward 
trend was noted, and readings were continued until equilibrium 
was reached. The results of these measurements are plotted in 
Fig. 3, each point representing the mean of 10 friction readings. 
Similar results were obtained on a large variety of oils, those 
plotted in the figure being representative of the behavior observed. 
The curves are strikingly similar to those for latent period in the 
studies previously mentioned. 

It will be noticed that for mineral oils on brass and steel there 
is little or no downward trend with time, but that addition of a 
polar compound not only lowers the initial friction but produces a 
considerable downward trend. It is also of interest that the fric- 
tion coefficient, approached as an equilibrium value, is, in general, 
close to that obtained for the dry oil on dry surfaces, although it 
was not found to be so closely reproducible. 

It is evident that the initial, effects are due to a moisture film 
present at the metal-liquid interface, and it seems a fairly obvious 
conclusion that the downward trend is, at least in part, due to 
displacement of this film by polar oil molecules. There is also a 
possibility, however, that chemical action at the interface, re- 
sulting in the formation of soaps, is a complicating factor which 
may explain the lack of reproducibility of the equilibrium times 
and values. Although no results are given for glass in Fig. 3, 
the value was frequently determined after allowing 24 hr for 
equilibrium to be attained. In only one case was anything but 
relatively slight lowering found in this time—in one experiment 
the value for lard oil dropped to 0.24 after 64 hr. This indi- 
cates that, given sufficient time, some molecular types may re- 
place the adsorbed moisture film, but it is clear that this film is 
exceedingly firmly attached. In the case of the white mineral oil, 
no downward trend of any kind was ever noted. 

The results for glass lend support to the idea that formation of 
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soaps at the metal-oil interface is responsible, at least in part, 
for the latent-period effect in Fig. 3, since no corrosion reaction 
would be expected for glass. The relatively long. times taken 
for the steady low value to be reached give further support to the 
corrosion theory, since the formation of a corrosion film would 
probably depend upon diffusion of oxygen to the interface. Cer- 
tainly orientation in a fluid medium would be very rapid and 
results of preferential wetting studies would also lead to the ex- 
pectation of relatively rapid effects. 


Errect oF AGITATING LUBRICATED SURFACES IN A MoIst 
ATMOSPHERE 


Another indication of the mechanism of the moisture effect was 
provided by agitating the surfaces as described for the graphited 
oil in Table 3. The results of agitation are given in Table 5. 


TABLE 5 EFFECT OF AGITATING MOIST LUBRICATED SUR- 
FACES IN MOIST AIR 


= 


Initial Value 
moist after 
Lubricant Surfaces value agitation 

| Steel 0.58 0.50 


Here again, the effects are completely consistent with preferen- 
tial wetting measurements, if it is assumed that disturbance of the 
inter/ace layers assists the attainment of adsorption equilibrium. 
It will be noticed that a sharp drop in friction takes place after 
agitation in the case of the metals, the coefficient dropping to a 
value close to the dry value for strongly adsorbed film types, and 
to an intermediate value for the mineral oils. For the white 
mineral oil, the drop was temporary, the value rising again to the 
initial high value on standing. Further information is provided 
in this table to justify the.assumption of a persistent adsorbed 
water film on glass, the friction being but slightly affected by agi- 
tation in any case tested. 

In Table 6 are given some rather interesting and unexpected 


TABLE 6 EFFECT OF AGITATING DR 


Y LUBRICATED SUR- 
FACES IN MOIST AIR 


Value 
after 
Lubricant Surfaces Dry value agitation 

Spindle oil + 2 per cent oleic acid...... Steel 0.18 0.29 


data obtained when the surfaces were agitated in an atmosphere 
of 50 per cent relative humidity after an equilibrium value had 
been obtained for the dry oil on the dry surfaces. It will be no- 
ticed that for every combination tested, & significant rise in fric- 
tion was observed. This rise was not persistent, the value of u 
dropping to its original equilibrium value after a few hours. 
The rise can be explained on the assumption that the agitation 
produces a temporary change in the adsorption equilibrium, 
moisture from the air being enabled to occupy temporarily 
some positions in the interfacial film. The subsequent drop 
is probably generally due to formation of metal soaps at the 
interface. 


RELATION BETWEEN Friction MOLECULAR WEIGHT OF 
LUBRICANT 


Having determined the nature and magnitude of the moisture 
effects to be observed, a series of further runs was made to at- 
tempt to reproduce the linear relation found by other workers 


CAMPBELL, THURBER—STUDIES IN BOUNDARY LUBRICATION—II 


405 


(6, 9) to hold between the coefficient of static friction and the 
molecular weight for a given homologous series. Samples of fatty 
acids were carefully purified by redistillation in vacuum until 
their boiling points checked those given in International Critical 
Tables to within +0.1 deg C. In order to approximate the con- 
ditions used in the studies mentioned, watch-glass sliders weighted 
with lead were used in this work. The sliders and glass plate 
were cleaned by immersion in warm chromic acid, thorough 
scrubbing with cotton under tap water, washing with redistilled 
alcohol, and drying in a current of dry air. The experiments 
were carried out in a chamber which was kept more carefully 
dried than in the experiments already described. The slider and 
plate were dried for 1/2 hr in the chamber out of contact with 
each other. The lubricant was added in such a manner that no 
moisture could be absorbed during addition, and was spread 
over the plate with a clean glass rod inserted in the exit hole of 
the chamber. The results are given in Table 7. 


TABLE 7 COEFFICIENT OF STATIC FRICTION BETWEEN 
GLASS SURFACES LUBRICATED BY FATTY ACIDS 
Average 
deviation 
Fatty No. of from mean, Hasdy and 
acid atoms » per cent Doubleday 
0.57 11.1 0.63 
0.56 12.7 
5 0.48 9.9 0.53 
0.60 * 13.8 
Pelargonic......... 9 0.44 6.5 0.28 


These results, in spite of the extreme precautions taken to in- 
sure cleanliness and dryness of the atmosphere, show a wider 
spread than many obtained under much less carefully controlled 
conditions. It is believed that this is in part due to the inherent 
instability of a spherical slider; it was impossible to apply the 
load without causing rocking. It is of interest that no trend 
downward was observed in these experiments, which lends more 
support to the idea that latent period is due to moisture and 
corrosion effect. 

Although the results are not as complete as could be desired, it 
was not felt worth while to make further measurements on any 
other members of the series. It is quite clear that there is no 
simple linear relationship between coefficient of friction and 
molecular weight under the conditions of test, nor is the repro- 
ducibility sufficient to draw more than a qualitative conclusion. 
All that can be stated is that there is a tendency for the friction 
coefficient to decrease with increase in the molecular weight of 
the fatty acids and paraffins. This is in agreement with the 
dynamic-friction results of Beare and Bowden (12) who found no 
simple linear relationship between the coefficient of friction and 
molecular weight. 


DIscussION 


The phenomenon of solid friction has been explained as being 
due to the interlocking of surface asperities (13). Another view 
is that friction is due to the attractive forces between the metal 
atoms across the interface (14). Although it is probable that 
the interlocking of surface asperities plays some part in frictional 
processes, particularly when dynamic conditions prevail, it is 
obvious that the moisture effects observed in this study can- 
not be explained by such a mechanism. On the molecular 
theory of friction, the moisture effects can be explained by as- 
suming that the lubricant molecules are more weakly bonded 
and less strongly oriented at an adsorbed water surface. Under 
these conditions the metal atoms separated by the boundary 
film approach one another more closely. The increase in fric- 
tion for lubricated moist surfaces would then be due to the ad- 
ditional force needed to separate a larger number of metal 
bonds. 

Although corrosion of the metal, resulting in the formation of 
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an oriented soap film at the metal-oil interface, is a likely cause 
of the downward trend with time, observed for polar-type lubri- 
eants on moist surfaces, it is not believed possible that the low 
results obtained under dry conditions for nonpolar oils on metals, 
and for all the oils on glass, can be explained in this way. 

Many of the effects recorded in this paper may be modified for 
surfaces undergoing continuous relative motion, as indeed the 
results of agitation would lead one to expect. There is little 
doubt, however, that under certain conditions, such as those pre- 
vailing when a mechanism is started on a damp day, adsorption 
of water on the metal surface can exercise an important effect. 
Similar studies of the effect of moisture on dynamic friction and 
wear between lubricated metal surfaces should be of great funda- 
mental interest. 
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Discussion 


J. J. Brxerman.’ The authors observed an increase in fric- 
tional force on adding small amounts of water to two lubricated 
hydrophilic solid surfaces in contact. They state, “this high 
friction cannot be due to ordinary capillary forces” and, “the 
moisture effects can be explained by assuming that the lubricant 
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molecules are more weakly bonded and less strongly oriented at 
an adsorbed water surface.” The writer is unable to agree with 
either of these statements. 

A convincing interpretation of the authors’ experimental results 
is rendered particularly difficult because they did not check 
whether or not the law of friction was valid in their work. They 
do not mention having varied the load on their slider or the 
apparent area of contact between slider and support. If the law 
of friction were valid, the cause would be sought in the roughening 
produced by alternate moistening and drying. If the law of fric- 
tion were not valid, then “ordinary capillary forces” presumably 
were responsible for the enhanced friction. 

B. O. W. L. Ljunggren‘ describes a clear case of capillary attrac- 
tion affecting sliding. He pulled a diamond splinter loaded with 
about 49 dynes along a polished iron surface. Microscopic 
scratches were prodyced in this manner. When the surface was 
lubricated with neatsfoot oil, the scratches became wider because 
the oil surface between diamond and steel tended to contract. 
A separate test showed that the capillary attraction was as great 
as 68 dynes and that the widtli of the scratches corresponded to 
the load increased by this attraction. 

There exists another capillary phenomenon which usually 
affects frictional force more than does capillary attraction. It is 
due to hysteresis of wetting. It was studied, for instance, by G. 
D. West,’ V. 8. Veselovskii and V. N. Pertsov,’ J. J. Bikerman,® 
and others. The force required to push a drop along a surface 
poorly wetted by the liquid is greater the greater the drop, and 
the greater the hysteresis of contact angle. Quantitative state- 
ments cannot be made as long as so little is known about the 
capillary properties of the system studied by the authors. 

The interpretation given by the authors is a good example of 
the vagueness of the molecular theory of friction. The authors 
assume that in their experiments a water film is present on the 
solid surface and an oil film is present on top of the water film. 
They state: “Under these conditions the metal atoms separated 
by the boundary film approach one ‘another more closely.” If 
water had reduced the frictional force, the explanation would 
have been that a double film (i.e., water + oil) obviously is 
thicker than the oil film alone. Under these conditions, the metal 
atoms separated by the boundary film approach one ‘another 
less closely. A theory which, with equal facility, can be 
made to agree with contrary experiments cannot be considered 
useful. 

The writer was pleased to see that the authors’ experiments 
contradict Hardy’s belief in a strict correlation between the 
molecular weight and the efficiency of a boundary lubricant. 
This correlation was Hardy’s main argument for the molecular 
theory of friction. A criticism of this theory can be found in a 
paper by the writer.” 


M. E. Mercuanrt.'! . Clearly the authors have tracked down 
one of the basic causes of disagreement and lack of reproduci- 
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bility in many of the boundary-lubrication studies made by others 
in the past. They have also made a real contribution to our 
knowledge of the behavior of adsorbed films and their role in 
boundary friction. It is such studies as these which are needed to 
solve the many knotty riddles which still prevent us from arriving 
at a harmonious picture of the mechanisms of boundary lubrica- 
tion. We hope that the authors will continue to push back these 
frontiers. 

The authors’ results seem clearly to establish the fact that the 
high friction values which they find in certain cases are due to the 
presence of an adsorbed film of moisture on the solid surfaces; 
there appears to be no other logical explanation. The findings 
for the case where glass friction surfaces were used are particularly 
significant, since in this case the possibility of the effects being 
due to chemical reaction with the surfaces, to form oxides or 
other solid films of reduced shear strength, is practically excluded. 
Further, the facts that (a) the adsorbed water molecules can 
“block off” the adsorption of the long oily molecules on a surface 
and thus keep friction at a high value, and (b) they can do so re- 
versibly, are also important. These findings, too, seem to indi- 
cate quite clearly that the mechanism of friction reduction by the 
oily molecules, under the conditions of the present tests, is that of 
physical adsorption of the liquid lubricant rather than that of 
chemical reaction of the surface and lubricant to form protective 
films of solid material. On the other hand, friction studies made 
in recent years by certain other investigators!?’'!* have indicated 
that, under the conditions of their tests, effective boundary 
lubrication is obtained only when the two friction surfaces are 
kept apart by a film of low-shear-strength solid material; ad- 
sorbed films of chemically unchanged liquids were found to be in- 
effective. Thus the present study again turns the spotlight on 
this basic riddle of boundary friction, still unsolved, namely, that 


of the role of adsorbed liquid films versus protective solid films as 
friction-reducing agents, and the mechanism and conditions under 


which each of these can function effectively. When can adsorbed 
liquid films reduce friction, and how, and what conditions are 
necessary to make them ineffective so that solid films must be 
used? Is it, perhaps, that the presence of moisture is the condi- 
tion necessary to make adsorption ineffective? It is hoped that 
the authors may be able to throw some light on this basic problem 
in the future studies. 


W. A. Zisman.'4 The authors have exercised unusual care in 
selecting and controlling the conditions for their measurements of 
the coefficient of static friction, and the result is a valuable addi- 
tion to the scientific literature on the subject of boundary lubrica- 
tion and adsorbed films. The importance of the effect of ad- 
sorbed water is demonstrated beyond doubt, and the large effects 
reported should interest and warn future investigators of bound- 
ary-lubrication phenomena. 

The effect of water on hydrocarbon films (Tables 2 and 3 of 
the paper) appears to be caused by a displacement of the ad- 
sorbed hydrocarbon molecules by the more polar molecules of 
water. This is related to the well-known fact that a layer of a 
pure hydrocarbon will not long protect iron from the rusting 
effects of humid air. The values of u of 0.75 (in presence of dry 
air) and 1.05 (in moist air) for unlubricated steel on steel dropped 
to 0.35 and 0.60, respectively, resulting in decreases in » of 0.40 
and 0.45. This nearly constant decrease in » may be a measure 


* “Lubrication of Metal Surfaces by Fatty Acids,” by F. P. Bowden, 
J. N. Gregory, and D. Tabor, Nature, vol. 156, 1945, pp. 97-101. 
18“Characteristics of Typical Polar and Non-Polar Lubricant 
Additives Under Stick-Slip Conditions,’ by M. E. Merchant, 
Lubrication Engineering, vol. 2, June, 1946, pp. 3-8. 
_ Chief, Lubrication Section, Naval Research Laboratory, Wash- 
lngton, D.C. Mem. ASME. 
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of the ability of a weakly adsorbed film of hydrocarbon molecules 

, to lessen metal-to-metal contact under a shearing stress. That 
the coefficient of friction of a slider in a pool of hydrocarbon oil is 
lower in the presence of dry air than moist air can be explained by 
the greater ease of displacing a hydrocarbon layer from a water- 
covered surface than from a dry metallic surface. After all, 
the thin layer of water will offer much less resistance to a shearing 
stress than a layer of metal or of a metallic oxide. The hydro- 
carbon film will rest on a firmer foundation when resting on a dry 
metal, and hence it will not rub off so readily and so will be more 
effective in decreasing the amount and duration of metal-to- 
metal contacts. 

In the absence of oil, the observed coefficient of friction for dry 
steel on steel is probably that for iron covered with a monolayer 
or more of an oxide of iron. When water is adsorbed, ¢he wet 
film of iron oxide may become transformed to a hydrated iron 
oxide which may shear more readily under stress. That would 
lead to the observed higher coefficient of static friction resulting 
from the adsorption of water. If that adsorbed water is partly 
or entirely removed by a current of dry air, the film left behind 
may revert to the mechanically stronger form. Such a mecha- 
nism may be the basis of the partially reversible effects discussed 
by the authors in connection with their Fig. 2. An adsorbed 
film may be thin, but like matter in bulk it may undergo chemical 
or physical transformations which greatly alter its boundary 
properties. It would appear valuable to obtain electron-diffrac- 
tion data before a satisfactory theory of the phenomena reported 
by the authors can be established. 

In connection with Fig. 3 of the paper, the slow decreases in » 
observed with mineral oil plus 0.2 per cent oleic acid and with 
lard oil have been attributed by the authors to the formation of a 
corrosion film. It is more likely that these observations are 
caused by the adsorption of a monolayer of a very adsorbable 
impurity present in the oil (or additive) in a concentration of less 
than 1 part in 10,000. Due to the viscosity of the oil through 
which the polar molecules must diffuse to reach the steel surface 
where rubbing occurs, still more time is required for formation of a 
close-packed monolayer. This would explain why agitating the 
surfaces (see Table 5) causes more rapid attainment of the equi-. 
librium condition of the film. 

The several possibilities in the interpretation of the authors’ 
data are indicative of the difficulties of obtaining rigorous con- 
clusions about boundary lubrication in the present state of knowl- 
edge of the condition of films adsorbed at the oil-metal and water- 
metal interfaces. The authors’ painstaking studies of static 
friction are timely and suggestive. If further work is done it is 
hoped that equally careful measurements of » will be made on 
pure hydrocarbons containing known and controlled solutions of 
pure polar compounds, that other polar materials than acids be 
tried, and that electron-diffraction observations be taken of the 
steel surfaces at different stages of the experiments. 


AutHors’ CLosuURE 


By ordinary capillary forces, the authors meant those at the 
surface of a mobile liquid. In the experiments described the 
films cannot be more than a few molecular layers thick; they 
may be monomolecular. The forces involved in separating these 
layers from the solid probably contribute largely to the friction. 

Mr. Bikerman criticizes the molecular theory of friction by 
interpreting it in fis own way for a hypothetical case, and taking 
this interpretation as proof of the theory’s lack of usefulness. 
The authors do not find this criticism very convincing. 

The friction between unlubricated steel surfaces was the same 
whether the surrounding atmosphere was dry or moist. In fact, 
value of u of 0.78 was obtained when the surfaces were flooded 
with water. The values of u for steel — steel above 0.78 were ob- 
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tained when the surfaces were brought together in a moist atmos- 
phere which was subsequently dried. These “high values were 
transient, and depended upon the adhesive effect of a water layer 
trapped at the steel, i.e., steel interface. Dr. Zisman’s explana- 
tion for the reversible effects, illustrated in Fig. 2 of the paper is 
therefore not in accord with experiment. - 


The formation of soaps at the interface is favored as an expla- 
nation of the trends in Fig. 3 over Dr. Zisman’s explanation, be- 
cause similar trends were not observed when the same oils were 
measured inadryatmosphere. Furthermore, in some experiments 
with brass, a green color was observed to develop, with time, over 
the metal surface. 
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Measurements of Combined Frictional and 
Thermal Behavior in Journal- 


Bearing Lubrication 


By S. A. McKEE,' H. S. WHITE,? anno J. F. SWINDELLS? 


Data were obtained in tests with a four-bearing friction 
machine which show that an increase in the load on a 
journal bearing produces a proportional increase in fric- 
tional torque when other conditions of test are held con- 
stant. Under these same conditions an increase in load 
also produces a proportional increase in the fluidity of the 
oil in the bearing. These two effects are the result of the 
combined hydrodynamic and thermodynamic actions in- 
volved in journal-bearing operation with forced-feed lu- 
brication. The increase in torque is influenced by the 
viscosity of the oil, the oil-inlet temperature, the oil-feed 
pressure, the shaft diameter, the clearance-diameter 
ratio, and the length-diameter ratio. The increase in 
fluidity is influenced by the same factors and also by the 
speed of the journal. Empirical equations are derived 
for the fluidity-pressure relationship for certain condi- 
tions. Also, a graphical method is given for the use of 
this relationship in estimating safe bearing loads. 


NOMENCLATURE 
The following nomenclature is used in the paper: 


journal diameter, in. 
bearing length, in. 
running clearance (difference between bearing diame- 
ter and journal diameter), in. 
total load acting on bearing, lb 
W/LD = pressure on projected area of bearing, psi 
speed of journal, rpm 
tangential frictional force, lb 
F/W = coefficient of friction 
frictional torque, lb-in. 
absolute viscosity of lubricant at atmospheric pres- 
sure and bearing temperature, centipoises 
fluidity of lubricant at atmospheric pressure and 
bearing temperature, reciprocal centipoises 
fluidity of lubricant at atmospheric pressure and oil- 
inlet temperature, reciprocal centipoises 
= intercept [at PND (L/D) (D/C) = 0} of line repre- 
senting relation between 1/Z and PND (L/D) (D/C). 
= constant in Equations [1] and [2] 
= constant in Equation [1] 
= constant in Equation [2] 
= exponent in Equation [2] 
H, = rate of heat supplied to one bearing from both enter- 
ing oil and bearing friction, in-lb/min. 

‘Chief,’ Lubrication Section, National Bureau of Standards, 
Washington, D.C. 

? Associate Physicist, National Bureau of Standards. 

Contributed by the Research Committee on Lubrication, and 
presented at the Annual Meeting, Atlantic City, N. J., December 
1-5, 1947, of THe Amprican Society oF MECHANICAL ENGINEERS. 

Note: Statements and opinions advanced in papers are to be 
understood as individual expressions of their authors and not those of 
the Society. Paper No. 47—A-61. 


AT, = temperature rise above ambient of loaded side of 
bearing shell (average of four bearings), deg F 
AT, = temperature rise above ambient ‘of oil leaving ends 
of bearings (average of four bearings), deg F 
Q = rate of oil flow per bearing, cu in. per min 
ZN/P = generalized operating variable 


INTRODUCTION 


The operation of a journal bearing under a steady state of 
temperature distribution with forced-feed lubrication is depend- 
ent upon a number of factors pertaining to the conditions of 
operation and to the geometry of the bearing. The relation of 
these factors to the performance of the bearing is very complex, 
involving both the rate at which the heat is generated in the 
bearing and the rate atewhich it is carried away. This paper 
deals with the general characteristics of data observed in in- 
dividual test runs with journal bearings and involves an analy- 
sis of the resultant effects of the combined hydrodynamic and 
thermodynamic actions upon the performance of the bearings. 

These tests were part of a research program carried out with the 
co-operation and financial assistance of the National Advisory 
Committee for Aeronautics. They were made with a four-bear- 
ing friction machine and covered a wide range of conditions 
typical of heavy-duty service. 


ARPARATUS 


Four-Bearing Friction Machine. The apparatus used in this 
investigation has been described in detail in a previous publica- 
tion.’ The four-bearing friction machine and auxiliary apparatus 
are shown in Fig. 1. Fig. 2 shows the major elements of the 
friction machine disassembled. The machine consists essen- 
tially of four test bearings on a common shaft. The bearings 
are mounted in self-aligning ball-bearing swivels which are pre- 
vented from rotating by flat springs. The two outer bearings 
are fastened to the housing while the two inner ones are located 
in plates sliding in guides. Load is applied by hydraulic jacks 
under the two inner bearings. The complete housing floats on 
the horizontal shaft and acts as a cradle dynamometer. 

Oil is fed to the bearings through the drilled shaft which has 
two oil holes at the longitudinal center of each bearing. Oil-feed 
pressure is maintained by a motor-driven pump with a relief 
valve for pressure control. 

Bearing temperatures are measured by thermocouples &m- 
bedded in the metal at the loaded sides of the bearings. 

Shafts and Bearings. The shafts used in these tests were made 
of crankshaft steel. ‘Two nominal sizes were used, 2 in. diam and 
1'/, in. diam. 

The test bearings were solid steel sleeves lined with a thin 
layer of copper-lead. Their nominal dimensions were as fol- 
lows: 


3 “Performance Characteristics of Journal Bearings With Forced- 
Feed Lubrication,” by S. A. McKee, H. S. White, A. D. Bell, and 
J. F. Swindells, NACA Wartime Report ARR No. 4H15, Aug., 
1944. 
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Fig. 1 Friction-MacHine 


3 sets of 2-in-diam xX 1'/,-in. _bearings having D/C ratios 
(see nomenclature) of 1142 (set 1a), 556 (set 1b) and 343 (set Ic), 
respectively. 

3 sets of 1'/,-in-diam X 25/32-in. bearings having D/C ratios 
of 1042 (set 2a), 500 (set 2b), and 338 (set 2c), respectively. 

2 sets of 1'/,in-diam X 1'/;in. bearings having D/C ratios 
of 500 (set 3a) and 329 (set 3b), respectively. 

Lubricanis. The lubricants used were a Pennsylvania oil 
(NBS laboratory reference number J3-120), a Navy Contract 
1080 oil, and an SAE,20 oil. The viscosity data for these oils are 
given in Table 1. 


TABLE 1 TEST OILS, VISCOSITY DATA 
Viscosity 
—-Saybolt see— 

Lubricant 100 F 210 F 100 F 210 F 

NBS Reference J3-120. 1766 124.4 382.3 26.04 

Navy Contract 1080... 781 77.5 169.1 14.95 
SAE 20 used with 2-in. 

371 58.6 80.2 9.82 


in. bearings 382 58.9 82.58 9.90 


Test Runs. In these tests the bearings were operated under 
conditions of stable lubrication at the higher values of ZN /P 
(see nomenclature). Test runs were made at constant speeds 
and at a number of constant loads which were successively in- 
creased during each test run. The data wére obtained with the 
apparatus thoroughly “warmed up” and with the bearings in a 
steady state of temperature distribution. 

In general, the tests with the eight sets of bearings covered 
operation with all three grades of oil; at three oil-inlet tempera- 
tures, 150 F, 200 F, and 250 F; a nominal oil-feed pressure of 35 


2. Fricrron-Macuine Parts 
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psi; and two nominal speeds of 2000 and 3000 rpm. Tests were 
also run at other oil-feed pressures using the 1080 oil at 200 F 
oil-inlet temperature and a journal speed of 2000 rpm. With set 
2a, however, all the tests with the 1080 oil were omitted. The 
range of loads covered in a given test was dependent upon the 
particular conditions present. The minimum load used was 273 
psi on the projected area (with sets 3a and 36), while the maximum 
was 4327 psi on the projected area (with set 2c). The bearing 
temperatureg ranged from 163 F to 343 F. Ambient tem- 
peratures averaged slightly over’80 F. 


Typicat Test Data 


Data obtained in three typical test runs while operating at a 
given constant speed and various loads are shown graphically in 
Figs. 3, 4, and 5. In these figures, observations of the frictional 
torque, average bearing temperature, and rate of oil flow are 
plotted against the load expressed in pressure on the projected 
area. Data are also shown tor the coefficient of friction, abso- 
lute viscosity of the lubricant at bearing temperature, and fluid- 
ity of the lubricant (reciprocal of viscosity) for each load. The 
values for the viscosity and fluidity of the lubricant are based on 
the observed bearing temperature. 

From these figures, it will be noted that the individual varia- 
bles show about the same general trends with change in load 
for each of the three tests covering two diameters, D/C ratios, 
L/D ratios, and speeds, and three viscosity grades and oil-inlet 
temperatures. 


FrictTioNAL ToRQUE DaTA 


One of the general characteristics of interest, shown in Figs. 
3, 4, and 5, is the relation between frictional torque and load. 
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Fie. 3) Typicat Test Data ror Bearinea Set 1b 
bearings, L/D = 0.620, D/C = 556, 3000 rpm, 


(2-in. 
SAE 20 oil at 250 


oil-inlet temperature, and 32 psi average oil pressure.) 
When a given bearing is operating at a constant speed, using a 
given oil at constant oil-inlet temperature and constant oil-feed 
pressure, an increase in load produces an approximately propor- 
tional increase in frictional torque. This straight-line relation- 
ship holds reasonably well in all the tests with the eight sets of 
bearings involving operation at two speeds, three oils, and three 
oil-inlet temperatures, a total of about 150 test runs covering a 
fairly wide range of conditions. 

Torque data covering a range of operating conditions with 
bearing sets 1b and 3a are given in Figs. 6 and 7, respectively. 
Consideration of the intercepts (at P = 0) of the torque 
versus pressure curves in these figures indicates that a de- 
crease in viscosity either by the use of a different oil or by an in- 


crease in oil-inlet temperature decreases the torque at no load. 
Since these intercepts represent approximately conditions of con- 
centric running, this trend might be expected from the Petroff 
equation.‘ It should be noted, however, that these data also 
involve the temperature rise in the bearings. This is illustrated 
with the effect of change in speed when using the same oil at the 
same oil-inlet temperature. In general, the increase in no-load 
torque is smaller proportionally than the increase in speed, be- 
cause of the higher temperature and consequent lower viscosity 
at the higher speed. 
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Fie. 4 Typicat Test Data ror BEarRInG SET 2c 


(1!/¢-in. X 25/32-in. copper-lead bearings, L/D = 0.633, D/C = 338, 3050 
rpm, J3-120 oil at 150 F oil-inlet temperature, and 37 psi average oil pressure.) 
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5 Typicat Test Data ror Bearine SET 3a 


(1'/-in. X 11/«-in. copper-lead bearings, L/D = 1.002, D/C = 500, 2080 
rpm, 1080 oil at 200 F oil-inlet temperature, and 34 psi average oil pressure.) 


When the slopes of these curves (increase in torque per unit 
increase in load) are considered, an analysis of the data for all the 
bearings tested indicates a general trend for a slight decrease in 
slope with decrease in viscosity or with increase in oii-inlet tem- 
perature. The effect of speed over the range covered (2000- 
3000 rpm) is practically negligible. 

The effects of clearance-diameter ratio, length-diameter ra- 
tio, and shaft diameter are shown by the curves in Fig. 8. 
In this figure, torque versus pressure data are given for sets la, 

4“Friction in Machines and the Effect of the Lubricant,” by N. 
Petroff, (2) In Russian: Engineering Journal, St. Petersburg, 1883; 
no. 1, pp. 71-140; no. 2, pp. 228-279; no. 3, pp. 377-436; no. 4, 


pp. 535-564. (b) German translation., by L. Wurzel, Hamburg: L. 
Voss, 1887, 187 pp. 
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lc, 2a, 2c, and 3b when operating with the J3-120 oil at 200 F oil- — curves le with la, and 2c with 2a in Fig. 9, indicates that, under 
inlet temperature, and at 2000 rpm or at 2080 rpm. These data the conditions present in these tests, the increase in friction per 
are also shown in Fig. 9, where F, the bearing friction (27'/D), is unit iuerease in load was greater for the bearings having the 
plotted against W, the total load on the bearing (PLD). Inthis larger clearance. In this connection it is of interest that at 
figure, the data at W = 0 give an indication of the effects of — the higher loads the bearings having the smaller clearance had the 
D/C, L/D, and D on the no-load friction for the given operat- lower friction. With a journal bearing operating with forced- 
ing conditions. The order in which the values occur indicates feed lubrication at a given load and speed in the region of stable 
the general trend of the order of the no-load friction data for lubrication, the effect of a reduction in clearance is twofold. 
these bearings with other oils and at other oil-inlet tempera- . 
tures. | 
When considering operation under load, a comparison of L 
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Fie. 10 Torque Data, SHow1ne Errect or O11-FEED 
Wits BEARING Ser 1b 
(2-in. K 1%/¢-in. copper-lead bearings, L/D = 0.620, D/C = 556, 2000 rpm, 
1080 oil at 200 F oil-inlet temperature. Figures at ends of curves indicate 
oil-feed pressure, psi.) 
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Fic. 12 Data SHowina Errects or Viscosiry GRADE AND OIL- 
INLET TEMPERATURE .ON CHARACTERISTICS 
Wits BearinG Set 2c 
(1'/ein, X 25/32-in. copper-lead bearings, L/D = 0.633, D/C = 338, 3050 
tpm, 36 psi average pressure. Figures in ' ven indicate oil-inlet 
temperature, deg F.) 
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(2-in. X 11/«-in. copper-lead bearing, L/D = 556, 3000 rpm, 35 psi avera; 
oil pressure. Figures in parentheses indicate oil-inlet temperature, deg F.) 
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InLeET TEMPERATURE ON FLUIDITY-PRESSURE CHARACTERISTICS 
Wits Bearinc Set 3a 
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rpm, 35 psi average oil pressure. Figures in parentheses indicate oil-inlet 

temperature, deg F.) 


: 
: 
= 
3 
20 SAE 20 ee 
- 
20 
(200 
\o8° 
10 4 SAE 20 
50) A 
att SOF ASAE 20 
J 
Me! 
i 
‘ 


414 TRANSACTIONS OF THE ASME 


From the standpoint of hydrodynamics the friction increases with 
a decrease in clearance provided the viscosity remains the same 
in the two cases. From the standpoint of thermodynamics, how- 
ever, a decrease in clearance decreases the oil flow, with a conse- 
quent increase in operating temperature and decrease in viscos- 
ity. This reduction in viscosity tends to decrease the friction. 
In these particular tests apparently the thermodynamic effect 
predominated under conditions of high load. The data for these 
bearings, when using other oils or when operating at other oil- 
inlet temperatures, indicate that this difference in slope between 
bearings of different D/C ratios is in general smaller with a de- 
crease in viscosity grade or an increase in oil-inlet temperature. 

A comparison of curve 3b (D/C = 329, L/D = 1) with curve 2c 
(D/C = 338, L/D = 0.63), indicates that the increase in friction 
with unit increase in load decreases slightly with an increase in 
length-diameter ratio. Tests with other oils or at other oil-inlet 
temperatures show relative differences of about the same order of 
magnitude. 

The effect of size (diameter) on the increase in friction with 
unit increase in load is shown by a comparison of curves la with 
2a and lc with 2c in Fig. 9. With the large clearance-diameter 
ratio the curve for the small bearings is slightly steeper than that 
for the larger bearings. However, with the small clearance- 
diameter ratio, the trend is reversed. These differences tend to 
decrease with a decrease in viscosity or increase in oil-inlet 
temperature. 

Most of the tests were made at approximately the same oil- 
feed pressure (averaging about 35 psi). Tests where the oil-feed 
pressure was changed were confined to operation at 2000 or 2080 
rpm with the Navy Contract 1080 oil at 200 F oil-inlet tempera- 
ture. Typical torque versus bearing-pressure curves, showing 
the effects of these changes, are given in Fig. 10. These indicate 
an increase in torque with increase in oil-feed pressure. 


Data 


Figs. 3, 4, and 5 show also that, when a given set of bearings is 
operating at a constant speed with a given oil, oil-inlet tempera- 
ture, and oil-feed pressure, an increase in load produces a propor- 
tional increase in the fluidity of the oil at the bearing tempera- 
ture. This straight-line relationship between fluidity and load 
also holds reasonably well in all the tests. This is of particular 
interest when consideration is given to the complex manner in 
which the viscosity of the oil functions in the operation of a jour- 
nal bearing in a steady state of temperature distribution. The 
viscosity directly affects the bearing friction, and hence the rate 
of heat generation. It also affects the rate of oil flow, and hence 
the rate of heat dissipation by the oil. In this case its function is 
more complex. Primarily it is the property which produces a 
force resisting flow. It also affects the eccentricity between jour- 
nal and bearing which in turn has an effect upon the rate of flow 
of the oil through the bearing. 

The effects of viscosity and oil-inlet temperature upon the 
fluidity-pressure characteristics of some of the bearings tested are 
shown in Figs. 11, 12, and 13. Fluidity data are given for opera- 
tion with all three oils at all three oil-inlet temperatures when 
testing set 1b at 3000 rpm, set 2c at 3050 rpm, and set 3a at 2080 
rpm. The fluidity of the oils at the various oil-inlet tempera- 
tures is indicated along the right-hand border of these figures. 
A comparison of these data with the curves shows the influence 
of the fluidity of the oil at oil-inlet temperature upon the per- 
formance of the bearings. It will be noted also that the curves 
are roughly parallel, with a trend for a slight increase in slope 
with increase in oil-inlet temperature or decrease in viscosity. 

Analysis of the data for all sets of bearings indicates that, when 
operating with a given oil at a given oil-inlet temperature, the 
increase in fluidity with unit increase in bearing pressure (slope 
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Fig. 14 Data SHOWING PROPORTIONALITY OF INCREASE IN FLUIDITY 
Wits Propuct or BEARING PRESSURE, JOURNAL SPEED, DIAMETER, 
LenGTH-DIAMETER RATIO, AND DIAMETER-CLEARANCE RATIO, FOR 
SAE 20 at 150 F TEMPERATURE AND 36 Psi 
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of the 1/Z versus P curve) is approximately proportional to the 
speed of the journal, the diameter of the journal, the length- 
diameter ratio, and the diameter-clearance ratio. This is shown 
in Fig. 14, where 1/Z-1/Z’ is plotted against PND (L/D) (D/C)5 
for the tests using the SAE 20 oil at 150 F oil-inlet temperature 
with all eight sets of bearings. The straight line in this figure 
represents the average slope for all the bearings. 

There is also an indication that the values of the zero inter- 
cept, 1/Z’, are a function of the Variable ND (L/D) (D/C). This 
is shown in Fig. 15 where the values of 1/Z’, for lines of average 
slope for this same series of tests with the SAE 20 oil at 150 F 
oil-inlet temperature are plotted against this variable. The 
point at the left border of this figure is the fluidity of the oil at 
the oil-inlet temperature. From this figure it will be noted that, 
for the range of ND (L/D) (D/C) covered, the data may be 
represented roughly by the broken straight line or more nearly 
by the solid curved line. 

Consideration of Figs. 13 and 14 indicates that, under the con- 
ditions covered, the fluidity of the oil in these bearings may be 
represented roughly by an empirical equation of the form 


Z = Zo + (aP + b) [ x (2) ene {1] 


5 This can be simplified by canceling D. For convenience, how- 
ever, it is expressed in terms of the parameters L/D and D/C. 
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or more nearly by the equation 


Using a = 1.224 X 107"! (slope of the straight line in Fig. 14), . 


and b = 2.01 X 10-8 (slope of the straight line in Fig. 15), de- 
partures of the experimental points from the straight lines de- 
fined by Equation [1] are considered as differences in 1/Z and 
can be expressed as corresponding differences in bearing tem- 
perature. The greatest deviation found is equivalent to 16 
F (at a beating temperature of 243 F), and the average deviation 
is +3.8 F. With Equation [2], using a = 1.224 X 107", 
m = 2.8 X 107°, andn = 1.3, the maximum deviation is equiva- 
lent to 8 F (at a bearing temperature of 205 F) with an aver- 
age deviation of +2.9 F. 

Similar data for the tests with the Navy Contract 1080 oil at 
200 F oil-inlet temperature with seven sets of bearings (set 2a was 
not run with this oil) are given in Figs. 16 and 17. The constants 
for Equations [1] and [2] obtained from these figures are a = 
1.450 X 10-4, b = 1.59 X 10-8, m = 1.1 X 107" and n = 1.5. 
Using these constants, the maximum deviation with Equation [1] 
is 17 F (at a bearing temperature of 268 F), and the average 
deviation is +4.6 F. The maximum deviation from Equation 
[2] is 9 F (at a bearing temperature of 264 F) with an aver- 
age deviation of #2.9 F. 
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Fie.16 Data SHow1neG PrRoporRTIONALITY OF INCREASE IN FLUIDITY 

Wits Propvuct or BEARING PREssURE, JOURNAL SPEED, DIAMETER, 

Ratio, AND DIAMETER-CLEARANCE RATIO, FOR 

1080 Orn at 200 F O11-INLET TEMPERATURE AND 34 Psi AVERAGE 
PRESSURE 


Fic. 17 Data SHowinc Between 1/Z’ anp ND- 
(L/D) (D/C) ror 1080 O11 at 2000 F O11-InLET TEMPERATURE AND 
34 Pst AverAGcE O1L PREssURE 
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P1000 psi 
Fie. 18 Fruriry Data SHowrne Errect or O1t-Feep Pressure 
Wits Bearine Set 1b 
(2-in. X 11/s-in. copper-lead bearings, L/D = 0.620,D/C = 556, 2000 rpm, 


1080 oil at 200 F oil-inlet temperature. Figures at ends of curves indicate 
oil-feed pressure, psi.) 


These two cases used to indicate the general trend of the fluid- 
ity data cover an intermediate range of fluidities. Data for the 
other conditions have not been examined in detail. However, 
Figs. 11, 12, and 43, which are reasonably representative of all 
the data, show no marked differences in trend between the cases 
examined and operation with other oils and oil-inlet tempera- 
tures. 

The equations just given are applicable to operation at one oil- 
feed pressure. Typical fluidity bearing-pressure data obtained at 
other oil-feed pressures for the same tests, described in Fig. 10, 
are given in Fig. 18. These indicate a decrease in fluidity with 
increase in oil-feed pressure. 


GRAPHICAL SAFE-Loap EsTIMaTES 


The straight-line relationship between fluidity and bearing 
pressure provides a graphical means for estimating safe loads. 
In this method the limit for safe operation is based upon a mini- 
mum value of ZN /P, as determined by the point of minimum f in 
the f versus ZN/P curve for a bearing. An example is given in 
Fig. 19. In this figure, the 1/Z versus P data are given for the 
operation of set 1b at 2000 rpm, when using all three oils at the 
three oil-inlet temperatures. The curved line at the right of the 
figure represents the constant value of ZN/P = 3, which experi-- 
mental data have indicated as being representative of the limit- 
ing safe value for this set of bearings. The intersection of the 
straight line drawn through the 1/Z versus P data for any one set 
of conditions with the curved line representing the limiting value 
of ZN/P gives directly the value of the safe bearing pressure for 
those conditions. 

Data pertinent to the question of extrapolation of the 1/Z 
versus P line to higher values of P are given in Fig. 20. These 
data were obtained in another series of tests where the loads were ° 
increased until unstable conditions were reached, using bearing 


° 
j 
| 
i 
| 
} } } 
| | | 
= | 
| 
} | | } 
° 2 3 4 5 6 
5 
ge 
‘ 


416 TRANSACTIONS OF THE ASME 


Fluidity 
\ 
% 
\ 
L 


years 
ae 
> 
5 


2 3 
B, 1000 psi 
Fic. 19 Data SHow1ne Errect or Fiuipity on Sare OPERATING 

PRESSURES FOR BEARING SET 1) 
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35 psi average oil pressure. Figures in parentheses indicate oil-inlet tem- 
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set 3a with the SAE 20 oil and bearing set 3b with a Navy Con- 
tract 1100 oil (not listed in viscosity table). In this figure, a 
comparison of the fluidity data and friction data indicates that 
under the conditions covered a straight line is reasonably repre- 
sentative of the 1/Z versus P data for loads up to the point of 


minimum friction. 


SuMMARY OF REsuULTS 


Analysis was made of data obtained with the four-bearing fric- 
tion machine in tests involving the operation of bearings of two 
diameters, two length-diameter ratios, three clearange-diameter 
ratios, using three oils of different viscosity at three oil-mlet 
temperatures and with two journal speeds. Particular attens 
tion was given to the resultant effects of the combined hydro- 
dynamic and thermodynamic actions involved in bearing opera- 
tion with forced-feed lubrication. 

Analysis of the frictional-torque data for operation under load 
indicated that, when a bearing was operating at a constant 
speed using a given oil at constant oil-inlet temperature and oil- 
feed pressure, an increase in load produced an approximately 
proportional increase in torque. The increase in torque with 
unit increase in load was influenced chiefly by the viscosity of the 
oil, the oil-inlet temperature, the oil-feed pressure, the clear- 
ance-diameter ratio, and the length-diameter ratio. 

The data also indicated that, when a bearing was operating at a 
constant speed with a given oil, oil-inlet temperature, and oil- 
feed pressure, an increase in load produced a proportional in- 
crease in the fluidity of the oil in the bearing. For a given oil, 
oil-inlet temperature, ande oil-feed pressure, this change in 
fluidity with change in bearing pressure was a function of the 
speed of the journal, the diameter of the journal, the length- 
diameter ratio, and the clearance-diameter ratio. Empirical 
equations are given to define this relationship. 

The relationship between fluidity and pressure in conjunction 
with a minimum safe value of ZN /P provides a graphical means 
for estimating safe loads. The intersection of the straight line 
drawn through the fluidity-pressure data for a given set of condi- 
tions with a line representing a limiting value of ZN /P gives di- 
rectly the value of the safe bearing pressure for these conditions 
(see Fig. 19). 


CONCLUSION 


In considering these results it should be noted that the thermal 
behavior of a journal bearing operating with forced-feed lubrica- 
tion is dependent upon a complex relation involving heat losses 
by radiation, conduction, and convection as well as the heat car- 
ried away by the oil leaving the bearing. Accordingly, the nu- 
merical values obtained in these tests are dependent upoy the 
heat-dissipation characteristics of the apparatus itself. In the 
course of the bearing research program, however, data were ob- 
tained under conditions where it was possible to differentiate be- 
tween the heat carried away by the oil and the heat losses through 
the apparatus itself. ; 

An analysis of these data is given in the Appendix where it is 
shown that under conditions typical of normal high-speed high- 
temperature operation practically ali of the heat generated in the 
bearing is carried away by the oil. Accordingly, the straight- 
line relation between fluidity and pressure should hold reasonably 
well in most bearing applications. In these cases considerable 
information on bearing performance may be obtained by making 
a few observations of bearing temperature for, various condi- 
tions. This is of considerable practical significance since in 
many bearing installations friction measurements are not practi- 
cable. 
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Typrcat Data SHowinc THERMAL Benavior or 2-In. X Copper-Leap BEearincs A CIRCUMFERENTIAL OIL 


WHEN OPERATING AT 2030 anv 3040 Rem, SAE 20 Or at 200 F O1rL-INLET TEMPERATURE 
(Values of Q are cubie inches per minute oil flow.) 


Appendix 


THERMAL BEHAVIOR AT Constant 


In the course of the general program on bearing performance, 
some tests were made in which the oil flow was held at a constant 
rate during a test run. These tests were made at high ZV /P 
under a steady state of temperature distribution. 

In the analysis of these data, consideration was given to the 
total heat supplied to the bearing. With the operating condi- 
tions such as were present in these tests, where the oil-inlet tem- 
perature was higher than the ambient temperature, the tempera- 
ture rise of the bearings above the ambient was not only de- 
pendent upon the heat generated by shearing the oil in the bear- 
ing but also upon the heat delivered by the oil entering the bear- 
ing. 

Typical data obtained in tests with two sets of bearings of 
different D/C ratios (663 and 403), operating at two speeds, 
various loads, and various rates of oil floy with an SAE 20 oil at 
200 F oil-inlet temperature are given in Fig. 21. In this figure, 
H,, the rate of heat supply to one bearing from both entering oil 
and bearing friction, is plotted against the temperature rise above 
the ambient. The solid points indicate the rise in temperature 
above the ambient of the oil leaving the bearings (A7'p), as deter- 
mined by thermocouples located in the oil streams at the ends of 
each bearing, while the open points represent the temperature 
rise of the bearings (A7',), as determined by thermocouples placed 
in the loaded sides of the bearing shells. Since these tests were 
made at a steady state of temperature distribution, the data are 
also indicative of the rate of heat dissipation. 

Analysis of the data in this figure indicates that the rel:.tion 
between the rate of total heat supplied to the bearings and the 
temperature rise above the ambient is dependent chiefly upon 
factors affecting the rate of heat dissipation by the oil, namely, 
rate of oil flow, specific heat of the oil, and temperature rise of the 
oil. This is shown in Fig. 22. In this figure, H;, is plotted 
against Q, the rate of oil flow through one bearing, for various 
constant values of A7'y. The points shown in the figure were ob- 
tained from the data given in Fig. 21, interpolating where neces- 
sary. The data in Fig. 22 fall reasonably well on a series of 
Straight lines, each of which represents the H; versus Q relation- 
ship for a given value of A7'y. The slopes of these lines represent 
the heat-dissipation characteristics of the oil flowing through 


‘ate of heat supplied per beoring, 100,000 in.ib/min 


Hy, total 


20 40 
Q, rate of oil flow per bearing, cu in./min 
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the bearing, while the intercepts at Q = 0 provide an indication 
of the rate of heat loss through the apparatus itself. This 
straight-line relationship between H, and Q, together with the 
relative slopes of the lines for different values of AT, indicate the 
proportionality between the rate of heat removal by the oil and 
the rate of oil flow and the temperature rise. 

The lines drawn in Fig. 21 represent the H; versus A7> rela- 
tionship for the constant rates of oil flow indicated. The general 
location of the line Q = 0 is based on average values of the inter- 
cepts Q = 0, obtained from Fig. 22, together with similar analy- 
ses for other bearings tested. However, since the order of ac- 
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euracy of the extrapolation is not such as to provide a sensitive 
indication of the exponent for the temperature rise, Lasche’s 
value of 1.3 is used.6 This line Q = 0 is used as a base for the 
lines representing the H; versus AT for the different values of Q. 
These are obtained by computations involving the product of the 
rate of oil flow indicated, the temperature rise, and the average 
specific heat of the oil over the given temperature range. 

From this figure it will be noted that these computed lines are 
im reasonable agreement with all of the experimental data based 
upon values of the average temperature above the ambient of the 
oil leaving the bearings. In this connection the data cover opera- 
tion at two speeds, with two clearance-diameter ratios, when us- 
ing a circumferential groove in the bearing for distributing the 
oil. Data with other bearings having various arrangements of 


*“Die Reiburgsverhaltnisse in Lagern mit héher Umfangsgesch- 
windigkeit,"” by O. Lasche, (a) Zeitschrift des Vereirtes deutscher 
Ingenieur vol. 46, 1902, pp. 1881-1890. (b) English trans., Traction 
and Transmission, vol. 6, 1903, pp. 33-64. 


holes and grooves show the same general trends. Using the 
hollow test shaft with two oil holes per bearing, data were ob- 
tained when operating with two clearance-diameter ratios, 
three speeds, and one rate of oil flow. These are given in Fig. 23 
and it will be noted that they are in general agreement with Fig. 
21. 

Figs. 21 and 23 provide a comparison between the rate of heat 
removal by the oil and the rate of heat dissipation through the 
apparatus by radiation, conduction, and convection. It will be 
noted that the losses through the apparatus are relatively small 
even at the lower rates of oil flow. The rates of flow used in these 
tests cover a relatively low range. In some of the tests with the 
bearings having small C/D ratios, the fluidity-pressure data were 
obtained at low rates of oil flow, but the bulk of these data 
wete obtained at the higher rates where the losses through the ma- 
chine were practically negligible. This is probably also the case in 
most service applications of bearings operating with forced-feed 
lubrication. 
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Laboratory Investigations of the Mechanism 


of Cavitation 


By R. T. KNAPP! ann A. HOLLANDER,? PASADENA, CALIF. 


The paper describes some experimental investigations of 
the formation and collapse of cavitation bubbles. The 


experiments were carried on in the high-speed water tun-. 


nel of the Hydrodynamics Laboratory of the California 
Institute of Technology under the sponsorship of the Re- 
search and Development Division of the Bureau of Ord- 
nance of the U. S. Navy and the Fluid Mechanics Section 
of the Office of Naval Research. A detailed study of 
the formation and collapse of the individual bubbles has 
been carried on by the use of high-speed motion pictures 
taken at rates up to 20,000 per sec. From these records 
calculations have been made of rate of formation and col- 
lapse of the bubbles. Deductions have been drawn from 
these results concerning the physical mechanism of the 
cavitation phenomenon. 


INHERENT DIFFICULTIES OF OBSERVATION OF CAvrraTION 
PROCESS 


HERE is little doubt but that most workers in the field 

of cavitation would agree that there is considerably more 

conjecture than knowledge on the physical events that 
take place during cavitation. Much of this lack of knowledge 
is due to the fact that it is inherently difficult to observe and 
record the details of the phenomenon. The individual bubbles 
or voids form and collapse with great rapidity. Furthermore, 
cavitation is generally caused by fast-moving bodies in liquid, 
either with a free surface (propeller, torpedo), or in closed con- 
duits (pump or turbine impeller), so that even the study of simpler 
cases with a stationary object and fast-moving liquid to attain 
the same relative speed is difficult. The result is that most of 
the experimental observations in the past have been restricted 
either to the study of the effect of cavitation, i.e., cavitation 
damage, or to the recording of the over-all or instantaneous pic- 
tures of some stage of the cavitation process. As a consequence 
of the lack of such detailed information, no quantitative deserip- 
tion has been developed of the actual physical processes which 
take place during cavitation. Thus although many attempts 
have been made to develop analytical interpretations they have 
been based upon widely different physical assumptions, many of 
which have little background of experimental fact. The objective 
of the present study has been to attempt to furnish a more quanti- 
tative physical knowledge concerning the mechanism of cavita- 
tion and to formulate some elementary analytical descriptions 
of the phenomenon on the basis of these physical observations. 
This paper, in turn, is only a preliminary report for the purpose 
of presenting some of the first experimental observations, to- 
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gether with tentative analyses of their significance and implica- 
tions. 


EXPERIMENTAL METHODS AND EQuIPMENT 


The experimental approach to the problem may be divided 
naturally as follows: 


1 The production of the desired degree of cavitation under 
measurable and reproducible conditions which are suitable for 
observation. 

2 The photographic recording of the details of the cavitation 
process. 


The equipment and technique required for each part will be 
described separately. 


Production of Cavitation in High-Speeed Water Tunnel. The 
high-speed water tunnel was chosen as the major piece of equip- 
ment for use with this project because the pressure, velocity, and 
temperature of the liquid in the working section could be con- 
trolled accurately at any desired set of values within the range 
necessary to produce or eliminate cavitation on a wide variety of 
experimental shapes. A detailed description of the construction 
and operation of this tunnel has been given in another paper.’ 

In the series of experiments now under consideration, measure- 
ments have been made at velocities of from 30 to 70 fps, with 
absolute pressures at the wall of the working section ranging from 
about 11/, to 50 psi above vapor pressure. Temperature range 
has been held to within a few degrees of room temperature. 
Nearly all the observations have been made on flow around bodies 
of revolution which have been mounted with their axes either 
parallel or within a few degrees of parallel with the direction of 
flow. Wide ranges of forebody or nose shapes and afterbody 
shapes have been studied. Pressure-distribution measurements 
have been made on some selected shapes of these series. All of 
the bodies studied have had a uniform maximum diameter of 2 
in. The observations under consideration at this time have 
all been made on cavitation occurring on or adjacent to a series of 
ogive noses. The ogive nose is a very simple shape, as may be 
seen from Fig. 1. It can be defined as being generated by re- 
volving a circular are about the axis of revolution of the evlinder. 
One end of the are is tangent to an element of the cylinder; the 


3“*The Hydrodynamics Laboratory at the California Institute of 
Technology,”’ by R. T. Knapp, Joseph Levy, F. Barton Brown, and 
J. Pat O'Neill, Trans. ASME, this issue, pp. 437-457. 
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other end intersects the axis. It is convenient to express the 
radius of this are in terms of the diameter of the cylinder, i.e., 
the generatrix of a 11/2 d ogive is an are whose radius is 11/2 times 
the diameter of the cylinder. 

High-Speed Motion-Picture Photography. The tool selected 
to record the physical details of the cavitation phenomenon is 
high-speed motion-picture photography. Motion pictures taken 
at one speed and projected at another cau be thought of as per- 
forming the function of a time telescope or microscope. With 
this conception, the ratio of magnification will be measured by 
the ratio of the picture-taking speed to the projecting speed of the 


picture. For example, if pictures are taken of a given phenome- . 


non at relatively long intervals and then projected at the normal 
speed necessary for viewing movies, the time scale of the phenome- 
non is changed in a manner similar to the way the distance scale 
of an object is changed when observed through a telescope. The 
telescope brings the distant object close enough to the observer, 
so that details of its structure can be observed; the speeded-up 
projection of the pictures brings the time details of the phenome- 
non close enough together, so that they can be observed. Con- 
versely, motion pictures taken at a high rate of speed and pro- 
jected at a much lower rate of speed serve as a time microscope, 
since the process resolves the details in time in the same manner 
as the microscope resolves the details in space. 

In the present study, pictures of cavitation have been taken at 
varying rates from 64 per sec to 20,000 per sec. When these 
are projected at the normal viewing speed of 16 per sec, time 
magnifications covering ratios of 4:1 to 1250:1 are secured. 
Equipment such as this is needed to change the time scale for 
exactly the same reason that telescopes and microscopes are 
needed to change the length scale. The human senses and 
brain have a limited range in which they can get an undistorted 
concept of what is occurring. Therefore it is necessary to 
transform the actual times and distances involved in a given 
phenomenon until they fall within these limited ranges. 

Description of Photographic Equipment. Photographic equip- 
ment used in this study is of the multiflash type. The pioneer 
development in this field was carried on by Prof. Harold E. Edger- 
ton and his associates at the Massachusetts Institute of Tech- 
nology. It consists of a simple camera in which the recording 
film moves constantly past the focal plane at a high speed. The 
camera has no shutter.. Illumination required to take the pic- 
ture is provided by one or more synchronized flash lamps, which 
also act as the camera shutter. This requires that the flash 
duration be so short that neither the image of the object on the 
film nor the film itself move an appreciable distance while the 
light is on. As the number of the pictures taken per second in- 
creases, the film motion becomes the controlling factor in most 
cases. Up to the present time satisfactory pictures have been 
taken at rates up to 30,000 exposures per sec. The lamp equip- 
ment has been operated up to 50,000 flashes per sec, but as yet the 
obtainable film speeds have not been high enough to give a satis- 
factory frame height for use at this rate. 

(a) Camera. The camera itself is the standard General Radio 
type instrument as shown in Fig. 2. A series of lenses of varying 
focal lengths have been fftted to it to increase its flexibility. The 
commutator provided on the film drum is not used; instead, the 
pulsing of the flash lamps is controlled by an oscillator. 

(b) Flash Lamps. Considerable development work has been 
carried on to increase the rate at which the flash lamps can be op- 
erated. The original equipment, as developed by Edgerton, 
operated satisfactorily at the rate of 3000 flashes per sec. In- 
vestigation showed that this limitation was in the control cir- 
cuits and not in the lamp itself. Consequently, the laboratory 
has undertaken the development of a system which utilizes sev- 
eral control circuits synchronized through a common multiphase 
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Fic. 2. Hiau-Speep Motion-Picture CAMERA 


oscillator circuit, but discharging in rotation through a single 
lamp. 

By the use of this system the flash rate becomes equal to the 
maximum rate at which a single control circuit can be operated, 
multiplied by the number of circuits involved. At the present 
time six circuits have been used simultaneously in 6-phase 
array with proper electronic switching devices to permit all of 
the circuits to discharge through a common lamp. 

In the design and development of a combination camera and 
flash-lamp system of this type, it is necessary to bear in mind 
the extreme importance of the relationship between the camera 
and the lights because the lights function as the camera shutter. 
In fact, the characteristics of the flash lamps exert a controlling 
influence upon the work that can be done with the combination. 
The most important characteristic of the flash lamp is the effec- 
tive duration of the flash. The minimum available flash dura- 
tion limits the maximum usable film speed. 

In this system of photography, the film moves continuously. 
Therefore the flash duration must be short enough to stop the 
motion of the film; otherwise, the record will be blurred. For 


critically sharp results, the maximum usable film speed can be 


calculated from the criterion that the allowable film motion dur- 
ing one flash should not be greater than the diameter of the 
circle of confusion of the lens system. For extremely high-speed 
work it may be necessary to lower this requirement somewhat. 
The permissible deviation will depend upon the accuracy of 
measurements required from the record. At first. sight this cri- 
terion may seem incomplete, since no consideration is given to 
the speed of the object being photographed. 

A simple example will show that, at least for the present use, 
this is not the case. Blurring is caused by a relative movement 
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between the image and the film during exposure. While making 
cavitation photographs in the laboratory, the flow is at right 
angles to the motion of the film. The motion with respect to 
the film will be the vector sum of the motion of the image of the 
bubble with respect to the camera frame and the motion of 
the film with respect to the camera frame. The maximum flow 
velocity in the tunnel that has been photographed is about 75 
fps. The smallest reduction ratio used in the photograph is 
about 6:1, i.e., the image on the film, and hence the image ve- 
locity on the film is not over '/, of the bubble velocity in the 
tunnel. Thus the maximum velocity of the image with respect 
to the camera frame is 12'/, fps. 

Most of the pictures were taken at a rate of 20,000 frames per 
sec. In order to keep the film speed to a minimum, very small 
frame heights were employed. Thus, on the average, each indi- 
vidual picture was about 1 in. wide X !/i, in. high. This frame 
height of !/:, in. requires a film speed of over 100 fps when the 
taking rate is 20,000 per sec and, even at this speed, all spacing 
between frames has to be eliminated. The vector sum of 100 
and 12!/2 is less than 101, i.e., the speed of the object had some- 
thing less than 1 per cent effect upon the relative speed between 
the image and the film. When the camera is further from the 
tunnel, or if a shorter-focal-length léns is used, the effect is even 
smaller. It is safe to conclude, therefore, that in the design of 
photographic equipment of this kind the speed of the object can 
be ignored safely. 

Another very important characteristic of the flash lamp when 
used in this system of photography is the intensity of the light. 
This intensity must be very high to produce an image of reasona- 
ble density in the very short exposure time available. The im- 
portance of illumination intensity can be seen clearly if the 
operation of this type of equipment is compared to that of a hypo- 
thetical motion-picture camera of the standard type, using a nor- 
mal shutter but operating at 20,000 exposures per sec. The nor- 
mal type of shutter has an opening of about 180 deg, which means 
that the effective exposure time is one half of the elapsed time 
between successive pictures. In this case the exposure would 
be 1/,,000 sec. If this is compared to the exposure time of !/,9 
to '/s» sec for a normal camera operating at a conventional speed, 
it will, be seen that an extremely intense illumination would be 
required if an adequate exposure were to be secured. However, 
1/,000 Sec is 25 microseconds. This is 25 times as long as the 
flash duration, which is 1 microsecond. Hence the flash inten- 
sity must be at least 25 times as great ast hat required for this hy- 
pothetical conventional-type camera. The energy input to the 
lamp is at a rate corresponding to a continuous flow of 20 kw; 
however, as the lamp is burning only '/s of the total time, the 
energy input during the exposure is at the rate of 1000 kw. 

An example of the difference in the information obtainable with 
different taking rates is seen in Figs. 3(a to d). The film strips 
are all taken under the same conditions in the tunnel for the 
Same degree of cavitation on the same model. In comparing 
strips 3(a) and 3(d), it should be remembered that there are 
1250 individual exposures on the d strip between each one on the 
a strip. The a strip was taken at the normal motion-picture 


rate, 


EXPERIMENTAL OBSERVATIONS 


An examination of some of the records shows that. if all stages 
of cavitation are considered the phenomenon is very complex. 
For example, Fig. 4 presents a series of pictures showing in- 
creasing degrees of cavitation from the incipient point to the 
formation of a cavity large enough to contain the entire body. 
In this case, the shape is a hemispherical nose with a straight 
cylindrical afterbody. This entire series was obtained while the 
tunnel was operating at constant velocity with gradually decreas- 
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(a) (b) (c) (d) 
(a) 16 per sec (6) 64 per see (ce) 1500 per sec (d) 20,000 per sec 
Fic. 3 Comparison or Picture-TAKING RaTEes 


ing pressure in the working section. It will be observed in each 
picture that many complex bubble groups are formed and if 
the life history of such a group is examined it will be seen that 
the individual bubbles interact and often combine in either the 
formation or the collapse stage. At the present time no at- 
tempt will be made to investigate these complicated interactions. 
Instead, consideration will be restricted to the simplest appear- 
ances that can be found on the records. For that reason a shape 
was chosen which, at least for low degrees of cavitation, tends to 
produce individual bubbles spaced far enough apart so that occa- 
sional ones can be found which throughout their entire life history 
of formation, collapse, and rebound are not seriously affected by 
interference from other bubbles. 

An example of the effect of surface curvature of the body on the 
appearance of the cavitation is shown in Figs. 5(a, 6, and ec). 
These pictures were taken for approximately the same degree of 
cavitation. However, the body noses are different. Fig. 5(a) 
is a hemispherical nose, Fig. 5(b) an 0.875-caliber ogive, and Fig. 
5(c) a 1.5-caliber ogive. The appearance of the cavitation in 
Fig. 5(a) is typical of that found on the blunter nose forms; 
whereas that in Fig. 5(c) is characteristic of the finer shapes. Fig. 
5(b) is a transition shape, showing some of the characteristics of * 
both. The experimental material used in the rest of this presen- 
tation has all been obtained from records taken with a 1.5- 
caliber ogive nose mounted on a long cylindrical afterbody. 

Fig. 6 shows a record of the complete life history of a cavita- 
tion bubble. Strip (6) is a direct continuation of strip (qa). 
These photographs were obtained at’a tunnel velocity of 40 fps 
and a picture-taking rate of 20,000 frames per sec. It will be 
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Fic. 4 Cavitation DEVELOPMENT ON Bopy WitH HEMISPHERICAL 
Nose 


{Views from top down: (a) K = 0.62; (6) K = 0.55; (c) K = 0.45; 
(d) K = 0.40; (e) K = 0.31, respectively.] 


seen that the life cycle of a bubble can be divided into a series of 
natural stages, as follows: 


1 Formation and growth, from first appearance to maximum 
diameter. 

2 First collapse, from maximum diameter to first disappear- 
ance. 

3 First rebound, from first disappearance to second maxi- 
mum. 

4 Second collapse, from second maximum to second disap- 
pearance. 

5 Second rebound. 

6 Third collapse. 

7 Final rebound, collapse, and disappearance. 


A large share of the existing literature on cavitation has con- 
sidered only the second stage. The growth, rebound, and re- 
collapse phases have been ignored, in general, either because their 
existence was unknown or because they were considered an un- 


JULY, 1948 


Fig. 5 Errect or SurFaAcE CuRVATURE ON APPEARANCE OF Cavi- 
TATION 
[Views from top down: (a), (4), (c)] 


warranted complication. This can be understood on the basis 
discussed previously, i.e., most of the investigators have been 
concerned either with the investigation of methods for preventing 
the occurrence of cavitation, or with the determination of cavi- 
tation damage and the relative resistance of different materials 
to such damage. 

One of the assumptions commonly made is that the pressure in 
the bubble is approximately equal to the vapor pressure of the 
liquid at the mean temperature of the flow. There is much in- 
direct evidence to support the belief that this is the right*order 
of magnitude for the pressure. For example, Fig. 4 shows a 
series of pictures of the development of cavitation on the hemi- 
spherical nose. It will be noted that in the initial stages, Figs. 
4(a toc), the cavitation area is not symmetrical around the nose, 
but in each case it is wider at the top than at the bottom of 
the model. The only significant difference in the flow conditions 
from top to bottom is a change in the hydrostatic pressure which 
has an over-all magnitude of 2 in. of water. Thus the degree of 
cavitation is sensitive to a fraction of this very slight change of 
pressure. This furnishes a strong inference that the pressure 
within the bubble must likewise be small, that is, of the same 
order as the vapor pressure at the existing temperature, or it 
would not be affected by this small change in pressure. Similar 
evidence is given by the difference betwen the successive pictures. 
The change of the measured tunnel pressure between the pic- 
tures is very small in congrast to the great change in the cavitation 
areas. More direct evidence is given by the agreement between 
pressure-distribution measurements made under noncavitating 
conditions on a specific shape, with the pressure at which cavi- 
tation first appears on that shape. 

In the analysis of cavitation phenomena, the cavitation pa- 
rameter has been found very useful. This is defined as follows 
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in which 


K = cavitation parameter 
p, = absolute pressure in the undisturbed liquid, psf 


= same in feet of liquid, = 
Pg = Vapor pressure corresponding to water temperature, psf 
hg = same as pz in feet of liquid, hg = Pe 


V = relative velocity between body and liquid, fps 
p = mass density of liquid, slugs per cu ft = y/g 
y = specific weight of liquid, lb per cu ft 

g = acceleration of gravity, fps per sec 


It will be seen that the numerator of both expressions is simply 
the net pressure or head acting to collapse the cavity or bubble. 
The denominator is the velocity pressure or head. Since the 
entire variation in pressure around the moving body is a result 
of the velocity, the velocity head may be considered a measure of 
the pressure available to open up a cavitation void. From this 
point of view, the cavitation parameter is simply the ratio of the 
pressure available for keeping the stream in contact with the 
body to the pressure available for opening the stream and per- 
mitting bubble formation. If the K for incipient cavitation is 
considered, (designated K,), it can be interpreted to mean the 
maximum reduction in pressure on the surface of the body 
measured in terms of the velocity head. Thus if a body starts 
to cavitate at the cavitation parameter of 1, it means that the 
lowest pressure at any point on the surface is one velocity head 
below that of the undisturbed fluid. 

It was found that for greater degrees of cavitation, measured by 
the extension of the bubble-covered section to !/,, 1/2, 3/4, or full 
length of the body, the parameter K is equally significant, i.e., 
it signifies similar extensions for the same K values independently 
of the velocity. 


ANALYSIS OF OBSERVATIONS 


The high-speed water tunnel is a piece of equipment which can 
be operated under accurately known and controlled conditions. 
The associated instruments and apparatus, including the photo- 
graphic equipment used in making the records of the formation 
and collapse of the cavitation bubble are quantitative instru- 
ments. Therefore it is possible to evaluate the records of the 
cavitation bubbles with reasonable accuracy. Time measure- 
ments are based upon the interval between the individual ex- 
posures on the high-speed motion pictures. This interval is 
determined by the flash rate of the lamps. This rate is con- 
trolled by an oscillator whose frequency is known with great 
accuracy. Thus the flashes are spaced at very uniform known 
intervals. The time measurement is completely unaffected by 
the film speed in this system of measurements. Motion is deter- 
mined by measuring the position of the bubble on the individual 
pictures on the film. The light path from the camera to the 
bubble traverses air, lucite, and water, which produces some 
optical distortion. This distortion is comparatively small be- 
cause the outside surfaces of the lucite windows are planes. 
Therefore the cylindrical lens effect of the water-filled circular 
working section is largely eliminated. The amount of distortion 
which does exist is eliminated by applying correction factors that 
have been determined by photographing horizontal and vertical 
test scales mounted in the tunnel area in the position normally 
occupied by the model. Thus the actual dimensions of the 
bubbles and the amount of their movement can be determined 
With a good degree of approximation. 

Fig. 6 is a suitable record for this purpose. It shows the life 
cycle of an isolated bubble which happens to be far enough 
removed from other similar bubbles to make it reasonable to 
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(a) (b) 
Fic. 6 Lire History or a Cavitation BuBBLE 


assume that. it is relatively unaffected by other elements of the 
cavitation. The diagram at the top of the figure shows the pres- 
sure distribution on the surface of the body. This distribution 
was measured on the model in the tunnel. The full line is for non~ 
cavitating conditions, and the dotted line is for the degree of cavi- 
tation shown in the photographs. For these measurements the 
tunnel was operated at a cavitation parameter of K = 0.33. 
The tunnel velocity was 40 fps. This corresponds to a dynamic 
head of about 24.8 ft or 10.7 psi. The vapor pressure of the water 
at the temperature of the measurements was approximately 0.4 
psi. The absolute pressure in the undisturbed flow, correspond- 
ing to these conditions, is about 4 psi. (See also Fig. 8) 

If we examine the pressure-distribution diagram it will be 
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seen that at point A the pressure has decreased until it has 
reached the vapor pressure. At this point it would be expected 
that the cavitation bubble would first appear. At point B 
the pressure starts to rise above the vapor pressure. It must 
not be forgotten that the pressure-distribution diagram gives 
only the pressures on the surface of the body. Therefore, neglect- 
ing transient pressure during collapse, these pressures show the 
maximum deviations from the pressure in the undisturbed flow. 
If pressure measurements were to be taken at one given tunnel 
cross section for points between the body and the tunnel, this 
deviation would become smaller and smaller as the distance from 
the body increased. At the tunnel wall the pressure can be 
assumed to be the true static pressure in the undisturbed flow, 
since the size of the model has been chosen small enough (ratio of 
sectional areas of model to tunnel is !/59) to cause very little dis- 
turbance at the wall. 

The photographs show that the cavitation bubbles follow paths 
very nearly touching the body. Therefore the liquid pressure 
on the bubble will be nearly equal to the pressures shown on the 
diagram. Probably the pressure along the line of the bubble 
path will be slightly higher than the diagram, but for the present 
purposes the values on the diagram may be considered as a 
reasonable approximation of the lower limit of possible pressures. 

Bubble Formation. The measurements made from these rec- 
ords have been used as the basis of several different graphical 
presentations. Fig. 7 shows the position of the bubble as a 
function of time, with the zero of position at the point of tangency 
of the ogive to the cylinder. Note that the three lines show the 
leading edge, the trailing edge, and the mid-point of the bubble. 
The slope of the line is proportional to the axial velocity of the 
bubble in the tunnel. It will be seen that this is not constant but 
varies with the position of the bubble along the body. The maxi- 
mum diameter of the bubble is about 0.3 in. This is relatively 
large for the size of the body involved. Nevertheless, the life of 
the bubble from the instant it is large enough to be detected until 
the completion of its first collapse is only about-0.003 sec. Forma- 
tion requires about three fourths of this time, leaving one fourth 
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for the collapse. An interesting point to observe in passing is 
that during the final stages of the first collapse the leading edge 
of the bubble is moving radially inward so rapidly that it is 
actually moving upstream in the tunnel. Fig. 8 gives the 
measured radius and volume of the bubble, plotted on the pres- 
sure-distribution diagram from Fig. 6. Fig. 9 shows the bubble 
radius and volume as functions of time. For this diagram the 
bubbles have been assumed to be spheres having a radius equal 
to the average of the horizontal and vertical dimensions measured 
in the photographs. 

In the analysis of these diagrams it is necessary to consider 
some of the physical factors which must influence the growth 
and collapse of the bubble. 

Any fluid particle may be considered as a free body moving in 
accordance with the forces acting upon it. In such an analysis 
the inertia of the particle plays a very important role. If par- 
ticles of liquid on the bubble surface are studied, it may be as- 
sumed as a first approximation that they move symmetrically, 
i.e., that the bubble remains spherical. Thus spheres are equal 
pressure surfaces, hence only radial forces and velocities are 
involved. 

A consideration of the shape of the body and the pressure- 
distribution diagram on its surface leads to the explanation of 
why the cavitation bubble forms. Imagine a particle of liquid 
in the flow impinging on the nose of the body and following along 
the surface. First it is forced radially outward and the pressure- 
distribution diagram shows the amount of force required to make 
it conform to this portion of the body shape. Outward accelera- 
tion continues for a short distance but decreases rapidly in mag- 
nitude as shown by the rapid fall in the pressure on the surface. 
At the point where the pressure on the body has fallen until it is 
equal to the static pressure in the undisturbed flow, outward ac- 
celeration ceases, i.e., the particle is moving out fast enough to 
keep out of the way of the body. Downstream from this point 
it is necessary to apply a force acting toward the body to keep 
the particle in contact with it, because now the surface is curving 
away from the path of the particle. Since the pressure in the 
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undisturbed flow is the upper limit of the available pressure, the 
pressure differences required to keep the flow in contact with the 
body must be produced by a reduction in pressure on the body 
surface. As the body curves more rapidly away from the flow, 
a greater and greater inwardly acting pressure difference is re- 
quired, i.e., a lower and lower absolute pressure on the body as 
shown on the pressure-distribution diagram. Note that this 
pressure difference is utilized to reduce the axially outward ve- 
locity that was set up during the flow around the forward part of 
the nose. The maximum pressure difference available is reached 
when the pressure on the surface falls to the vapor pressure of the 
liquid. This occurs at point A on the pressure-distribution dia- 
gram, Fig. 8. However, the outward radial velocity of the 
liquid particle under consideration has not been reduced to zero; 
hence when it moves downstream from point A, there is no 
longer enough pressure difference acting to cause the curvature of 
its path to match that of the body. Therefore it separates from 
the body, which is just a way of saying that a cavitation bubble 
is formed. Putting it another way, a cavitation bubble appears 
when there is no longer a large enough pressure gradient. acting 
toward the body to hold the flow against it. 

Attention is shifted now to the bubble itself. It will be seen 
that surface tension forces are acting, which from their physical 
nature always tend to decrease the size of the bubble. Hence as 
the bubble expands, work must be done against these forces if 
growth is to take place. 

The record shows that the bubble expands very rapidly. The 
question arises concerning the pressure and composition of the 
gas inside the bubble. In this discussion it has been assumed 
tacitly that the bubble is full of water vapor, and, at least at in- 
ception, the pressure is the vapor pressure at the temperature of the 
liquid. Several other possibilities must be considered. The 
bubble might contain air, which was previously dissolved in the 
water, since the present experiments were made with water 
saturated -with air at atmospheric pressure. As the total time 
from formation to collapse is very small, it would be impossible for 
air molecules to migrate through the liquid any appreciable dis- 
tance. Therefore the only air which might come out of solution 
would be that dissolved in a thin layer of liquid adjoining the 
bubble surface. This amount is so small that the pressure in 
the bubble would of necessity be less than a millimeter of mercury 
during the most of its life. The pressure can be estimated roughly 
by dividing the volume of air at atmospheric pressure dissolved 
in the liquid layer AR, thick adjacent to the bubble, by the 
volume of the bubble itself. If it is assumed that air-saturated 
water at atmospheric pressure contains 2 per cent of air by vol- 
ume, the pressure in the bubble of radius R is 


AR, 
= 605 —— 
Pa = 0 R 


Since the individual air bubbles must be very small because of the 
low concentration of the dissolved air, it is difficult to imagine 
their migrating any appreciable distance through the liquid in the 
0.0022 sec available for growth to the maximum bubble diameter. 
If AR is estimated to be 0.001 in., the pressure becomes 


Pa = 0.0004 atm = 0.3 mm Hg 


Another possibility is that the bubble might contain water 
vapor but at a pressure much lower than the equilibrium pressure 
corresponding to the average temperature of the flow (0.39 psi 
at 72 F). However, physical measurements obtained from pres- 
sure-distribution models show that when the cavitation voids 
touch the body and are large enough to cover some of the piezome- 
ter openings, the pressure in these voids is approximately equal 
to the vapor pressure of the liquid. If this is actually the case in 
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all cavitation bubbles, such as the one under consideration, then 
liquid must be evaporated during the growth period. If a por- 
tion of the surrounding liquid evaporates into the bubble, it must 
secure the necessary heat of vaporization to do so. The only 
available source of heat is in the heat of the liquid layer immedi- 
ately surrounding the bubble. Because of the extremely short 
time available for heat transfer, the effective thickness of this 
layer must be very small. On the other hand, if the temperature 
of the surface layer of liquid falls very far, the pressure in the 
bubble must decrease appreciably, since it is difficult to imagine 
how the vapor pressure in an expanding bubble can be greater 
than that corresponding to the temperature of the surface layer 
of the liquid. 

The thermal considerations just outlined suggest the desira- 
bility of some rough calculations to determine whether enough 
vaporization is physically possible to maintain the pressure in 
the bubble near the vapor pressure of the liquid. Therefore 
computations have been made on the following assumpti6ns: 

(a) The vapor pressure in the bubble is in equilibrium with 
the temperature of the surface layer of liquid. 

(b) The vapor to fill the bubble is produced by the evaporation 
of a uniform thin layer over the surface. om 

(c) The necessary heat for this evaporation comes from the 
heat of the liquid of a shell of uniform thickness surrounding the 
bubble. 

The temperature of the inside surface of this shell is assumed to 
be the temperature corresponding to the vapor pressure in the 
bubble, and the temperature of the outside of the shell is the 
average tunnel temperature. The thickness of the shell which 
must be evaporated to fill the bubble with vapor is equal to the 
volume of the bubble divided by the product of the bubble sur- 
face and the ratio of the specific volumes of the vapor to the 
liquid. The ratio of the thickness of the outer shell which fur- 
nishes the heat to evaporate this liquid to the thickness of the 
evaporated layer is equal to the heat of vaporization divided by 
the average temperature drop of this outer shell. Thus 


4 
R3 
RV, 
4rk? — 
or 
Ak, Vi 
3V, 


Ak, 
R R 1/(T, 


= radius of bubble 
= thickness of evaporated shell 
Ry = thickness of shell furnishing heat 
= specific volume of vapor 
= specific volume of liquid 
= heat of vaperization 
T, = temperature of undisturbed liquid 
7, = equilibrium temperature of liquid corresponding to 
pressure in bubble 
For the bubble shown in Fig. 6, 7', was 72 F. If the vapor in the 
bubble is assumed to be 10 F below this, ie., 62 F, ae = 


Vy 
70,000, H, = 1050. Therefore 
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AR, 
R 210,000 
ARy 1 1050 


R 210,000 5 1000 
When the bubble has grown to maximum size, Ry = 0.15 in., 
hence 


AR, = 7 X 1077 in. 
ARy = 1.5 X 10~*in, 


These thicknesses are so small that the evaporative process ap- 
pears very plausible even in face of the short time of growth and 
much more plausible than the evolution and migration of minute 
air bubbles through a layer of liquid 7 times as thick as the heat- 
ing shell. Furthermore the vapor pressure corresponding to 62 
F is 0.019 atmosphere, which is 47 times greater than the 0.004 
atmosphere calculated for the air migration from the 0.001-in- 
thick shell. 

A further inspection of the pressure-distribution diagram yields 
some additional facts. As previously stated, point A should be 
the point at which the bubble first appears. Point B should 
be the point of the maximum rate of bubble growth. Up to this 
point the outward radial velocity of the bubble surface should 
have increased. Heré the acceleration should reverse, i.e., the 
rate of growth should slow down. Note, however, that the 
growth should continue until the radial kinetic energy is ex- 
pended in working against the pressure difference. Thus, the 
point of maximum bubble diameter should be downstream from 
point B. At the point of the maximum bubble diameter, the 
liquid no longer has any kinetic energy with respect to the center 
of the bubble. However, the kinetic energy has been expended 
in a conservative manner, i.e., it has done work against the pres- 
sure difference and against the surface tension. The point of 
maximum diameter is not an equilibrium condition, the bubble 
starts to collapse immediately. If in Fig. 8 the bubble size is 
compared with the pressure-distribution diagram, it will be seen 
that at least qualitatively the foregoing deductions agree with 
the observations. 

Bubble Collapse. All of the factors investigated during bubble 
growth must be considered during the collapse period. In ex- 
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amining this collapse, it might be well to state explicitly an as- 
sumption that is implicit in the previous discussion. The fluid 
system is thought of not as a purely mechanical one, but as a 
thermodynamic one as well. Two sources of energy have been 


- considered during the bubble growth, the mechanical energy pres- 


ent, as a result of the motion of the fluid, and the thermal energy 
made available by a change in temperature of the liquid. It was 
assumed that none of the mechanical energy was transferred from 
the liquid to the gas. During the collapse period it may not be 
possible to avoid considering energy interchange between the 
liquid and the gas and vapor in the bubble. The collapse period 
begins at the maximum diameter of the bubble. At this point 
the vapor may be assumed to be in thermal equilibrium with the 
inner surface of the liquid which is at a lower temperature than 
that of the surrounding liquid. The progress of the collapse fur- 
nishes the mechanism for compressing the vapor in the bubble, 
thus raising its temperature above the surface of the liquid and re- 
versing the temperature gradient, which provides a means for 
carrying away the heat of condensation. 

It will be seen from Fig. 9 that the rate of collapse is consider- 
ably higher than the growth; consequently the rate of condensa- 
tion must be similarly increased. Furthermore, as the bubble 
gets smaller, the thickness of the shell of surrounding liquid, 
whose temperature has been raised by the heat of condensation, 
increases appreciably. Both factors require corresponding in- 
creases in the temperature difference between the vapor and the 
average temperature of the liquid. This is easily available 
when the bubble has grown small because the necessary energy 
for compressing and raising the temperature of the vapor can be 
taken from the kinetic energy of the surrounding liquid. 

Fig. 10 is a plot of the radial velocity of the bubble surface 
during the collapse period. It is seen that this velocity increases 
very rapidly as the bubble becomes small. The accuracy of the 
calculation is limited by the experimental measurements.. The 
points show the consecutive frames of the photographic record. 
In the final collapse and initial rebound phases, the readings are 
too far apart even though they are separated by only */29,990 sec. 
For this reason, an attempt is being made to increase the photo- 
graphic rates to at least 50,000 per sec. 

In analyzing the mechanism of collapse and rebound, it is neces- 
sary to explain what happens to the kinetic energy of the liquid. 
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Since there is no apparent way of dissipating this energy, it must 
be assumed to be stored in some other form when the bubble is 
completely collapsed. The very fact that rebound occurs and 
the cavity reopens to nearly the same size as the original maxi- 
mum radius is strong evidence that the kinetic energy was stored 
and given back essentially undiminished. Several possible meth- 
ods of storing the energy suggest themselves. The most proba- 
ble energy storage is in the compression of the liquid itself. 
Other possible ways are in the energy of compression of the non- 
condensable gas or the vapor in the bubble. However, as will 
be shown later, storage of a major part of the energy in the gas 
or vapor leads to impossible values of pressure and volume. The 
storage of the energy in the liquid is accomplished by the common 
“water-hammer”’ phenomenon. This method of energy storage 
permits the development of extremely high localized pressures. 
If particles of the liquid from opposite sides of the bubble are 
assumed to hit each other and come to rest, the resultant pressure 
may be estimated by the normal water-hammer calculations pro- 
vided that the velocity of the liquid (V), at the time of impact 
is known. The resulting pressure is given by the simple water- 
hammer equation 


pcV 
P= — 
144 
where 
P = pressure, psi 
¢ = velocity of sound in liquid, fps 


If values for c and p for cold water are substituted in the equation, 
this becomes 


P = 65V 


It must be remembered that this water-hammer equation is 
derived on the basic concept that the kinetic energy of a given 
element of moving liquid is stored within that same element in 
elastic compression when the element is brought to rest. This 
concept explains the “rebound” or re-formation of the bubble 
after collapse. Since there is no way to hold the liquid in a com- 
pressed condition after the inward radial velocity has been re- 
duced to zero, the stored elastic energy goes into producing out- 
ward radial velocity. Since there has been nothing to cause ap- 
preciable energy loss, the bubble should grow to its original size 
at the same rate it collapsed, provided that the stirrounding 
pressure remained constant. This cycle of growth and collapse 
should continue indefinitely. Actually, losses through fluid 
friction or possibly heat conduction, damp this oscillation. The 
photographic records show clearly that many bubbles go through 
4 or 5 cycles before final decay. The pressure diagram shows 
that, except for the original formation period, the rest of the 
life of the bubble occurs in a relatively constant pressure field. 

It is interesting to compare this measured history of an actual 
bubble with the analysis presented by Rayleigh in his classical 
paper‘ of 1917. He considered the collapse of an empty spherical 
bubble in an incompressible fluid having a constant pressure at 
infinity. He equated the kinetic energy of the resulting motion 
of the fluid to the work done at infinity by the constant pressure 
acting through a change of volume equal to the change of bubble 
volume. He obtained expressions for the velocity of the bubble 
surface as a function of the radius, for the time of collapse, for the 
acceleration of a point on the surface, and for the pressure dis- 
tribution in the surrounding fluid. He also calculated the be- 
havior of the bubble if it were filled with a gas at an arbitrary 
pressure at the beginning of collapse, on the assumption of iso- 


4“On the Pressure Developed in a Liquid During the Collapse 
of a Spherical Cavity,’”’ by Lord Rayleigh, Philosophical Magazine, 
vol. 34, 1917, pp. 94-98 (see Appendix). 
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thermal compression. This included an expression for the ratio 
of initial to final volume of the bubble if all of the kinetic energy 
of the incompressible fluid was stored in compressing the gas. 
Finally, he calculated the pressure produced if an empty bub- 
ble collapsed on an absolutely rigid sphere of arbitrary radius. 
Here he abandoned the assumption of an incompressible fluid, 
but only after contact with the rigid sphere. He found the re- 
sulting pressure to be given by the water-hammer equation. 

Fig. 11 shows a comparison of the Rayleigh prediction for the 
empty bubble with the measured radius versus time for the col- 
lapse of the bubble in Fig. 6. It is felt that the agreement is 
quite remarkable. In the calculation, the pressure acting is as- 
sumed to be the pressure at the tunnel wall minus the vapor 
pressure of the water. Rayleigh’s derivation permits of such a 
constant bubble pressure. The curve in Fig. 12 is Rayleigh’s 
calculated velocity of the surface as a function of the time 
measured from the beginning of collapse. The points shown are 
the slope of the measured curve in Fig. 11. The deviations of 
the measured from the predicted curves are in the right direction 
to agree with physical conditions. Rayleigh assumed no energy 
storage up to the instant of complete collapse, because up to that 
instant he assumed an incompressible fluid. Actually, there is 
some energy storage, especially in the last stages, in the liquid and 
also in the gas or vapor in the bubble. All of this energy storage 
reduces the work available for increasing the velocity; hence the 
collapse time must be longer. 

In a previous section of this paper it was estimated that the 
amount of air available would fill the bubble to a pressure of 
0.0004 atm at maximum diameter. If all of the kinetic energy 
of the liquid were to be stored in this air by isothermal com- 
pression, Rayleigh’s calculations indicate a required compression 
ratio of 4 X 10%, or a radius ratio of 7.3 X 10%. The initial 
radius of the actual bubble was 0.140 in. This means the com- 
pressed air bubble would be 2 X 10-” in. diam and would have 
a pressure of 1.6 X 107% atm. Obviously, this is impossible since 
the energy could all be stored in the liquid at a much lower pres- 
sure. It seems most probable that the energy is stored in com- 
pression in all three fluids, i.e., liquid, vapor, and gas, and that the 
compression processes of the vapor and the gas lie between the 
adiabatic and the isothermal. 

Cavitation Damage. At the begining of this discussion it 
was stated that the objective of this investigation is the study 
of the mechanism of cavitation and not of cavitation damage. 
However, there are a few tentative conclusions which can be 
formulated concerning certain phases of cavitation damage on 
the basis of the results obtained to date. It has been seen that 
the maximum collapse velocity of the cavitation bubble is con- 
trolled by (1) the maximum bubble size, and (2) the pressure 
difference existing between the Surrounding fluid and the bubble. 
Factors which affect the maximum bubble size are the lengt! 
of the zone in which bubble growth occurs, the average velocity 
of flow, and the velocity component normal to the guiding sur- 
face. The length of the zone is determined by the size and the 
shape of the guiding surface that is responsible for the cavita- 
tion. This alone would indicate that there should be a scale 
effect in cavitation damage. Consider, for example, two shapes 
geometrically similar but differing in size. If the velocity of flow 
past these two shapes is the same, the pressure and also the cavi- 


5 No bibliography of cavitation literature is included in this paper 
because many exhaustive lists have already been published. One 
of the most recent of these will be found in the paper by A. J. Stepa- 
noff, ‘‘Cavitation in Centrifugal Pumps,’ Trans. ASME, vol. 67, 
1945, p. 539. Another which refers particularly to cavitation dam- 
age, but includes much work on cavitation, is contained in the book 
on ‘‘Werkstoffzerstérung durch Kavitation’’ by Nowotny, published 
by V.D.I. Veriag, 1942, and reprinted by J. W. Edwards, Ann 
Arbor, Mich., 1946. 
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tation parameter, K, at corresponding points will be identical. 
If one shape is twice as large as the other, the length of the forma- 
tion zone will be twice as long, which means that since the 
velocities are the same, the bubble should grow under the same 
pressure difference for twice as long a time; hence it should be 
larger. The two bubbles will collapse under identical pressure 


conditions; hence the final collapsing velocity will be higher for 
the larger bubble. Thus cavitation damage may be expected 
to increase in severity with increase in size. A similar line of 
reasoning leads to the conclusion that if the flow velocity is in- 
creased over a given surface while the flow pressure is adjusted to 
keep the cavitation parameter K constant, the collapsing ve- 
locity, and hence the cavitation damage, will increase. Both 
of these conclusions are contrary to the concept that the cavita- 
tion parameter alone determines the severity of cavitation dam- 
age. 

These two cases deal with similar geometric shapes. Asa third 
case, consider two different shapes which, however, have the same 
incipient. cavitation parameter. If these are operated at the 
same velocity but at a lower cavitation’ parameter identical for 
both shapes, the cavitation damage may be quite different. If 
the velocity component of the flow normal to and away from the 
surface of one shape is lower than that of the other, the maximum 
bubble size for the shape having the lower normal velocity com- 
ponent should be smaller and the damage less. 


CONCLUSION 


In conclusion, the authors wish to emphasize that the foregoing 
interpretation of the experimental measurements of the life his- 
tory of a cavitation bubble is only a tentative presentation of the 
simplest possible case, i.e., a bubble which forms and collapses 
without interference from other bubbles. An examination of the 
photographic record shows that this is a relatively rare occur- 
rence; more often clusters of bubbles form and collapse very close 
together. In many of the records it is obvious that the collapse 
of one bubble has a major effect on the collapse of its neighbor. 
Furthermore, as the severity of the cavitation is increased, the 
bubble concentration builds up very rapidly, so that rarely if ever 
can a single bubble be seen to form and collapse without inter- 
ference. An inspection of the records indicates that the presence 
of many bubbles offers complicating factors. Thus the most 
this discussion can represent is the first short step in the correla- 
tion of this new supply of experimental facts with the analysis of 
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the physical mechanism of the cavitation phenomenon. It is 
regretted that time has not permitted the presentation of a more 
complete comparison of the laboratory results with the various 
analytical descriptions of the cavitation process which are to be 
found in the literature. Such comparison will be included in the 
next step in the development of the cavitation program of the 
laboratory. 
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Appendix 


In 1917 Lord Rayleigh presented his classical paper* on the 
pressure development in a liquid during the collapse of a spheri- 
cal cavity. Since this paper is not regularly accessible to the 
engineer, a brief summary of it will be presented here. 

Rayleigh quotes Besant’s formulation of the problem: ‘An 
infinite mass of homogeneous incompressible fluid acted upon by 
no forces is at rest, and a spherical portion of the fluid is suddenly 
annihilated; it is required to find the instantaneous alteration of 
pressure at any point of the mass, and the time in which the cavity 
will be filled up, the pressure at an infinite distance being sup- 
posed to remain constant.’ Rayleigh first sets up an expression 
for the velocity u, at any distance r, which is greater than R, 
the radius of the cavity wall, that has a velocity U, at time t. It is 


Next, the expression for the kinetic energy of the entire body of 
fluid at time t, is developed by integrating the kinetic energy of a 


concentric fluid shell of thickness dr, and density p. The result is 
u? dartdr = [2] 


The work done on the entire body of fluid as the cavity is col- 
lapsing from the initial radius, Ro to R is a product of the pres- 
sure, P at infinity and the change in volume of the cavity, i.e. 


Since the fluid is incompressible, all of the work done must ap- 
pear as kinetic energy. Therefore Equation [2] can be equated 
to Equation [3], which gives 


An expression for the time t, required for the cavity to collapse 
from Ry to R can be obtained from Equation [4] by substituting 
for the velocity U, of the boundary, its equivalent dR/dt, and 
performing the necessary integration. This gives 
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The néw symbol 8, is R/Ro. The time r, of complete collapse is 
obtained if Equation [5] is evaluated for 8 = 0. For this special 
case the integration may be performed by means of I functions 
with the result that + becomes 


[6] 


p 6 2 p 
6P 0.91468 Ro 
3 


Rayleigh does not integrate Equation [5] for any other value of 
8. In the detailed study of the time history of the collapse of a 
cavitation bubble, it is convenient to have a solution of all values 
between 0 and 1. Fig. 13 arid Table 1 give the value of this in- 
tegral over this range. 
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TABLE 1 VALUES OF THE INTEGRAL OF EQUATION [5] 


63/248 6*/2d8 
0.000 0.74684 0.600 0.62915 
0.040 0.74671 0.640 0.60676 
0.080 0.74611 0.680 0.58133 
0.120 0.74484 0.720 0.55240 
0.160 0.74274 0.760 0.51935 
0.200 0.73967 0.800 0.48128 
0.240 0.73552 0.840 0.43684 
0.280 0.73016 ‘ 0.860 0.41159 
0.320 0.72349 0.880 0.38380 
0.360 0.71539 0.900 0.35285 
0.400 0.70575 0.920 0.31782 
0.440 0.69443 0.940 0.27716 
0.480 0.68129 0.960 0. 22785 
0.520 0.66616 0.980 0.16220 
0. 0.64886 1.000 0 


Equation [4] shows that as R decreases to 0, the velocity U in- 
creases to infinity. In order to avoid this, Rayleigh calculates 
what would happen if, instead of having zero or constant pressure 
within the cavity, the cavity is filled with a gas which is com- 
pressed isothermally. In such a case, the external work done on 
the system as given by Equation [3] is equated to the sum of 
the kinetic energy of the liquid given by Equation [2], and the 
work of compression of the gas, which is 4QRo’ loge(Ro/R), where 
Q is the initial pressure of the gas. Thus Equation [4] is re- 
placed by 


a & es & 


Fy 
q 
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For any real (i.e., positive) value of Q, the cavity will not collapse 
completely, but U will come to 0 for a finite value of R. If Q 
is greater than P, the first movement of the boundary is outward. 
The limiting size of the cavity can be obtained by setting U = 0 
in Equation [7], which gives 


(4) tom: = 0 [8] 


2 


in which z denotes the ratios of the volumes Ry?/R*. Equation 
[8] indicates that. the radius oscillates between the initial value 
Ro and another which is determined by the ratio P/Q from this 
equation. Although Rayleigh presents this example only for 
isothermal compression, it is obvious that any other thermo- 
dynamic process may be assumed for the case in the cavity and 
equations analogous to Equation [7] may be formulated. 

As another interesting aspect of the bubble collapse, Rayleigh 
calculates the pressure field in the liquid surrounding the bubble, 
reverting to the empty cavity of zero pressure. He sets up the 
radial acceleration as the total differential of the liquid velocity 
u, at radius r, with respect to time, equates this to the radial 
pressure gradient divided by the density, and integrates to get 
the pressure at any point in the liquid. Hence 
du bu bu 1 dp 


= = 
dt ét p or [9] 


Expression for r and u ~ as functions of Rk and r are obtained 
r 


from Equations [1] and [4], the partial differentials of Equation 
[1], with respect to r and ¢t, and the partial differential of Equa- 
tion [4], with respect to ¢. Substituting these expressions in 
Equation [9] yields 


Lip RP 
P br LAT r3 (z [10] 


By integration this becomes 


1 R ” or ” 
which gives 

Pp —ls= 6-4 [12] 


The pressure distribution in the liquid at the instant of release is 
obtained by substituting R = Ro in Equation [12], which gives 


The point of maximum pressure may be found by setting dp/dr 
equal to zero in Equation [10]. This gives a maximum value for 


p when 
4s—4 


If this value for r,, is substituted back into Equation [12], the 
maximum value of p is obtained 
(2 —4)R 
— = + = 
4r,, 
If this equation is inspected it will be seen that so long as z is less 
than 4, the second term of the equation is negative; hence pmax 
and therefore all other pressures in the liquid are less than P at 
infinity; but when z exceeds 4, then pmax becomes greater than 
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P. The radial location of pmax is given by Equation [14]. As 
the cavity approaches complete collapse, z becomes great and 
Equations [14] and [15] may be approximated by 


[16] 


and 


Equation [16] shows that as the cavity becomes very small, the 
pressure in the liquid near the boundary becomes very great in 
spite of the fact that the pressure at the boundary is always zero. 
Although Rayleigh does not mention it, this would suggest the 
possibility that some energy can be stored in compressing the 
liquid which would add an additional term to Equation [7]. Of 
course this would mean that the assumption of incompressibility 
would have to be abandoned for the entire calculation. This, 
however, would not change the physical concepts involved. 
Rayleigh himself abandons the assumption of the incompressible 
fluid to consider what happens if the cavity collapses on an 
absolutely rigid sphere of radius R, as proposed by his corre- 
spondence to Mr. Cook. However, he abandons the supposition 
of incompressibility only at the instant that the cavity wall comes 
in contact with the rigid sphere. From that instant on he makes 
the assumption common to all water-hammer calculations that 
the kinetic energy of each particle of fluid is changed to elastic 
energy of deformation of the same particle as determined by the 
volume modulus of elasticity of the fluid. On this basis he ob- 


tained 

(P’)? 1 Pf P 

pl? = —| — 1} = — (g—1)..... 18] 


where P’ is the instantaneous pressure on the surface of the rigid 
sphere and £ is the volume modulus of elasticity. Both must be 
expressed in the same units. 


Discussion 


J. M. Ropertson* anp Donatp Ross.? This paper is an 
important contribution to the meager fund of knowledge of the 
mechanism of cavitation. The authors’ development of tech- 
niques of superhigh-speed photography has made available an 
extremely useful tool for the study of the life of a cavitation 
bubble. Fig. 3 of the paper illustrates the manner in which 
knowledge of cavitation phenomena has increased with camera 
speed. The analyss of the growth and collapse of a single 
bubble, as presented in this paper, is in itself a major contribu- 
tion to the subject. As more bubbles are analyzed and higher 
camera speeds are attained, more and more of the mysteries of 
cavitation will be dispelled. . 

By showing that the partial pressure of the air in the cavity is 
much smaller than the actual bubble pressure, the authors dem- 
onstrate that the gas in the bubble is primarily water vapor. 
This fact, which heretofore had only been surmised, should not 
be interpreted as indicating that air plays an insignificant role in 
the cavitation process. The cavitation studied by the authors 
was in water saturated with air at atmospheric pressure. In the 
case of the particular body studied, there was an appreciable 
distance preceding the cavitation region in which the pressure 
was below atmospheric and in which undissolved air bubbles 
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could expand and dissolved air could come out of solution. Thus 
at the start of the cavitation region a number of air bubbles should 
have been available to act as nuclei for the formation of vapor 
cavities. The manner in which the bubble grows at the start 
of the cavitation region, as depicted in Figs. 8 and 9, would indi- 
cate that at the start of this region it may have had a radius of 
several thousandths of an inch. 

The air content of the bubble plays an important role during 
the collapse period; since the air cannot be redissolved as rapidly 
as the water vapor, the bubble must collapse on an air nucleus. 
The minimum radius at the first collapse is thus primarily a 
function of the air content of the bubble. Osborne® has shown 
that ‘the abruptness and violence of the shock, the total acoustic 
energy produced and its frequency distribution are all highly de- 
pendent on the size of the residual air bubble around which the 
cavity collapses.’ The effectiveness of air in cushioning the 
cavitation shock is well known. It would be informative to 
know how the authors’ results would be changed, if deaerated 
instead of saturated water were employed. The lack of air 
would not prevent cavitation, but its inception would be re- 
tarded. Briggs, Johnson, and Mason’ have found that ‘when 
liquids are degassed, their natural cohesive pressure becomes 
effective and they will withstand a negative acoustic pressure.”’ 
When air nuclei are absent, cavitation rupture is a molecular 
process, and the time the fluid element is in the negative pressure 
region is a very important factor. In tests made with model 
propellers at the David Taylor Model Basin,"® and corroborated 
by one of the writers at the M.I.T. Propeller Tunnel, the critical 
pressure for the inception of cavitation was found to decrease 
with a reduction of air content. In an experiment in which the 
time in the negative pressure region was quite short, Numachi!! 
found the critical pressure to be greatly affected by gas content. 
The critical pressure was found to be approximately vapor pres- 
sure with air-saturated water, while it was minus an atmosphere 
(absolute) with partially deaerated distilled water. The differ- 
ences in the characteristics of the cavitation of the bodies, shown 
in Fig. 5 of the paper, can possibly be explained in terms of the 
time available for the formation of air nuclei before the fluid 
elements reach the cavitation region. This effect could be 
studied by cavitation measurements on several body shapes 
at different scales and with different air contents of the water. 


WILHELM SPANNHAKE.'? This admirable paper adds much to 
our present knowledge of cavitation even though the authors se- 
lected for investigation, as they state, only the simplest mani- 
festations of the very complex phenomena they observed through- 
out a wide range of geometrical conditions and stages of cavita- 
tion. Specifically, they selected for study a situation which 
showed individual bubbles successively produced and spaced 
far enough apart so that from time to time some could be found 
which throughout their life history were not seriously affected by 
interference from other bubbles. 

The possibility of maintaining a more or less stable stage of 


8‘*The Shock Produced by a Collapsing Cavity in Water,” by 
M. F. M. Osborne, Trans. ASME, vol. 69, 1947, pp. 253-266. 

® “Properties of Liquids at High Sound Pressures,’’ by H. Briggs, 
J. B. Johnson, and W. P. Mason, Journal of the Acoustical Society of 
America, vol. 19, 1947, pp. 664-677. 

10 ‘Design, Operation, and Maintenance of a Meter for Recording 
the Air Content of Water in the David Taylor Mode! Basin Water 
Tunnels,”’ by A. Borden, David Taylor Model Basin Report 549, 
December, 1946. 

11‘*Translation and Commentary on F. Numachi’s Articles on 
‘The Effect of Air Content on the Appearance of Cavitation in Dis- 
tilled Salt, and Sea Water,’’’ Ordnance Research Laboratory Re- 
port, Serial No. NOrd 7958-27, August 1, 1946. 

12 Technische Hochschule Karlsruhe, Baden, American Zone. Con- 
tractee U.S. Navy. 
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cavitation depends apparently upon the shape of the boundary 
surfaces against which cavitation occurs, or rather on the pres- 
sure distribution of the original flow pattern. This possibility 
will be seen from Fig. 5(a, b, and c) of the paper. 

It is extremely interesting to notice that the same stage as 
in Fig. 5(c), showing distinctly separated bubbles, has been ob- 
tained recently at the David Taylor Model Basin in a small 
Venturi tube with circular cross section and a very slight longi- 
tudinal curvature in the throat, together with a small angle of 
divergence in the expanding passage. To a certain degree this 
case corresponds hydrodynamically to Fig. 5(c). 

On the other hand, the authors mention that in other cases 
many complex groups of bubbles are formed in which the indi- 
vidual bubbles interact in either the formation or the collapse 
stages, as seems to be shown in Fig. 5(a), where the curvature of 
the nose of the body is sharper and consequently there are 
greater pressure differences along the surface. 

Here there should be recalled the results obtained in 1933 and 
1934 at the cavitation test stand of the Massachusetts Institute 
of Technology. 

These tests were made with a Venturi tube of rectangular cross 
section, and with both the longitudinal curvature in the throat 
and the angle of divergence in the expanding passage greater than 
in the circular tube mentioned as used at the Model Basin. Thus 
from the geometrical point of view and to a certain extent from 
the hydrodynamical point of view, this arrangement corresponds 
to the case of Fig. 5(a). During the tests at M.I.T., pictures 
were taken with a frequency of 3000 exposures per sec. No 
individual bubbles could be seen, but large cavitation volumes ap- 
peared separated from one another by compact volumes of water 
having rather definite outlines. The cavitation volumes and 
the intervening volumes of water were formed with a definite 
periodicity, and the cavitation volume collapsed as a whole 
when compressed between the alternate masses of water. Water 
completely filled the expanding passage after the collapse of the 
cavitation volume and was continuous with the water in the re- 
gion of restored higher pressure. The writer believes that if the 
pictures had been taken with sufficiently higher frequency it is 
possible that individual bubbles and groups of bubbles would have 
been seen also in this case, and that the bubble groups would in 
turn be interacting and forming the large cavitation volumes. 

The frequency of formation f, and tollapse of the cavitation 
volumes turned out to be in direct proportion to the velocity v, in 
the Venturi throat and inversely in proportion to the distance 
l, over which the complete cavitation phenomenon extended. 
The dimensionless expression 


was the same for geometrically similar arrangements and for 
hydrodynamically similar stages of cavitation. 

Considering the different cases described, the writer believes 
that cavitation is always periodical, and that the periodicity is 
always determined merely by the hydrodynamical boundary con- 
ditions of the original flow pattern. The formation of bubbles 
changes the boundary conditions and makes the flow unsteady. 
It likewise changes the pattern in such a way that there is a rise 
in pressure at the point where cavitation has started, and in this 
way the formation and further development of the cavity is 
stopped until the orig nal conditions are restored and the cycle 
begins again. 

It is the writer’s understanding that Dr. Knapp and his asso- 


13 ‘Progress Report on M.I.T. Cavitation Research,” by J. C. 
Hunsaker, Transactions of the 4th International Congress of Ap- 
plied Mechanics, Cambridge, England, June, 1934. 
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ciates have under way a systematic investigation of the different 
stages of cavitation to clear up details of this most interesting 
hydrodynamic problem, 

As to the rebound of the bubbles which has been observed for 
the first time in these California tests, the writer is not sure that 
this would have occurred had the air content in the water been 
distinctly smaller. This phenomenon reminds one in a way of 
the periodical expansion and compression of large gas bubbles 
formed by underwater explosions. 

With respect to the damage done by cavitation, the writer 
believes that this problem cannot be regarded without consider- 
ing the fact that even the smoothest surface of any material is not 
without slight crevices. These flaws present the weak points 
under the impact of water following the collapse of the bubbles. 
There is not only the force of the blow striking into the crevices 
but in addition the concentration of stresses at the sharp corners, 
and so on. On the other hand, it will be of the greatest impor- 
tance to find out whether the individual bubbles or the large 
cavitation volumes do the more severe damage to the boundary 
walls, 

It seems fitting at this time to regall the memory and do honor 
to the name of the late Dr. Foettinger who was one of the first to 
envisage the nature of cavitation damage. 

Dr. Knapp and his staff are to be congratulated for the out- 
standing work reported in this paper. All concerned with cavi- 
tation will look forward to further results with the greatest 
interest. 


A. J. Srepanorr.'* Although considerable progress has been 
made in the last two decades in understanding cavitation in hy- 
draulic machinery, the price to avoid or alleviate cavitation is 
still high. Part of this cost is due to the factor of ignorance. 
Any further progress in cavitation study without a knowledge of 
the mechanism of cavitation is well-nigh impossible. 

Although the authors’ study was confined to the life history of 
a bubble, its results are important from the practical point of 
view. It gives size and time scale of proceedings, which permits 
estimation of the thermodynamic process during the birth and 
collapse of the bubble. This in turn may lead to an estimation of 
how any liquid other than water will behave under cavitation 
conditions. The bubble reappearance as a result of an elastic 
water impact, never suspected before, may serve as an explana- 
tion of the appearance of cavitation pitting in places not expected. 

Lack of exact cavitation knowledge has resulted in a variety 
of opinions as to the importance of several factors on conditions 
leading to cavitation in pumps and turbines. Thus some pump 
engineers evaluate their cavitation data in terms of absolute 
velocity through the impeller eye, others use relative velocity, 
and some use the peripheral velocity. Still another group uses 
the square root of the product of the radial and peripheral ve- 
locities. Similarly, the effect. of the impeller entrance angle on 
cavitation is frequently misunderstood. 

In describing the process of appearance and collapse of the 
bubble, the authors emphasize the hydrodynamic conditions 
leading to the formation of a cavity. The writer can imagine 
formation and disappearance of vapor bubbles by thermodynamic 
means only without pressure or velocity gradients in the surround- 
ing liquid. If the ambient temperature is brought locally to the 
corresponding boiling pressure, vapor bubbles will appear. This 
is a regular boiling process in which no external mech: aical forces 
are required to form a bubble, heat doing the work of volume 
expansion. During the collapsing period, temperature-pressure 
equilibrium is destroyed, vapor is condensed, and the liquid rushes 
into an empty space. The same is true also during the rebound- 


4 Development Engineer, Ingersoll-Rand Company, Phillips- 
burg, N.J. Mem. ASME. 


433 


ing process although the elastic forces of the liquid play a more 
conspicuous role. Perhaps the difference is just a matter of 
point of view. The writer prefers to think in terms of thermo- 
dynamics of the process first because he believes that heat 
exchange limits the extent of cavitation. When dealing with 
liquids other than water, the main difference will appear in ther- 
modynamic properties of the liquid and not in hydrodynamic 
forces. 

The effect of degree of streamlining of the body nose on cavita- 
tion, as it appears in Fig. 5 of the paper, is interesting. This is 
contrary to a general belief that a blunt leading edge of impeller 
vanes is just as good as the hatchet-shaped one. Such a miscon- 
ception originated from airfoil tests on air. 

Under conditions of the authors’ tests, it is reasonable to as- 
sume that all the kinetic energy of the bubble collapse is stored in 
the surrounding liquid and reappears as kinetic energy again dur- 
ing rebirth of the bubble. In hydraulic machinery, the mini- 
mum pressure appears at the boundary of the body, and, during 
collapse, a. major portion of the energy may be absorbed by the 
body, resulting in noise and vibration. Large masses, sometimes 
including the supporting structure, may take part in dissipation of 
this energy. Thus rebounding of the bubbles may appear greatly 
subdued. In connection with hydraulic machinery, opinions 
have been expressed that, if cavitation bubbles appear and col- 
lapse in a body of water and do not contact the metal, there is no 
damage to the parts of the machine.'5 

The writer believes that the possibility of air in the vapor cavity 
is not to be excluded. This can happen not by air bubbles break- 
ing through into the vapor space, for this they will have no 
energy, but by the liquid vaporizing into the air-bubble space | 
when this reaches the low-pressure zone. Air liberation from 
water is quite common in hydraulic machinery when pressure 
drops below that of the atmosphere. 

The difference in bubble grouping in the authors’ tests due to 
a difference in elevation of 2 in. suggests that this difference 
alone (in the case of hydraulic machinery) may put a rotor out 
of balance and cause vibration. It is very unlikely that the force 
of buoyancy of the bubbles couid have been responsible to any 
appreciable degree for the bubbles shifting upward due to lack 
of time. 

In their conclusions regarding the effect of scale on cavitation 
in hydraulic machines of different sizes, the authors disregard 
the effect of Reynolds number. In larger machines, all turns 
will have larger radii of curvature and can be negotiated by the 
liquid with less velocity distortion than in a small machine. 
With the same linear velocities of flow, centrifugal forces, caus- 
ing velocity shifting, are inversely proportional to the radius of 
curvature. Opinions have been expressed by several authorities 
on water turbines that, under the same head and submergence, 
the effects of cavitation are less harmful in the prototype than in 
the model.'¢ 

There is a great deal of confusion and misconception about the 
flow pattern in a turn or elbow. A study of cavitation under 
such conditions with the aid of high-speed photography would 
make an excellent topic for investigation. Most of the channels 
in hydraulic machinery where cavitation occurs are curved. 
There are no clear ideas as to what actually takes place under 
such conditions. What portion of the total flow is actually 
vaporized is of interest. Also, whether compound liquids, like 
petroleum oils, would behave similarly to water under cavitation 
conditions. 

Research of this nature is beyond the testing facilities of the 
industry, and the authors and sponsors of this project deserve 


18 ‘Centrifugal and Axial Flow Pumps,’”’ by A. J. Stepanoff, 
John Wiley and Sons, New York, N. Y., 1948, p. 248. 
16 Tbid., p. 265. 
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credit for their undertaking and manner in which it was con- 
ducted. It is hoped that the authors will take full advantage of 
their equipment and recent progress in high-speed photography 
(5,000,000 pictures per sec) as recently reported." 


AutTuHors’ CLOSURE 


Before considering the specific points raised by the individual 
discussers, the authors wish to point out that as more and more 
information becomes available on the characteristics of cavitation, 
it is becoming more and more apparent that it is no longer possible 
to talk about cavitation as a single phenomenon; instead there 
are certainly a number of different types of cavitation which 
vary quite significantly in their characteristics. The existence 
of these various types of cavitation probably accounts for many 
of the discrepancies which occur in our empirical knowledge of 
the phenomenon, which in turn have inspired widely different 
interpretations of the basic mechanism. As was pointed out in 
the introduction, the paper presented only the first experimental 
observations of a single bubble, which was selected as the simplest 
possible case of one particular type of cavitation. In this type, 
the cavity forms and collapses while moving downstream with the 
local velocity of the rapidly moving fluid. It is probable that 
many of the points brought out by the discussion apply with 
much more foree to other types of cavitation, but since the 
authors have experimental knowledge concerning this case and 
not the others, their comments will be limited to the type pre- 
sented. 

Messrs. Robertson and Ross bring out clearly in their inter- 
esting discussion the empirical fact that air is known to have a 
definite effect on the collapse of certain types of cavitation. 
They then suggest that it is very probable that the cavitation 
bubbles discussed by the authors had for a nucleus an air bubble 
of appreciable size and that this air did effectively cushion the 
collapse of the bubble. They suggest specifically that at the 
beginning of cavitation when vaporization first starts the air- 
bubble nuclei have a radius of several thousandths of an inch. 
The authors feel that air bubbles of this size could not be present 
without having been observed because the lighting used is very 
intense and a bubble of this diameter would be highly reflecting, 
as is evidenced by the small cavitation bubbles further down- 
stream which are so easily seen both visually and on the photo- 
graphs. However, it is interesting to investigate the order of 
magnitude of the effect which might have been produced if such 
an air nucleus had served as a starting point for the bubble whose 
life history was presented. Assume that the bubble radius was 
.005 of an inch, which is the upper imaginable size that could 
have escaped detection in the tunnel. Assume also that the 
pressure within the bubble was in equilibrium with the local 
pressure in the flowing stream. Thus at the beginning of the 
cavitation zone the air will have a pressure of about '/; psia. 
Assume for convenience that this is one psi. This air will remain 
in the bubble during expansion and collapse; thus when the bub- 
ble has collapsed to the radius of .005 in., the air will be again in 
the same state, assuming that during expansion and collapse 
to this point the process has been reversible. Up to this point 
all work terms on the air are negligible. .The work required to 
compress this bubble further may be calculated easily. Rayleigh 
assumed an isothermal process. The authors have indicated a 
possible pressure due to water hammer of approximately 50,000 
psi, assuming an empty bubble. The isothermal work of com- 
pressing the air to the same pressure is given by the equation 
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in which p; = 1 psi 


The solution gives 
W = 5 X inch-pounds 


Now the kinetic energy of the water which must be stored at 
collapse in compressing the air and the water is given by the 
simple product of the volume of the bubble at its maximum diame- 
ter multiplied by the pressure of the liquid in the collapse 
zone. By measurement the pressure is about 10 psia, the diame- 
ter is .30 in. Thus the kinetic energy to be stored is .135 in- 
Ib. Therefore, it must be concluded that the effect of this 
amount of air on the collapse pressure is negligible since the best 
it could do would be to reduce the watér-hammer pressure by less 
than .004 per cent. If the compression were assumed to be adia- 
batic rather than isothermal, the energy stored could be increased 
by a factor of, say, about 400, but this would still be negligible 
and on the other hand would produce tremendously high tem- 
peratures which would be brilliantly luminous, an effect com- 
pletely contrary to the observations. It might also be noted 
that the amount of air in this bubble nucleus is quite small as 
compared to the amount that the authors calculated might be 
possible within the bubble due to coming out of solution in the 
shell immediately adjacent to the bubble. Thus assuming again 
isothermal expansion from the nucleus to the maximum diameter 
of the bubble, the partial pressure of the air at maximum diame- 
ter would be 2.5 X 10-* atmospheres as compared to the 4 
X 10~‘ calculated in the original paper. Even the latter amount 
has of course a negligible effect upon the collapse pressure. 
Messrs. Robertson and Ross state that “it would be informative 
to know how the authors’ results would be changed if deaerated 
instead of saturated water were employed.”’ The authors are 
in hearty agreement with this desire and wish to call attention to 
the fact that as will be found in the description of the new in- 
stallation of the water tunnel in the companion paper® provision 
has been made for the control of air content so that just this 
sort of study can and will be made. However, it is the present 
impression of the authors that one of the most important factors 
is the number of air nuclei present rather than the amount of air 
truly dissolved in the water. By air nuclei are meant minute 
undissolved bubbles which are probably associated with particles 
of solid matter found in the water. The number of nuclei may 
or may not be diregtly proportional to the amount of total air 
per unit volume of water. It would appear, at least in the type 
of cavitation under discussion, that the presence of an air nucleus 
is necessary to permit the cavitation bubble to start to form, but 
that after formation has commenced, the role of the air is insignifi- 
cant. 

The authors are indebted to Dr. Spannhake for a very interest- 
ing review of some of the significant features of his classical cavita- 
tion experiments. They deplore with him that the profession 
can no longer have the benefit of the discussion of Dr. Foettinger, 
the “old master” in the field. It is indeed interesting that a 
definite frequency was observed by Dr. Spannhake in fully- 
developed cavitation in special Venturi throats. However, it 
would seem to the authors that this is due at least partially to 
the interaction between the cavitation and the flow itself, since 
the development of the cavitation voids effectively changes the 
cross section of the conduit. On the other hand, as Prof. Hun- 
saker pointed out in his report'* on this same research, ‘The 


18 “Progress Report on Cavitation Research at M.I.T.” J. C. 
Hunsaker. Trans. ASME, vol. 57, October 1935, p. 423. 
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relation 


SL 
7 can only be determined when cavitation is well de- 


veloped and L is of substantial magnitude.” On the other hand, 
as he states further in the same paper, ‘When cavitation is not 
well developed and L is but one or two throat diameters, the 
frequency observed is highly irregular. ..... 

An examination of the records of the authors shows little 
evidence of a predominant frequency; in fact, the evidence is 
quite to the contrary. Not only does the period between the 
appearance of individual bubbles seem to be variable, but the life 
cycle of each bubble consists not of one formation and collapse 
but a series of them, each of which requires a different length 
of time. All of this indicates a wide band of frequencies. It 
should be pointed out that in the authors’ experiments the cross 
section of the cavitation zone is smal] as compared with that of 
the tunnel. Thus, little or no interaction between the cavitation 
and the over-all flow is to be anticipated. Hence there seems 
to be little reason to expect correspondence between these experi- 
ments and those of M.I.T. Dr. Spannhake expresses some doubt 
as to whether or not the rebound of the bubbles observed by the 
authors is due to the air content of the water, and suggests 
the possibility that had the air content been distinctly smaller, 
the rebound might not have occurred. It is the belief of the 
authors that the rebound is a necessary concomitant of the energy 
storage at collapse and that it would continue to occur under all 
conditions in which it was possible to get the original cavitation 
bubble to form. To expand this statement further, it might be 
conceived that a liquid, containing no foreign nuclei or no un- 
dissolved or dissolved gas of any kind, might reach a state in 
which it would support a considerable tension. If this were the 
case, the formation of any cavitation bubbles could be inhibited 
at much higher velocity than under normal conditions. How- 
ever, the forces causing the first void are of much smaller intensity 
than those available in the rebound of the highly compressed 
liquid following the collapse. Thus if the cavitation void can 
appear at all, there is good reason to believe that rebound will 
occur. 

With reference to Dr. Spannhake’s comments on cavitation 
damage, the authors wish again to emphasize that their remarks 
on cavitation damage were in no respect a discussion of the 
mechanism of the damage itself, but merely some tentative pre- 
dictions as to the relative behavior of cavitation in producing 
damage as hydrodynamic conditions are varied. The basic idea 
underlying the authors’ eomments was to raise the question of 


the validity of the general concept of the similarity law with 
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regard to cavitation damage, in which o is usually considered as 
the only parameter of the hydrodynamic picture. 

In reference to Dr. Stepanoff’s discussion, the studies in the 
water tunnel demonstrated beyond any question that two of 
the most important variables in the production of cavitation are the 
shape of the body (guiding surface), and its alignment with re- 
spect to the flow. Without the knowledge and exact control of 
these variables it is impossible to classify cavitation in any signi- 
ficant and systematic form. Since this intormation is lacking 
in practjeally all cavitation tests of hydraulic machinery, the 
authors are forced to believe that the analyses of cavitation data 
based on any of various velocity parameters mentioned by Dr. 
Stepanoff as being in current use by the industry can only result 
at best in the determination of rules for the average design, which 
miss the optimum, usually by a large margin. 

The authors agree that cavitation and boiling are closely re- 
lated; however, they would hesitate to carry the relationship as 
far as Dr. Stepanoff suggests. As previously pointed out, unless 
the liquid can support very substantial tension, cavitation will 
occur with or without the benefit of heat transfer or vaporization. 
Fluid vaporizes into the cavity because the cavity is there; the 
vapor does not force the fluid away to formacavity. The cavita- 
tion cavity is to the cavitation phenomenon as the hole is to the 
doughnut: It gives it its characteristic form, but not its sub- 
stance. 

The authors do not understand the comments regarding the 
effect of scale on cavitation in hydraulic machines of different 
If two similar passages of different size contain fluid 
flowing at the same absolute velocity, the pressure distribution 
and the flow lines will be identical if the units of length correspond 
to the seale of the two passages. This is one of the fundamental 
principles of similarity. The conditions initiating cavitation will 
be exactly the same for both channels. 

Dr. Stepanoff calls attention to the lack of knowledge concern- 
ing the flow in curve channels even in such simple cases as sta- 
tionary bends or elbows. This problem is treated in a most inter- 
esting manner in the first chapter of his new book, which includes 
a well-selected set of references, The authors agree that a study 
of this type of flow under cavitating conditions would be very 
valuable and are reasonably sure that the high-speed photo- 
graphic technique could be adapted to this purpose. 

In conclusion the authors wish to thank again the helpful dis- 
cussers and to express their appreciation to many others in the 
field who came to them with oral and written comments and valu- 
able suggestions. 
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The Hydrodynamics Laboratory of the 
California Institute of Technology 


By R. T. KNAPP,' JOSEPH LEVY,? J. P. O’NEILL,? anv F. B. BROWN! 


This paper presents a description of the Hydrodynamics 
Laboratory and its principal pieces of equipment that have 
been developed during the last five years. ‘The field of 
investigations to be undertaken by the Laboratory is pre- 
sented in general terms. 


Hydraulic Machinery Laboratory of the California Institute 
of Technology.’ In the fall of 1941 the Institute was re- 
quested to undertake the development and construction of a 
water tunnel for use in measuring the hydrodynamic forces on 
projectiles and other underwater bodies. This development was 
undertaken and the tunnel was put into operation early in the 
spring of 1942. Such rapid progress was made possible by the 
use of a large proportion of the apparatus and instruments al- 
ready available in the existing Hydraulic Machinery Laboratory. 
The tunnel has been in continuous operation ever since its 
completion. In the winter of 1943 it became evident that the 
equipment and the office and staff facilities were not sufficient 
for the problems at hand. 

Therefore the design and construction of a new building and 
two additional pieces of major equipment were authorized. 
Construction of the building was commenced in July, 1944, and 
it was occupied in the spring of 1945. Design of the two major 
pieces of equipment, the controlled-atmosphere launching tank 
and the free-surface water tunnel was started simultaneously 
with that of the building. 

During the war period the laboratory was operated under 
contract with the Office of Scientific Research and Development 
for Section 6.1 of the National Defense Research Committee. 
At the close of the emergency period, the sponsorship of the 
laboratory was taken over from the OSRD by the Research and 
Development Division of the Bureau of Ordnance of the U. 8. 
Navy. This sponsorship has been continued and the Fluid 
Mechanics Branch of the Office of Naval Research has joined 
with it in the support of the more basic aspects of the current 
program. In addition to the program carried out under this 
sponsorship, the Laboratory and its equipment is also utilized 
for graduate instruction and research within the limitations of 
its capacity. 

Field of Investigations. The primary objective of the Labora- 
tory is to study the characteristics of bodies moving in a fluid. 
The major emphasis has been placed upon the motion of bodies 


Tis Hydrodynamics Laboratory is an outgrowth of the 
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in a liquid and in the motion from a gas to a liquid or vice versa. 
Some of the problems that have been and are being investigated 
within this field are as follows: 

(a) The force systems acting on a moving submerged body, 
both in the steady and transient states. This includes the 
investigation of damping forces. 

(b) The mechanism of cavitation from conditions of incipient 
cavitation to the fully developed state in which the cavitation 
bubble may envelop the entire body. 

(c) The effect of shape on the production of cavitation and 
the development of cavitation-resistant shapes. 

(d) The forces acting upon bodies passing through the 
interface between the gas and the liquid. 

(e) Nonsymmetrical forces acting upon submerged bodies 
traveling close to the free surface. 

Many of these studies have the possibility of wide nonmilitary 
application. For example, the results of the cavitation studies 
are applicable to ship hulls, propellers, hydraulic turbines, 
pumps, and flow in closed conduits. 

This list in no sense exhausts the scope of the investigations 
which may be carried on in the laboratory. The equipment is 
rather unconventional in function and design and can be adapted 
to the study of many basic problems of interest to the engi- 
neering profession. 

Building. At the close of the emergency period, plans were 
initiated to move the water tunnel out of the Hydraulic Machin- 
ery Laboratory and into the space provided for it in the new 
laboratory building. This move has now been completed, thus 
restoring the Hydraulic Machinery Laboratory to its original 
capacity for research in its field. The Hydraulic Machinery 
Laboratory is housed in the west end of the Guggenheim Aero- 
nautics Laboratory. The Hydrodynamics Laboratory forms ‘a 
south wing directly adjoining it. The new building consists of 
a sub-basement, basement, and first floor, with direct connection 
to the corresponding levels in the Hydraulic Machinery Labo- 
ratory. Fig. 1 shows the building with the Guggenheim Aero- 
nautics Laboratory in the background. Fig. 2 is a plan of the 
basement level which shows the distribution of the experimental 
facilities. The three major pieces of equipment extend to the 
sub-basement level where, in addition, a well-equipped model and 
instrument shop is located. The ground floor is used for offices 
and design. The total available floor space is about 15,000 sq ft. 

Laboratory Equipment and Field of Use. At present the Labo- 
ratory contains five pieces of research equipment. The three 
major ones are the high-speed water tunnel, the free-surface 
water tunnel, and the controlled-atmosphere launching tank. 
In addition, there is in operation a polarized-light flume and a 
ripple tank. The high-speed water tunnel is very much like a 
small wind tunnel except that water is used for the circulating 
fluid. It is equipped to study the hydrodynamic forces acting 
on bodies moving in a fluid, or on construction elements of mov- 
ing bodies and hydraulic machines; for example, control sur- 
faces, guide vanes, propeller blades, ete. The high velocity 
obtainable in the tunnel (upward to 100 fps), together with the 
fact that the pressure is controllable independent of the velocity, 
and that the amount of dissolved air can be controlled, make it 
particularly suitable for fundamental studies in cavitation. 
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The free-surface water tunnel is similar in many respects to 
the high-speed water tunnel. It operates at considerably lower 
velocity but has a much larger working section. Its distinguish- 
ing feature is indicated by its name, that is, the upper boundary 
of the stream in the working section is an air-water interface. 
‘The air pressure is controllable, thus making this apparatus 
particularly useful for model studies of bodies operating sub- 
merged, but very close to the surface. A rather elaborate air- 
separation system incorporated in the circuit makes it feasible 
to carry on studies involving the injection of large amounts of 
gas into the working section. 

The controlled-atmosphere launching tank is a large, closed 


pressure vessel designed primarily for the study of the hydro- 
dynamic problems involved in the transition period when a free- 
flying body, initially traveling through air, strikes the surface 
of a body of water and enters it. The design specifications were 
all based upon this objective, but the equipment, as built, may 
be employed in the investigation of other types of problems 
which require similar facilities. One of these auxiliary uses is 
the study of underwater explosions, including the effect of the 
interface on explosions occurring near the surface. 

The polarized-light flume is a small low-velocity closed-circuit 
water channel having a rectangular glass-walled working section. 
It employs a dilute suspension of bentonite as a working fluid. 
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This material has «the property of streaming double refrac- 
tion. This makes it possible to study the flow pattern around 
any body placed in the working section, since, when the section 
is illuminated with polarized light, the shear pattern and, by 
inference, the flow pattern in the fluid becomes visible to the 
eye. Fig. 3 is a view of the flume, and Fig. 4 shows flow at low 
velocity around a typical body in the working section. 

The ripple tank is a small shallow glass-bottom tank for the 
study of wave problems. This has proved useful not only in 
the investigation of surface-wave patterns on enclosed bodies of 
water, but also, through the good analogy between shallow-water 
surface waves and pressure waves in compressible fluids, for the 
investigation of shock waves and other supersonic phenomena 
in gases. Fig. 5 is a schematic sketch of the ripple tank, and Fig. 
6 is a typical record of a Mach-type wave intersection. 


The following sections will discuss in more detail the operating 
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characteristics and construction of the three major pieces of 
equipment. 


WaTER TUNNEL 


Specifications. The high-speed water tunnel was designed 
and constructed to permit the determination of the hydrodynamic 
forces on moving bodies. The design of the apparatus is based 
on the principle that the forces and flow pattern are determined 
by the relative flow and are the same whether the fluid is station- 
ary and the object is moving, or vice versa. Therefore, as in wind 
tunnels, the flow pattern peculiar to the prototype moving 
through a stationary fluid is simulated by the flow pattern about 
a stationary model immersed in a moving fluid. The essential 
components of the tunnel are as follows: 


(a) A working section in which the model may be mounted 
and observed. 

(b) A circulating system, consisting basically of a pump and 
piping, by which the flow of water may be maintained through 
the working section. 

(c) An absorption system, which resorbs any entrained air 
bubbles. 

(d) An air-content control system which maintains at a con- 
stant value any desired amount of dissolved air in the flowing 
water. 

(e) Acontrol system by which the pressure, velocity, and tem- 
perature in the working section can be regulated and kept con- 
stant at any desired set of values. 

(f) A balance by means of which the model may be put in 
different positions and the hydrodynamic forces acting upon it 
may be measured. 


The tunnel design is determined by the size and operating 
characteristics of the working section. For this tunnel a 14- 
in-diam working section was chosen with a usable length of 
6 ft. The design specifications also call for operation at any 
desired velocity up to 100 fps, and any pressure from 100 psi 
to vapor pressure. 

A closed type of working section was selected because such a 
design reduces the energy loss, gives stable flow, results in a 
definite and calculable boundary correction to the measurements, 
and makes it possible to control pressure, velocity, and air con- 
tent easily. 

The tunnel has a carefully designed 340-ft path of travel for 
the water. Such a design avoids external disturbances, obtains 
a uniform flow in the working section, and permits a minimum 
power consumption. The effectiveness ratio, that is, the energy 
of the water in the working section compared with power input, 
is about 43/, to 1. 

The tunnel was designed to give as high a velocity in the 
working section as possible, considering the power available. 
High velocity is desirable in order to obtain a Reynolds number 
for the model which will approach that of the prototype. It 
also permits cavitation studies at speeds comparable to those 
associated with the prototype and in a velocity range where 
dissolved air is less likely to come out of solution. 

The ability to control the amount of air in solution is of great 
help in the study of flow phenomena, particularly that of cavita- 
tion. In the high-speed water tunnel, a given air content can 
be kept constant because the water is not allowed to come in 
contact with the atmosphere. Air bubbles released as a result 
of cavitation can be a serious hindrance because the entrained 
air running through the complete tunnel circuit will change the 
cavitation conditions, the velocity, and will obscure the model 
in the working section in a very short time. For this reason, 
the tunnel has a “resorption’’ system which resorbs any air 
released before it has made a complete cycle. 


Fic. HicH-Speep Water TUNNEL 


The closed system makes possible a simple pressure control. 
This pressure control which is independent of the velocity in the 
working section is necessary in the general study of cavitation, 
not only to simulate submergence of the prototype, but also to 
determine the cavitation parameter under all conditions. 

Inasmuch as the energy from the 350-hp main circulating pump 
is dissipated in the tunnel as heat and thereby would cause an 
undesirable temperature rise, refrigeration-and-temperature 
control system has been made a part of the tunnel system. 
Refrigeration* was chosen instead of a cooling tower because of 
the necessity for controlling the air content. 

The choice of the type of balance is one of the most difficult 
problems in connection with the tunnel. The forces on the body 
under study must be measured, but any connection to the body to 
provide means of measuring these forees changes the forces 
themselves and thus a correction must be made. An analysis 
of the measurements desired shows that the balance system can 
be relatively simple, since the bodies to be studied have axial 
symmetry. three-component  single-spindle-type balance 
therefore is capable of furnishing all the necessary information 
since the possible forces acting on the body can be reduced to a 
drag force in the direction of the flow, a cross or lift force, and a 
moment about an axis normal to the direction of flow. 

Description of Main Circuit: 

(a) Flow Circuit. The flow circuit can be traced in Fig. 8 
from the circulating pump which discharges vertically through 
the downcomer to the bottom of the resorber. Here the water 
reverses and flows upward, passes over the top of the partition 
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and down to the bottom of the resorber again. The flow then 
rises through the upcomer to the vaned elbow where, at the work- 
ing-section level, it is turned horizontally to the right. From 
there the water passes through a honeycomb, which, combined 
with the carefully designed elbow, insures a good entrance flow 
to the nozzle. The flow through the nozzle, with a reduction in 
area of about 18 to 1, results in a uniform velocity distribution 
in the working section with a very thin boundary layer. From 
the nozzle, the flow passes through the 14-in-diam working sec- 
tion and enters the horizontal diffuser which reduces its velocity 
to about 3/19 of that in the working section. * The flow then enters 
the diffuser elbow and passes downward through the third dif- 
fuser which completes the deceleration before it reaches the inlet 
of the circulating pump. 

(b) Circulating Pump and Drive. The source of power for 
the circulating pump is a direct-current separately excited 
stabilized shunt-wound vertical motor with a short-time rating 
of 500 hp. To save space the motor is mounted above the 48-in. 
propeller pump and connected directly to it by a long shaft. 
A pump of low speed and large size was selected and installed at 
& considerable depth below the working section in order to avoid 
pump cavitation. 


(c) Resorber. The resorber, so-called because its function 


is to resorb entrained air bubbles into solution, is essentially a 
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steel tank 11 ft 6 in. diam x 58 ft long, buried vertically in a 
concrete pit, the bottom being 70 ft from the level of the sub- 
basement. The resorber is split into two chambers by a light 
partition which extends from the bottom to within 4 ft of the top 
of the tank. A 5-ft-diam pipe extends into each chamber to 
within 4 ft of the bottom. These are called the downcomer and 
the upcomer. 

The long time required for the water to pass through the re- 
sorber, due to its large capacity, plus the high pressure at the 
bottom, assures complete resorption of any entrained air in the 
circuit. 

There are several additional advantages of this type of re- 
sorber construction. The vertical pit saves valuable space and 
permits a vertical pump drive with no side load on the pump 
bearings. The resorber, with a volume of approximately 45,000 
gal, has a large heat-storage capacity which facilitates temperature 
control. Finally, the long straight approach of the upcomer gives 
uniform flow at the upcomer elbow. 


Description of Auxiliary Circuits and Control Systems: 


(a) Temperature Control and Refrigeration System. The re- 
frigeration system used to maintain an even temperature level 
in the high-speed water tunnel is shown in Fig. 9. A small por- 
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tion of the total volume of water circulated is pulled off the 
top of the resorber head by the chilled-water pump which forces 
it through the chiller coil of the refrigeration unit. The chilled 
water leaves the coil and returns to the main circuit at‘a point 
just upstream from the pump elbow. Complete mixture of the 
cold water is insured by passing through the main circulating 
pump and through the complete circuit of the resorber. Cooling 
water for the condenser coil is supplied from an induced-draft 
cooling tower located on the roof of an adjoining three-story 
building. 

The turbovacuum compressor is a low-pressure self-contained 
refrigeration unit with the motors hermetically sealed inside. 
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The compressors are of the centrifugal tvpe, using a volatile 
refrigerant of the Freon family. 

Temperature control is maintained by means of a Micromax 
temperature-recording device which operates relays so that the 
reffigeration unit cuts in and out at predetermined temperature 
levels. 

(b) Storage-Tank Pumping System. 


Inorder to change models, 
the water level in the tunnel must be dropped to the bottom of the 


working section. This requires the transfer of 1100 gal of water 
between the tunnel and a suitable storage tank. 

(c) Pressure-Control System. The pressure control system and 
also the storage tank and filling circuit are shown in Fig. 10. 
The pressure in the working section of the water tunnel is con- 
trolled by means of an air chamber with a water level approxi- 
mately 40 ft below the center line of the working section. By this 
arrangement, it is possible to use a positive air supply at all times, 
even when the working section is operating under a vacuum. 
The relatively large volume of air is also desirable to compensate 
for changes of volume of the main tunnel circuit due to forma- 
tion of vapor bubbles during cavitation tests. As Fig. 10 
shows, even the minor absorption of air from the pressure 
chamber has been cut to a minimum by using a float to eliminate 


JULY, 1948 


nearly all of the water-air interface. The air pressure may be 
controlled by means of the manual pressure controller valve or, 
if a more accurate control of the pressure in the working section 
is desired, by an automatic pressure-control system. 

(d) SpeedControl. Itis essential that constant water velocity 
be maintained in the working section. This means that the cir- 
culating-pump and driving-motor speed must be controlled very 
accurately. Fig. 11 shows the unit used to control the velocity 
of the high-speed water tunnel. The system is the same as that 
used in the Hydraulic Machinery Laboratory,® except that the 
control box is very compact and has one gear cluster and three 
speed decades giving 1000 steps of control. This device is 
calibrated so as to permit settings of water velocity from 0 to 
99.9 fps in steps of !/1 fps. 

Description of Instruments: 


(a) Balance. The balance, Fig. 12, is designed to measure 
three components of the hydrodynamic forces operating on the 
model, as previously outlined. The balance consists of a vertical 
spindle supported near the center with a universal pivot which 
permits rotation about any axis through this point but allows 
no translation. The model is attached rigidly to the top of the 
spindle. This assembly is prevented from rotating under the 
action of the hydrodynamic forces by applying restraining 
moments about three mutually perpendicular axes intersecting 
at the pivot. These moments are applied by hydraulic pressure 
through the three sets of pistons, cylinders, and yoke wires. The 
three restraining moments measure the components of the 
hydrodynamic forces acting on the model. The upper section of 
the spindle can be rotated so that the yaw of the model can be 
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changed with respect to the flow without disturbing the remainder 
of the balance and measuring system. 

Fig. 13 is a schematic diagram of the balance system, force- 
transmitting system, and pressure gage used to measure the drag 
force. Similar systems are used to measure cross-force and 
moment. The hydrodynamic force on the model and upper 
spindle is transmitted to the restraining wire at the bottom 
of theSlower spindle. The wire and yoke transmit the force to 
the hydraulic piston. In order to measure positive and negative 
forces with one piston, a spring preloader is used. To eliminate 
static friction, the hydraulic cylinders are rotated at constant 
speed by individual motors. 


Fig. 14 Pressure Gace 


(b) Pressure Gages. The pressures in the cylinders on the 
balance are measured by weighing-type pressure gages, as shown 
schematically in Fig. 13. Fig. 14 shows one of these gages. It 
consists essentially of a beam supported on a Cardan hinge pivot. 
The pressure to be measured is applied through a piston attached 
to this beam, the piston being fitted in a cylinder which is rotated 
to avoid static friction, the same as in the case of the balance 
pistons and cylinders. The force exerted by the oil pressure on 
the piston is balanced by pan weights applied to the end of the 
beam and also by a rider weight running on the beam. Un- 
balance of this beam results in unbalance of the optical-electrical 
control system which, in turn, automatically moves the rider 
weight and changes pan weights until equilibrium is obtained. 
The positions of the rider and pan weights are indicated by 
counters which read directly in pounds per square inch to the 
nearest 0.01 psi. The maximum pressure reading is 750 psi. 

(c) Compensator. The compensator shown in Fig. 15 is a 
small screw-operated piston which supplies oil to the system in a 
definite minute amount upon receiving an electrical signal from 
the balance contacts. 


Fic. 15 CoMPENSATOR 


(d) Differential Pressure Gage. The differential pressure gage 
is employed primarily in the measurement of velocity of flow in 
the working section by means of the pressure difference across 
the nozzle, as shown diagrammatically in Fig. 10. It is similar 
in appearance and design to the pressure gages, the only differ- 
ence being that the force applied to the beam is the result of 
the difference of two pressures applied to the opposite ends of the 
piston. The pressure lines from the nozzle are connected to the 
bottoms of two separating pots. The lower halves of these pots 
are filled with water and the upper halves with oil. Pressure 
leads from the oil domes go to the differential gage. 

(e) Control Panel. Fig. 16 shows the instrument group with 
the cross-force, drag, moment, and the differential pressure gages. 
In the center is a panel with lights indicating the state of balance 
of the gages and other essential operating data. When all panel 
lights are out, a condition of gage balance and general instrument 
readiness is indicated. Thereupon a button is pushed which 
stops the gage rider motors so that simultaneous pressure read- 
ings may be recorded. 

(f) Models. The models used are exact geometric replicas of 
the prototypes within the tolerances of the precision machine 
shops employed. A 2-in. body diameter has been chosen as 
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standard. Fig. 17 shows a typical model and Fig. 18 its in- 
dividual components, including the spindle and integral center 
section. A complete set of cylindrical body sections is available 
so that any desired length can be assembled from 0.100 in. to 
12.000 in. in steps of 9.010 in. When a design of a new body is 
submitted for test, a quick survey of the model parts shows 
what elements are available and what new parts must be made. 


Fic. 18 Expiopep View or Typicat Move. 


In general, the model parts are made of stainless steel to eliminate 


corrosion and to secure a reasonable hardness to reduce damage 
from handling. 


Tue Free-Surrace Water TUNNEL 


General Characteristics. The latest major piece of equipment 
of the laboratory is the free-surface water tunnel. It offers a 
working section in which bodies may be supported in a stream of 
flowing water so that their hydrodynamic characteristics can be 
determined. A unique feature is that the stream of water passing 
through the working section is confined by solid boundaries only 
at the bottom and sides; the top surface of the stream is not a 
solid boundary, but is here a free surface, i.e., an air-water inter- 
face. The hydrodynamic forces acting on a body when it is 
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near a surface are different from those acting during deep running. 
These forces and their variation with distance to the surface 
can be studied effectively in the free-surface water tunnel. 

Large amounts of air or other gas may be injected into the 
working section during certain investigations. If it is not re- 
moved, it circulates with the water and returns to the working 
section. This is not permissible because it affects all the hydro- 
dynamic forces and invalidates the measurements; therefore the 
free-surface tunnel has a high-capacity air-removal system to 
remove bubbles before they return to the working section. 

The air pressure above the free surface in the working section 
can be controlled at any value from atmospheric pressure down 
to!/»,or'!/;,atm. This permits control of cavitation on a model; 
therefore the effect of cavitation on the hydrodynamic forces 
on a body can be investigated. It is now possible to model 
properly and simultaneously the submergence, the surface-wave 
pattern, and the cavitation characteristics. 

Velocities as high as 30 fps can be obtained in the working 
section. The channel is 20 in. wide and 30 in. deep; the normal 
depth of flow, however, is 21 in., in order to allow a 9-in. air 
space above the interface. Throughout its 8-ft length, the work- 
ing section is bounded by transparent windows on the sides, 
bottom, and top to permit photographic and visual observation 
of cavitation, surface configuration, and air entrainment caused 
by the model under test. 

Special Operating Characteristics. Because of the wave 
phenomena associated with the movement of objects near a free 
surface, this test channel is made wider than the 14-in. diam 
of the working section in the high-speed tunnel. The 20-in. 
width used here should allow the standardized models with a 
diameter of 2 in. to be used in both tunnels even when the sub- 
mergence in the free-surface tunnel is so small that the surface- 
wave phenomena are significant. 

Since the top of the free surface must be level before it is dis- 
turbed by a model, a rectangular cross section is used. Any 
other shape would complicate the design of the viewing windows 
and the accelerating nozzle which precedes the working section. 
The 21-in, depth of flow where it discharges into the working 
section will allow a variation in submergence of the model 
throughout a range from any degree of intersection with the sur- 
face to a submersion so great that the free surface does not affect 
the results. 

Continuous operation at velocities as high as 25 or 30 fps can 
be obtained. For a channel with a depth of 21 in., the critical 
velocity, i.e., the velocity of a gravity wave, is about 7'/2 fps. 
At 30 fps, the ratio of the velocity of flow to the wave velocity 
will be 4. This ratio, the Froude number for the open channel, 
is a characteristic parameter describing the behavior of a surface 
wave in the working section. It is analogous to the Mach num- 
ber, the flow parameter used with supersonic gas flow. 

Another type of surface-wave phenomenon studied by William 
Froude in 1872, was caused by geometrically similar forms moving 
parallel to the surface. He found that surface waves of identical 
geometrical configuration would be produced if the speed-length 
ratio, V/+/l were the same. In adjusting this ratio for geo- 
metrical modeling of the surface-wave pattern, values as high 
as 30 can be obtained for models that are 1 ft long by bringing 
the tunnel velocity up to 30 fps. By making speed adjustments 
to produce identical values of V/.//] and by providing geometrical 
modeling of the submergence, the flow pattern around the model 
should be geometrically similar to the pattern around the proto- 
type. With the 30-fps velocity around a model that is 1 ft long, 
the Reynolds number will be 3,000,000. This parameter will 
be high enough in the majority of tests so that exact modeling 
for skin friction will be considerably less significant than proper 
modeling of the surface wave. 
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In order to regulate the cavitation parameter, it is necessary 
to control the pressure of the air above the water surface. This is 
done by connecting this space to a high-capacity vacuum pump 
and regulating the flow of air to the pump with control valves. 
The valves are positioned by an automatic vacuum regulator. 
At 30 fps and !/;; atm the cavitation parameter is about 0.11. 

Arrangement and Construction of the Main Circuit. The free- 
surface water tunnel has a closed-circuit circulation system which 
is driven by a propeller pump, powered by a variable-speed 
direct-current motor. The circuit is arranged in a vertical plane 
with the working section in the upper horizontal run. The 
return circuit, containing the circulation pump, is located one - 
floor below the upper level. 

Fig. 19 shows a sketch of the entire tunnel. The observer is 
watching the operation of a model mounted on the balance in 
the working section. Down$tream from the working section, the 
jet enters a series of vane diffusers which increase the cross 
section and decrease the velocity. The low-velocity flow enters 
an air separator which can be seen through the cutaway opening 
in the upper left-hand corner of the sketch. At the lower level, 
the discharge from the pump goes into a circular diffuser section 
which again decreases the velocity. At the maximum diameter, 
a transition section gradually changes the cross section from round 
to square. The acceleration of the flow to the working velocity 
begins in the vertical riser, continues in the accelerating elbow 
above this riser, and is completed in a two-dimensional nozzle 
which discharges a 20-in-wide X 21-in-deep jet of water into 
the working section. 

Since the working section may be operated at very low pres- 
sures, the entire structure is designed to support an external 
pressure of 1 atm. This requires heavy strengthening ribs on all 
the exterior surfaces where the cross section is not circular. 

Construction of Working Section. All faces of the working 
section shown in Fig. 20 contain lucite windows which are held 
in a comparatively light steel framework. Deflection of this 
framework allows the windows to take a share of the stresses 
involved in the low-pressure operation. The pressure on the 
top and bottom windows loads the side windows in a vertical 
direction and vice versa. Positive pressures must be limited to a 
few pounds per square inch because the windows do not assist 
in taking the load in such cases. In order to limit deflections, 
the 30-in-high side windows are 4'/2 in. thick, and the 20-in- 
wide top and bottom windows are 3 in. thick. The length is 
divided into two sections in order to decrease the size of the 
lucite castings. 

Deceleration Downstream From Working Section. The velocity 
must be reduced before the flow enters the air separator since 
time must be allowed for the bubbles to rise. The purpose of 
the diffuser is to take the water discharged by the working sec- 
tion and distribute it evenly over a cross-sectional area about 16 
times as great, thereby reducing the velocity by this ratio. 

An efficient diffuser should regain a large portion of the dif- 
ference in the velocity ‘heads at the entrance and discharge. 
A number of factors complicate the problem of getting efficient 
diffusion in the free-surface water tunnel. There is a transition 
from an open surface to a closed diffuser. The size of the 
laboratory precludes the use of the customary long diffuser with 
a gradual expansion. Air bubbles in the flowing stream tend 
to prevent the flow from following the expanding channels; 
furthermore, work must be done in compressing these bubbles 
through the pressure regain obtainable. The necessity for a 
free surface in the air separator makes it difficult-to apply the 
pressure across the diffuser which is required to realize whatever 
head the diffuser is capable of regaining. 

A short diffuser with reasonable efficiency was secured by tak- 
ing the flow through a series of four 60-deg turns with vane dif- 
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Fig. 19 Free-Surrace WaTeR TUNNEL 


fusers which double the cross-sectional area at each turn. The 
vanes are curved on a 4-in. radius and the spacing transverse 
to the stream is small. 

A regain of velocity head by the diffuser implies that the down- 
stream pressure is higher than the upstream pressure. Since 
there are free surfaces on both sides of the diffuser, this pressure 
difference is maintained by adjusting the downstream level a 
few inches above the working-section level and by holding the 
air pressure above the air separator at a higher value than 
the air pressure in the working section. The total pressure across 
the diffuser, i.e., the head regained, is equal to the air-pressure 
difference plus the small surface-level difference between the air- 
separator chamber and the working section. 

Pressure Controls. The working-section pressure can be con- 
trolled from atmospheric pressure down to about '/;; atm. Con- 
trol valves are installed in the line connecting the working-sec- 
tion air chamber to the vacuum pump. They are actuated by a 
drift-compensated proportional controller, having a measuring 
element which is sensitive to the pressure in the working section. 
To simplify the control system, a manually controlled air bleed 
into the working section is provided. This makes it possible for 
a single automatic control system which operates valves in the 
vacuum line only to make pressure adjustments in both direc- 
tions. 

Air that is injected for powered models will enter the chamber 
above the air separator in varying amounts. Adjustments of 
the pressure in this chamber are made with control valves which 
are installed in the air-exit line. This line can be connected 
either to the working section or to the vacuum pump. Here 
again, manually controlled inbleed of compressed air is provided 
for changing operating conditions and for use, when necessary, 
in positioning the automatically controlled air-exit valves within 
their operating range. The controller operating these valves 
therefore is able to maintain the required back pressure on the 
diffuser. 

The regulators for both the working-section pressure and the 


release of air from the air separator are shown on the control 
panel at the left in Fig. 20. The air piping and control valves 
can be seen in Fig. 21. 

The Air Separator. The air introduced in the working section 
will at times appear in the form of small bubbles, many of which 
may be deeply submerged. The rate of rise of such bubbles is 
rather low. This means that either a long time or a short dis- 
tance to a free surface is required for adequate separation. 
Although the velocity at which the flow leaves the battery of 
deceleration vanes will probably be under 2 fps, the depth will 
be very great—too great to permit the rise of a small bubble to 
the surface before the flow reaches the vane elbow and turns 
down toward the circulating pump. To reduce the effective 
depth, the air separator is divided into a series of shallow chan- 
nels by means of a spaced stack of trays which have solid tops 
and perforated bottoms. The perforations permit free access of 
any bubble to the space within. This space contains dividers 
which permit the trapped air to flow across the stream to chan- 
nels leading upward to the surface of the pool above the stack. 
Fig. 22 shows some of the trays after installation. They are '/; 
in. thick and have a net separation of about 2in. The minimum 
time required for the flow to pass through the tray section will 
be approximately 5 sec. Bubbles with an effective rate of rise 
of 2/s ips or greater will reach the perforations and be trapped. 
To assist the bubbles to separate there is a small flow from the 
main stream up through the perforations and out through the 
channels to the risers. This flow is induced by taking water from 
the pools above the trays (see one of the suction nozzles at the 
top of Fig. 22) and pumping it back into the main circuit between 
the diffuser vanes and the air-separator trays, i.e., just upstream 
from the air separator. 

Many of the investigations*may produce splash and spray 
above the free surface in the working section. Provisions are 
made to collect the water thus involved by skimming off the top 
layer and deflecting it to each side where it can drop into a stilling 
pool below the diffuser. From the stilling pool the skimmed 
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Fig. 22. Entrance To Arr Separator With Upper Four Trays 


INSTALLED 


Fig. 21 


water is pumped back into the main circuit just upstream from 
the air separator. Entry at this point will give the air separator 
a chance to take out any remaining bubbles. The speed of the 
pump which takes the water out of the stilling pool is adjusted 
by a controller that is sensitive to the water level. By keeping 
this surface level fixed, the total water in the main circuit is prac- 
tically constant, and this third free surface does not affect the 
operation of the main circuit. 

Main-Circuit Pump and Driving Motor. A standard 42-in. 
propeller pump is used to circulate the water. The bearings 
are arranged for a horizontal drive and the shaft seal is designed 
for pressures acting in either direction, since the submergence 
is not sufficient to maintain a positive seal pressure during high- 
vacuum operation in the working section. Although this pump 
circulates approximately the same quantity of water as the one 
in the high-speed tunnel, the power requirements are greatly 
reduced because of the lower head required to produce the lower 
velocity in the working section. Therefore the pump of the 
free-surface tunnel is driven by a 75-hp direct-current motor 
which is powered with a 75-kw rectifier. The speed is con- 
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trolled by a system which is identical with the one used in’ the 
high-speed tunnel. 

Measurement of Hydrodynamic Forces. In order to determine 
the hydrodynamic characteristics of a body, it must be sup- 
ported in the stream of flowing water by means of a balance 
capable of measuring the resultant forces. Since the forces 
resulting from tests in a free-surface channel have components 
that are different from those previously obtained, and since the 
position of the model relative to the interface should be adjustable, 
new balance systems are being developed for the free-surface 
water tunnel. 

For most craft which operate at or near a free surface, variations 
in the pitch angle and degree of immersion greatly influence the 
resultant forces on the body. A great deal of valuable informa- 
tion can be obtained in the free-surface tunnel when models are 
supported with zero yaw. If the pitch angle is varied while 
maintaining zero yaw, a three-component balance, which meas- 
ures drag, lift, and pitching moment, will define adequately 
the forces on models that are symmetrical about the drag-lift 
plane. Although in some investigations such a three-component 
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Fic. 23 GENERAL View or CONTROLLED-ATMOSPHERE LAUNCHING TANK 


balance will secure all the information desired, its design and 
operation are considered only a part of the development of a 
five- or six-component weighing system. Six components will 
be necessary, in fact, before the balance can be considered com- 
plete, because even the rolling moment induced by yaw is 
significant for laterally steerable craft operating at or near a 
free surface. 


CONTROLLED-ATMOSPHERE LAUNCHING TANK 


General Description. The primary use of the controlled-atmos- 
phere launching tank is in the study of the hydrodynamic prob- 
lems involved as a free-flying body enters the water from the air. 
The equipment may be used for other studies, such as under- 
water explosiuns, which require similar facilities. In studying 
hydrodynamic phenomena occurring at an interface between 
a liquid and a gas, it is sometimes necessary to have control of the 
atmospheric pressure and density. For this reason the tank was 
built as a completely enclosed pressure vessel. 

Fig. 23 is an artist’s sketch showing an over-all view and Fig. 
24 is a cutaway view of the launching end of the tank. The 
tank itself is a completely enclosed pressure vessel of welded- 
steel construction. In normal operation, the tank is filled with 
water to about three fourths of the total depth, leaving an air 
space above the water. A centrifugal launching device, mounted 
on the underside of a large’ hatch cover, launches the model 
under investigation at any desired trajectory angle from verti- 
cally downward to horizontal, with any pitch angle up to +10 
deg, and at any desired speed up to 250 fps. A battery of high- 
speed motion-picture cameras records the path of the model 
during both the air flight and the underwater travel. The 
cameras operate without shutters, and exposures are made by 
intermittent illumination of the interior of the tank with Edger- 
ton-type flash lamps. The fields of view of adjacent cameras 
overlap by 60 per cent, so that at least two cameras photograph 
the model throughout its travel. The stereoscopic vision thus 
obtained makes it possible to recreate the path of the model 
step by step with the analyzing equipment which will be de- 
scribed later. 

In Fig. 24 the launcher is seen in the launching position 
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shortly after having released a model, and the model is seen 
entering the water. The air-trajectory cameras are approxi- 
mately level with the launcher and slightly to the right. Four of 
the five underwater cameras are shown on the lower level. The 
flash lamps for illuminating the interior of the tank are installed 
in the six lucite tubes which pass through the tank, above and 
below the underwater cameras. 

For convenience in description, the equipment will be sub- 
divided into four components, namely, the tank, the launcher, 
the trajectory-recording system, and the data-analyzing system. 

The Tank. The physical requirements for the study, as in- 
dicated in the previous section, call for control of the air pressure 
above the water in the tank. For this reason the tank was de- 
signed to withstand an external pressure of a full atmosphere 
and an internal pressure of 40 psi. The tank provides a clear 
launching plane 25 ft long with a water depth of 10 ft. 

The tank structure, as may be seen in Fig.,25, consists of a 
large horizontal cylinder, 13 ft diam and 29 ft long, to one side 
of which is attached a section of a smaller ¢ylinder 6 ft diam and 
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23 ft long. The purpose of the smaller cylinder is to provide 
the necessary distance from the cameras to the launching plane 
so that the launching plane can be covered with a reasonable 
number of cameras. The large openings in the shells of the two 
cylinders where they are joined together, require special provi- 
sions for carrying the hoop stress across the opening. This is 
done by means of the longitudinal T beams, 20 in. high, running 
the full length of the intersection, and 2-in. * 12-in. vertical 
columns spaced at 54-in. intervals which span the opening and 
transmit the load from one T beam to the other.. These col- 
umns are spaced so that they will carry the load without ec- 


Fic. 25 LAUNCHING TANK BEING 
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Fig. 26 Harcn Cover C-CLAMpPs 


centricity and at the same time stay out of the field of view of 
the recording’ cameras. The weight of the empty tank is ap- 
proximately 40 tons, and when filled with water to a depth of 10 
ft, the combined weight is about 150 tons. 

The large rectangular hatch opening, which may be seen in 
Fig. 25, on top of the tank and near the far end, is off center to 
increase the distance between the launching plane and the came- 
ras. The entire launching mechanism is mounted on the hinged 
cover which has an O-ring pressure seal. A hydraulic cylinder 
provides for rapid opening and closing of this hatch cover. Heavy 
C-clamp frames along the two longitudinal edges of the opening 
hold the cover rigidly in place during operation of the launcher. 
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Fig. 26 shows the hatch cover, with the clangps and the opening 
lever. Four flanged openings along the top of the main cylinder 
are for access and recovery of models, ten on the side and ends 
are for attachment of recording cameras, five for visual observa- 
tion windows, twelve for insertion of the lucite tubes which 
house the lamps, and two for control of the air pressure. 

Since the tank is used for underwater photography, it ‘is ex- 
tremely important to maintain the water in it at a high degree 
of clarity. The lamps and the cameras are both on the same side 
of the tank. The light has to travel an average water path of 24 
ft in going from the lamps to the model and back to the cameras. 
It is obvious that even a slight amount of color, fine suspension, 
or microscopic life in the water would absorb or scatter most of 
the light before it reached the cameras. Therefore the treat- 
ment of the interior of the tank was given a careful study. The 
requirements were to prevent corrosion of the steel tank, to avoid 
contamination of the water in any manner which might impair 
its optical properties, to provide a dark background, and to 
minimize the possibility of damage to models striking tank walls. 
Very few materials were found which could meet all these require- 
ments. The one finally selected is a polyvinyl chloride plastic 
(Koroseal) which is cemented all over the interior of the tank, in 
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sheets */32 in. thick, with the seams between sheets heat-sealed 
with strips of similar material. Commercial sand and alum 
filters remove suspended materials from the water, and a string 
of germicidal ultraviolet lamps installed along: the ceiling control 
bacterial growth. A vacuum pump is provided for controlling 
the atmospheric pressure. Fig. 27 shows the lined interior, 
the ultraviolet-light tubes along the ceiling and, incidentally, 
the reinforcing columns at the junction of the two cylinders 
and some of the lucite tubes in the smaller cylinder. Occasion- 
ally the local water supply contains traces of yellow coloring 
matter in solution which cannot be removed by filtration. This 
makes the water completely unusable in the tank since it filters 
out all the blue and violet light in which the flash lamps are rich. 
The difficulty has been overcome by distillation, which is done 
rather economically by means of vapor-compression stills: 

The Launcher. The design specifications for the launcher 
call for a device which will produce accurately any desired speed 
up to 250 fps, be compact so it may be lowered easily into the 
tank for launching and brought out for loading and setting, and 
which will launch models with pitch angles (angle in vertical 
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plane between axis of model and path of the center of gravity of 
the model) up to +10 deg. It was also desired to provide for 
possible modification to include pitch angular velocity and yaw 
angles. After an extensive consideration of the possible launcher 
types, it was decided to use a centrifugal | uncher. 


Fic. 29 CHuck Move. 


JULY, 1948 


The launcher consists basically of a rotating wheel which 
carries the model near its periphery, with a planetary-gear system 
to prevent the model from rotating about a transverse axis as 
it goes around with the wheel, and with a mechanism for releasing 
the model at any predetermined point along a 90-deg are. Fig. 
28 shows the launcher mounted on the open hatch cover with a 
model in place in the chuck. The wheel is a heavy steel plate 
having sufficient flywheel effect to insure uniform velocity. It 
is supported on a stainless-steel shaft which is mounted on four 
preloaded precision ball bearings, assembled in a quill to form 
an accurately aligned unit. The launcher is driven by a 10-hp 
d-c motor whose speed is controlled electronically by a device 
similar to the ones used with the water tunnels. The control is 
activated by a selsyn generator driven by chain from the launcher 
shaft. The model is counterbalanced by a movable weight on 
a screw in the plane of rotation of the model and displaced from 
it by 180 deg. No provision is made for shifting this counter- 
balance afterethe release of the model because the structure is 
massive enough not to suffer from this unbalance, and a slight 
unbalance is not critical once the model is free. 

The chuck, with model in place, is seen in Fig. 29, and Fig. 30 
shows the internal construction. It consists of a cylindrical 
seat, covering a 135-deg arc, into which the model is laid, and 
a gripping finger which holds the model in place. A locking 
lever, in turn holds the gripping finger against a spring which 
tends to open it. The locking lever extends slightly beyond the 
face of the wheel on the far side. To release the model, a tripper 
block is moved by a solenoid into the path of the protruding end 
of the locking lever. The open end of the model seat faces to- 
ward the periphery of the wheel. At the instant of release the 
model and the chuck have identically the same motion. From 
this instant the model moves along a tangential path, and the 
chuck, continuing its circular motion, gradually lifts away from 
it. After release, the heavy spring moves the gripping finger 
rapidly out of the way of the model to prevent interference. 
The model seat is made as rigid as possible to reduce to a mini- 
mum the energy stored in it which might affect the motion 
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Fig. 31 


of the model at the instant of release. The entire chuck 
mechanism is mounted in precision ball bearings. 


Fig. 31 is a drawing of the launcher showing the opposite face 


of the wheel with planetary-gear system and launching controls.’ 


The planetary-gear systerp, which prevents the chuck from rotat- 
ing around its own axis, is composed of specially cut fine-pitch 
precision gears. To insure smoothness of operation and to pre- 
vent backlash, the idler gear of this train is made in three layers. 
The central layer is integral with the spokes and hub. The two 
outer layers are ring gears and are loaded against the central layer 
by small tangential coil springs in the rim. The central 
layer and one outer layer mate with the hub gear, while the cen- 
tral and other layer engage the chuck gear. The hub and chuck 
gears are equal in diameter. There are two levers or arms, both 
bearing-mounted on the wheel shaft and prevented from rotating 
by clamps. The trajectory-angle arm clamps to the trajectory- 
angle scale, has a 90-deg adjustment, and is integral with the 
telease arm which carries the solenoid-operated tripper. The 
pitch-angle arm is attached to the central gear of the planetary 
system, and is clamped to the trajectory-angle arm with an 
adjustment of +10 deg on the pitch-angle scale. 

When the trajectory-angle arm is set at zero on its scale, the 
release arm hangs vertically down, and therefore would release 
the model on a horizontal trajectory. If, at the same time, the 
pitch-angle arm is set at zero on its seale, the axis of the model 
will be horizontal, ie., parallel to the tangent at the point of 
release, and the model would fly with zero pitch angle. Now, 
if the trajectory-angle arm is moved a given number of degrees 
to any new position on its scale while leaving the pitch-angle 
arm clamped to it, then the release point is shifted the same num- 
ber of degrees and the central gear is also rotated the same 
number of degrees in the same direction. The result is that the 
axis of the model is now parallel to the tangent at the new release 
point, and if released, the model would again travel with zero 
Pitch. If, on the other hand, the trajectory-angle arm is left 
clamped while the pitch-angle arm is shifted, say, 5 deg, then the 
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release point remains unchanged, whereas the model axis now 
makes an angle of 5 deg with the tangent at the release point. 
Thus the model would take off with a pitch angle of 5 deg. 

On the trajectory-angle arm, on the side facing the wheel, 
there is a light source and a photocell. A small mirror mounted 
on the wheel reflects the light into the photocell every revolution 
when the chuck is about 20 deg before the launching point. 
This transmits a signal to the electronic interlocks which syn- 
chronize the operation of the tripper with that of the cameras 
and the lights. 

Trajectory-Recording System. The cameras and flash lamps 
of this trajectory recording system have been described recently ;° 
therefore only a brief description of this equipment will be given 
here. 

In this installation the cameras are used as precision-measuring 
instruments, and many of the special features incorporated in 
their design were dictated by this requirement. To obtain all 
the necessary data from each launching, the camera system was 
designed to cover the entire underwater volume of the tank, as 
well as the above-water portion containing the trajectory from the 
launcher to the water surface. Since an entire test run occurs 
in 1 sec or less, it was decided that photographs should be taken 
at rates varying between 500 and 3000 per sec, per camera, 
depending upon the launching speed and the accelerations an- 
ticipated during a particular run. 

The recording system consists of a battery of synchronized 
high-speed motion-picture cameras using standard 35-mm film. 
The main bank of five cameras records the underwater trajectory, 
while another bank of two or three cameras is used for recording 
the air trajectory. The optical coverage of the cameras is 
shown in Fig. 32. At the launching plane the adjacent camera 
fields have a 60 per cent overlap. In the vertical direction the 
field of view covers the entire water depth. This multiple cover- 


6 “Special Cameras and Flash Lamps for High-Speed Underwater 
Photography,”’ R. T. Knapp, Journal of the Society of Motion Pic- 
ture Engineers, vol. 49, no. 1, July, 1947, pp. 64-82. 
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Fic. 32 ARRANGEMENT OF CAMERAS AND THEIR OVERLAPPING FIELDS oF VIEW 


age makes it possible to use stereoscopic technique for the 
analysis of the recorded data to obtain five components of the 
motion, namely, longitudinal, lateral, and vertical movements, 
and rotation in the horizontal and vertical planes. Each camera 
is rigidly attached to a flanged opening in the tank shell and looks 
into the tank through a small window. 

In the case of the underwater cameras, if a plane window were 
used, the result would have been reduction of the field of view 
due to refraction of the light in passing obliquely from the water 
to the air. This difficulty was overcome by using optically 
ground spherical windows, so positioned that the front nodal 
point of the camera lens is at the center of curvature of the 
window. Thus all primary rays pass through the interface at 
an angle of 90 deg and suffer no refraction; therefore there is 


no distortion* or reduction of field. However, the curved water 
interface is, in effect, a negative lens which increases the effective 
focal length of the system and shifts the focal plane. Thus, for 
example, if the distance from the lens to the object is actually 
12 ft, the lens must be set for a focal distance of about 14 in. 
when used with the spherical window. This shift in focal plane 
causes a field reduction of 4 per cent, compared to a field reduc- 
tion of 29 per cent which would have resulted if a plane window 
were used. 

The design requirement of a maximum rate of 3000 frames per 
sec made it necessary to use a continuous motion of the film be- 
cause of the obvious difficulty involved in starting and stopping 
the film 3000 times per sec. Also, a rather high film speed was 
mandatory to provide a reasonable frame height. A speed of 
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31.25 fps was selected, which at 500 frames per sec gives a 
standard 35-mm frame height of */, in., resulting directly in a 
projectionable motion-picture film. At the higher rates of 
1000, 1500, and 3000 frames per sec, the frame heights are, re- 
spectively, 3/5, '/4, and '/, in. This high film speed makes it 
necessary to use extremely short exposures, of the order of two 
microsee, which are obtained by using flash lamps of the Edgerton 
type. 

Fig. 33 is a drawing of one of the underwater cameras, with 
film magazine, spherical window, and mounting flange. The 
lens is a 1-in., f/2.8, Bausch and Lomb Baltar. To prevent 
friction, the film is guided through the focal plane by rollers 
instead of the usual pressure-plate arrangement. The film 
magazine may be detached from the camera and tilted to a hori- 
zontal position for loading. A thirty-two-ft length of film, suf- 
ficient for a single run, is stored in the magazine in a number of 
passes over the two sets of idler spools. The ends of the film, 
which extend through the light locks, are spliced together to 
form a slack loop about 2 ft long outside the magazine. Fig. 34 
shows the arrangement of the film inside the magazine, and Fig. 
35 shows a loaded magazine with the exposed loop containing the 
splice. 

The loading operation is completed by tilting the magazine 
into the vertical position and threading the loop over the 
guide rollers and drive sprocket of the camera. With the film 
thus arranged in a continuous belt, it is possible to bring it up 
to speed gradually, expose it, and slow it down again without 
wasting any film or using long leaders. 

All the cameras are driven through line shafting by a single 
synchronous motor. 

Fig. 36 shows the underwater cameras and the driving motor. 
Fig. 37 is a close-up of the motor. To provide gradual accelera- 
tion and deceleration of the film, the motor housing is mounted 
in trunnion bearings so it may rotate, and the power to it is 
brought in through slip rings on its left-hand face. Two elec- 
trically operated brakes are provided, one to stop the shaft and 
one to stop the housing. To start the motor, the shaft brake is 
clamped, the housing brake is released, and the power is applied. 
The housing then begins to rotate, comes up to speed, and is 
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camera during the actual recording period. Therefore provi- 
sions have been incorporated in the drive to synchronize the film 
travel with the instant of launching. A microswitch, actuated 
by a cam driven by a reduction gear from the camera shaft, 
makes contact once for every pass of the film belt. Before 
threading the film through the cameras, the camera shaft is 
rotated by hand until the microswitch closes, and then all the 
films are threaded into their respective cameras. When the 
camera drive is running, the microswitch signals each passage 
of the splices through the cameras, and controls the operation of 
the launcher release. Two other switches, actuated by the same 
cam, control the operation of the flash lamps. To insure that 
the splices remain abreast of each cther throughout the run, it 
is necessary to make all the belts of exactly the same length, that 
is, have the sante number of sprocket holes. This is accomplished 
by means of a film-loading device which counts the sprocket 
holes and thus measures out the required length. 

As previously indicated, the cameras are operated with lenses 
continuously open and exposures are made by illuminating inter- 
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synchronized. The shaft brake is then released and the housing 
brake is gradually applied. As the housing slows down, the 


shaft takes up the difference between the synchronous speed 


and the housing speed, and, when the housing stops, the shaft is 
running at synchronous speed. By means of time-delay relays, 
this sequence of events proceeds automatically when the motor 
power is turned on. In slowing down the film after it had been 
exposed, this sequence is reversed. 

It was noted before that in loading the film magazine, about 2 
ft of film containing the splice is exposed to light. It would 
be undesirable to have this portion of the film pass through the 


mittently the interior of the tank with flash lamps. A simple 
computation, involving the speed of the film and the projection 
ratio required for analysis; showed that the maximum effective 
flash duration usable would be about 2 microsee if sufficiently 
sharp images to give the required accuracy of measurement were 
to be obtained. This is approximately #/1,000 of the exposure 
time normally used in motion-picture photography. This 
means that extremely high light intensity is required, which 
could be obtained only by using a large battery of synchronized 
flash lamps. The assistance of Dr. Harold Edgerton of the 
Massachusetts Institute of Technology was enlisted because of 
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his wide experience in the development and use of flash lamps. 
The system consists of a battery of from 30 to 42 flash lamps, all 
operated simultaneously. Measurements indicate that the 
individual lamps are synchronized with each other within less 
than '/, microsec. 

Each lamp consists of a quartz tube about 8 in. long, filled 
with xenon, hydrogen, and a trace of radium bromide, with 
two metallic electrodes sealed into the ends of the tube. Two 
types of lamps are used. One consists of a straight tube with 
an aluminized lucite reflector designed by Dr. I. S. Bowen, 
Director of the Mount Wilson Observatory. The other type 
consists of a helical tube in a headlight-type sealed-beam re- 
flector with smooth lens. Figs. 38 and 39 show the two types 
of lamps. 

The power for the operation of each light is carried through 
an individual coaxial cable running from the light to the control 
panel. Each light is operated through an iadividual surge 
circuit which receives power from a large rectifier. The recti- 
fier delivers direct current at 4000 volts, and the lights operate at 
twice this value through a voltage doubler incorporated in the 
circuit. The power consumption of each light is approximately 
0.8 joules per flash. Thus at 3000 flashes per sec, the battery 
of 30 lamps requires a continuous input of approximately 80 
kw. It must be remembered that at this speed the lights are 
lit only about '/2) of the time. This means that the power input 
during the period of illumination is at the rate of better than 
16,000 kw. The heat generated in the tubes themselves limits 
the length of operation, since the tubes get quite hot and will 
collapse if they are operated too long. At flash rates of 1000 
per sec, and above, the only significant heat dissipation is through 
radiation. Experiments have shown that 3600 flashes per run 
are the maximum that can be employed for guccessful high-speed 
operation. 

A typical experiment is carried out as follows: 

The camera magazines are loaded and attached to the cameras. 
The model is installed in the launcher, the desired trajectory 
and pitch angles are set, and the launcher is lowered into the 
tank by closing the hateh cover upon which it is mounted. 
The required air pressure, if below atmospheric, is adjusted by 
means of the vacuum pump. The launcher wheel is brought 
approximately to speed by manual control and is then put on 
automatic control which holds it exactly at the desired speed. 
The camera motor is turned on and the film comes up to speed 
automatically. The operator now starts a sequence necessary 
to launch the model by pressing and holding down the launching 
button. This operates the first of the three interlocks. The 
second interlock is actuated by the microswitch on the camera 
drive as the exposed film splices finish passing through the focal 
plane of the camera, and the third and final interlock, which 
trips the model and launches it, is actuated on the next revolution 
of the launching wheel after the film interlock operates. The 
flash lamps begin to function simultaneously with the release 
of the model and continue to flash until the entire length of film 
is exposed, at which time the lamps are automatically cut off. 
The equipment is then automatically shut down in reverse order 
of the starting sequence. 

The camera motor runs at a constant speed of 31.25 rps, 
When the launcher runs at any multiple of that speed, the 
passage of the film splice through the camera and the passage 
of the model past the launching point occur with a fixed phase 
relation between them and may never coincide, in which case it 
would be impossible to launch the model. Provision is made 
therefore for changing the phase relation. This is done by ro- 
tating slowly the camera motor housing by means of & small 


the analyzer space. 
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Fig. 39 Heapuicut-Tyre Lamp 


electric motor geared to the housing brake. 
in the lower left side of Fig. 37. 
Data-Analyzing System. The basic principle of the analyzer 
is that it is essentially a duplicate of the recording system. 
Projectors take the place of the cameras and a movable screen 
replaces the model. *All of the films from one run in the launch- 
ing tank are placed in the corresponding projectors with the film 
strips synchronized so that the corresponding frames taken at 
the same time will be projected at the same time. The film 
drive of the projectors is a continuous shaft so that once the 
film strips are synchronized, they remain so during the projection 
of the entire run. Fig. 40 shows a line diagram of the analyzer 
system. It represents a point on the trajectory in which the 
projectile was in the field of view of cameras Nos. 2 and 3, so 
that projectors Nos. 2 and 3 are projecting the two images into 
It is obvious that there is only one position 
in this space in which the two images will coincide. The explor- 
ing screen of the analyzer is then maneuvered until the two images 
both fall on it. Additional maneuvering causes the two images to 
fuse into one. This requires movements of the screen in three 


This may be seen 


27 


Fic. 41 ANALYZER PRosEcTOR 


linear directions and also two angular motions. These move- 
ments are transferred to a battery of counters. When the screen 
is finally in the exact position required for the precise fusing of 
the images, the counters indicate the position of the projectile 
in space corresponding to that pair of photographs. The 
analyzer is built to a scale of one half that of the tank and 
recording equipment. 

The projectors for this analyzer are precision instruments. 
As a first step in their construction, lenses were procured in 
matched pairs. One lens of the matched pair is used in the 
camera and the other lens in the corresponding projector. The 
gate mechanism is designed to hold the film exactly in the focal 
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Fic. 42 Data-ANALyzina EquipMENT 


plane. The light source is kept at as low an intensity as is 
consistent with the accuracy of the readings that are required, 
in order to eliminate as much heat as possible which might affect 
both the dimensions of the film and those of the optical system. 
The temperature is controlled further by the employment of 
water cells and individual air cooling. Fig. 41 shows one of the 
projectors. To check the location of each frame, use is made of 
a series of reference marks on the rear wall of the launching tank. 
These marks are reproduced on a background screen at the rear 
of the analyzer, and before making a measurement a check is 
made ta see that the images of the marks from the films in the 
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projector fall on the corresponding marks on this screen. 

The exploring screen is a small disk with a half-model attached 
to it so the final projection is on a curved surface similar to the 
one photographed. The screen is carried on a mechanical 
transport which provides three linear and two angular motions. 
A carriage which spans the width of the room rides on longitudinal 
overhead rails. On this carriage is a pair of transverse rails on 
which travels a smaller carriage. Both carriages have rack- 
and-pinion drives. A pair of vertical guide tubes with a screw 
drive are suspended from the transverse carriage. These are 
arranged so they can be rotated in azimuth to provide one of 
the two angular motions. The other angular motion is ob- 
tained by rotation of the circular screen in its own plane. Selsyn 
repeaters and mechanical counters are used as position indicators 
to transmit the information to the operator’s desk. Fig. 42 
shows the data-analyzing equipment. It is planned to add 


another set of selsyn repeaters to operate recording pens at a 
plotting table where the three co-ordinates and two angles will 
be plotted against time. 
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CONCLUSIONS 


In addition to the major. pieces of equipment just described, the 
laboratory has available considerable auxiliary equipment which 
measurably widens the scope of work that can be undertaken. 
Three service facilities are also deserving of mention since they 
are of great utility to all of the laboratory research programs. 
These are the electronics laboratory, a photographic laboratory 
capable of processing both still and 16- and 35-mm film, and a 
precision instrument and model shop. 

It is quite clear from the foregoing description that the funda- 
mental interest of the laboratory is in basic research over a rather 
wide section of the field of hydrodynamics. At the same time 
the equipment is well adapted to yield accurate information on 
the characteristics of specific devices or machines. Much of 
the major equipment has been put into operation quite recently. 
Therefore it is hoped that this description of the laboratory will 
prove to be only the introduction to a series of studies in the 
field of hydrodynamics that will be referred by the laboratory 
to the engineering profession. 
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Hydraulic Problems in Connection With the 
Design of the Granby Pumping Plant 


By E. B. MOSES,' DENVER, COLO. 


Many unusual problems arose in the design of the 
Granby pumping plant which delivers water across the 
Continental Divide in Colorado. Owing to the 94-ft varia- 
tion in suction head, the pumps are located far below 
ground level. A design for a subterranean plant with a 
cross section based upon the hydrostatic arch is analyzed. 
Because of limitation to voltage fluctuation when starting 
up, imposed by a comparatively small power supply, sev- 
eral methods of bringing the unit up to synchronous speed 
were studied. The final design comprises a discharge 
valve which is closed when starting, equipment for de- 
pressing the water below the runner when starting at re- 
duced voltage or when using the unit as a synchronous 
condenser, a surge tank and a siphon at the upst:cam 
end of the discharge conduit. An air vent at top of the 
siphon is provided to stop reverse flow, and an automatic 
vacuum pump removes accumulation of air in the siphon. 


INTRODUCTION 


T IS the purpose of this paper to discuss several new and 
| unusual problems which were investigated during the de- 

sign of the Granby pumping plant now being built for the 
Colorado - Big Thompson project by the United States Depart- 
ment of Interior, Bureau of Reclamation. 

This plant is located near Granby Reservoir, 8 miles north of 
Granby, Colo., on the western slope of the Rocky Mountains. 
Water from the upper Colorado River and its tributaries will be 
stored in the reservoir during periods of high run-off. From the 
reservoir the plant will pump water up to Shadow Mountain and 
Grand Lakes which are joined by a short channel, and from 
Grand Lake it will run by gravity through the Alva B, Adams 
tunnel under the Continental Divide to the eastern slope of the 
Rocky Mountains where it will be used both for irrigation and 
power purposes. A plan and profile of the pumping plant are 
shown in Fig. 1. 

There will be a 94-ft variation of water level in Granby Reser- 
voir, from & maximum elevation of 8280 ft to a minimum eleva- 
tion of 8186 ft. In the plant there are three vertical-shaft 
centrifugal single-stage pumps, each with a capacity of 200 cfs at 
the maximum pumping head of 186 ft. They are connected 
through flange couplings to 6000-hp 327-rpm 6600-v 3-phase 
60-cycle synchronous motors. The suction line to each pump 
runs from a concrete intake structure located at a low point in 
the reservoir and consists of 87-in-ID concrete pipes each ap- 
proximately 570°ft long. 


DETERMINATION OF PuMP SETTING 


Because of the large fluctuation of inlet head, the long suction 
pipe, and the low barometric pressure at the 8180-ft altitude, it 


1 Mechanical Engineer, Electrical Division, Hydraulic Equipment 
Section, Bureau of Reclamation, U. S. Department of the Interior. 
Mem. ASME. 

Contributed by the Hydraulic Division and presented at the 
Annual Meeting, Atlantic City, N. J., December 1-5, 1947, of Toe 
AMERICAN Society OF MECHANICAL ENGINEERS. 

Nore: Statements and opinions advanced in papers are to be 
understood as individual expressions of their authors and not those of 
the Society. Paper No. 47—A-93. 


was necessary that the pump be installed well below the minimum 
reservoir level so as to insure freedom from cavitation through- 
out the wide range of head and discharge. 

At the time of designing the plant, cavitation tests for this 
particular design of pump were not available. Sigma curves for 
the preliminary model of the Grand Coulee pump were studied 
and a minimum value of 0.112 for sigma was established. Then, 
since 


Total inlet head above vapor pressure 
c= 


Net head across pump 


H 


then 


Total suction head, h, = oH + H,, —H 


or using prototype values as follows: 


28 


Maximum statie head 
Total suction plus velocity head (for 87-in. inlet 
and discharge 


Total head across pump, H 
Vapor pressure, H,, (at 70 deg F) 


ales 


Less barometric head, H¢ (at elevation 8150) 


| 


Net suction head 


| 


~ 
28 


J 
Velocity head at eye, 29 (at 200 cfs) 


Total losses, trash rack to eye, Hy, (at 200 cfs) 
Minimum static head above impeller crown re- 


Approximate height, crown above center line of 
pump 


Minimum submergence required................. 
Minimum reservoir 
Center line of pump 
Actual submergence 


From subsequent tests on the homologous model with a dis- 
charge corresponding to 200 cfs, a safe value for ¢ = 0.10 was ob- 
tained, while with a discharge of 270 cfs, corresponding to a head 
of 152 ft, ¢ = 0.20. These safe values of ¢ are based upon a 
permissible drop in efficiency of '/2 per cent. The corresponding 
values of « in the plant were found to be 0.16 and 0.44, respec- 
tively, under these conditions, values sufficiently above the mini- 
mums to insure freedom from cavitation at the two extremes of 
normal operation. 


SUBTERRANEAN PLANT DestGn Usinc Hyprostatic ArcH 


Due to topographic conditions and the setting of the pump be- 
low minimum reservoir level, the center of the pump is about 
107 ft below the level of the surrounding ground. 

Several designs for a subterranean station were investigated, 
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MOSES—-HYDRAULIC PROBLEMS IN DESIGN OF GRANBY PUMPING PLANT 
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Fig. 2) ANALysis oF Hyprostatic ArcH; ARCH SHELL 


FORCE DIAGRAM 
H=112-0" 


(B) 


Note - All loads in Kips. Weight of remforced 
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weight. Length of voussoirs = K/t>, where t= 


s/ a) thickness of arch ring Centerline of arch ring 
wly is some as shell of arch ring in Fig 2 
(A) 


Fic. 3 ANatysis or Hyprostatic ArcH; CoNncRETE ARCH 


the most interesting one being based on the principle of the hy- | where 


drostatie spheroid and arch, the cross section of the station being H = hydrostatic head from surface of water level to base or 
that of a bubble or drop of water at rest on a flat surface, Fig. invert of arch ring 
2(A). 

ho = hydrostatic head from surface of water level to crown 


Figs. 2 and 3 are illustrative gf the methods of designing a 
hydrostatic arch. In Figs. 2(A) and 15(C) the arch shape is 
determined from the formula 


of arch ring 
r, = radius of curvature of membrane at depth h; below sur- 
face of water level 


this example, the arch has been divided into zones of 4-ft 


H? — ho? 


4h, ° Ir 
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height and rj, 7», ete., calculated for the center of éach zone. The 
dead weight of arch was neglected, the radial loads being those 
due to hydrostatic pressure only. The buoyancy or uplift is 
assumed to be taken by tie-down forces acting along the tangent 
at the base. The various stresses in the arch ring were analyzed 
by using the well-known method of analyzing concrete sewer 
sections by the elastic theory.?- In this method, the moment 
and thrust at crown are computed, then the force diagram, Fig. 
2(B), is plotted using the horizontal and vertical components of 
each applied load (P, ete.). The direction of these individual 
resultants (R,, ete.) are then transferred back to the section 
layout, Fig. 2(A), starting at the crown; then the offset zo = 
—0.136 ft is found by the formula xy = Mo/Ho, using the pre- 
viously obtained moment and horizontal thrust at the crown. 
The negative sign indicates that 2» is to be laid off inside the center 
line of the arch ring. The directions of these resultants as they 
intersect their corresponding applied loads gives the ‘‘line of re- 
sistance.”’ The closer this line of resistance is to the center line 
of the arch ring the less the bending moment. In this example 
the bending moment should be zero throughout but due to slight 
graphical errors and to using a finite number of radii in construct- 
ing the arch, the line of resistance departs slightly from the arch 
ring. It is to be noted that the shear is also zero and that the 
thrust (R,, etc.) is constant throughout the arch ring. 

Thus it is seen that for the example analyzed in Fig. 2, with an 
arch section 50 ft high, with a hydrostatic head of 110 ft above 
the base, that the ring, without dead weight, would merely have 
to resist a constant thrust of 132,000 lb per ft of width, the mo- 
ment and shear being zero. 

The example, analyzed in Fig. 3, uses for the center line of the 
arch ring the same shape as that developed in Fig. 2, but with a 
concrete arch ring tapering from 2 ft thick at the crown to 4 ft 
thick at the start of the tangent of the base section. The ring 
has been divided into voussoirs of lengths proportional to the 
moments of inertia of their cross sections about the center line of 
the arch ring, or dl/J is constant. The radial hydrostatic forces 
acting on the extrados are combined with the dead weight of the 
concrete, the resultant loads being assumed as acting at the center 
of the voussoirs. The hydrostatic head, as before, is taken as 
110 ft above the center line of the arch ring at the base. The 
line of resistance departs somewhat from the center line of 
the ring, indicating small negative moments at midportion of the 
ring and large positive moments in the invert, the moment at 
the crown being very small. Again, the thrust is nearly constant 
throughout, and the shear values low, as shown by the semi- 
circular form of the force diagram, Fig. 3(B). 


Hyprostatic UNDER VARYING HEAD 


The effect of a varying head on the moments at the crown, 
horizontal center line, and invert are shown by the corresponding 
influence lines in Fig. 4. For the designed head, the moments 
vary from +270,000 ft-lb to —285,000 ft-lb, while, with no 
external hydrostatic load, the moment reaches a maximum of 
+540,000 ft-lb at the invert, which is due to the dead weight only. 

Fig. 5 shows the application of the hydrostatic arch to the. de- 
sign of a subterranean pumping station. The arch is built in a 
cave cut from the self-supporting rock and backfilled with loose 
material. Thus the arch ring has to withstand only the hydro- 
static pressures due to percolation and the dead weight of the 
backfill and of the concrete ring. A gantry crane serves all the 
machinery; access to the plant is by an elevator shaft not shown. 
The plant is sufficiently long to accommodate the three units, 


2 “American Sewerage Practice,” by L. Metcalf and H. P. Eddy, 
McGraw Hill Book Company, New York, N. Y., vol. 1, 1928, pp. 
491-501. 
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the ends being of semidome shape of the same curvature as the 
arch ring. 

For a given condition of exterior loading, it was found that a 
considerable saving in concrete and reinforcement over that re- 
quired in a conventional arch could be obtained. But since the 
assumed conditions of exterior loading could not be controlled in 
practice, this design was abandoned in favor of an open concrete 
shaft having a rectangular central section and semicircular ends, 
with massive exterior buttresses and interior cross-walls for re- 
sisting the external hydrostatic and earth pressures. 


Srep-By-Step Motor 


The three Granby pumps discharge through 87-in-ID steel 
pipes which branch into a single 11-ft-ID concrete conduit that 
carrjes the water up to the canal flowing into Shadow Mountain 
Lake. The total length of the discharge line from pump to canal 
is approximately 3500 ft. Originally it was planned to omit 
the shutoff valves at the pump, and studies were made to deter- 
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mine the necessary starting characteristies for the motor and its 


control while the pump was accelerating and building up the head 
of water in the long pipe line. 

[ An example of this type of calculation will be given, as it is 
believed that this method is an original approach to the problem, 
in which the head, discharge, power, speed, and efficiency are all 
variables at any instant of the starting period. To make use of 
this method, a pump characteristic diagram is required which will 
show the relationship of these several variables. Since one for 
the particular design used at Granby was not available, a diagram 
constructed from test data on afmodel pump of quite similar type 
was used and is shown in Fig. 6. Since this curve has its various 
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variables, head, discharge, torque, and speed, based on percent- 
ages of the corresponding values at the 100 per cent or rated oper- 
ating point, values for the Granby pump could be readily caleu- 
lated for any assumed condition during the accelerating period. 
In this example the motor torque is increased in uniform steps 
of 10 per cent up to a maximum of 110 per cent of normal, this 
upper value being used to provide a sufficient margin to insure 
prompt synchronization. It was assumed that the torque re- 
quired to break away the unit from the static friction of rest would 
be 25 per cent of full-load torque so that the motor would not 
start to move until the 30 per cent torque step had been applied. 

A “reservoir curve” for the discharge pipe was then plotted 
which gave its capacity in cubic feet, in relation to the elevation 
of the water surface in the pipe line. This curve was used in de- 
termining the head on the pump for each increment of time 
during the starting period. An example of the calculations is 
given in Table 1. The method in brief is as follows: 

The pump is accelerated during a given time interval ¢;, up to a 
new speed N, and from Fig. 6,* the corresponding percentages of 
head, per cent H; of discharge per cent Q; and of torque per cent 
T, are read. Fig. 7 gives the total friction and windage losses of 
the unit in kilowatts for the full range of speeds. From this curve 
the friction plus windage torque 7’, can be found, and this added 
to the torque required for pumping 7’,, gives the total required 
torque 7',, for that time interval, or 


T,=T,+T, 


The difference between the applied motor torque 7’, as deter- 
mined by the controller, and the required torque 7’, is that availa- 
ble for acceleration 7T,,, or 


expressed in (rpm/see), from which the new speed at the start 
‘Centrifugal Pump Performance as Affected by Design Fea- 
tures,’’ by R. T. Knapp, Trans. ASME, vol. 63, 1941, Fig. 15, p. 258, 
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of the next time interval ¢;, is obtained. This process is continued 
until the required torque equals the applied motor torque, or 7’, = 
at which time acceleration will cease and. the controller must 
move up to a new step, increasing 7’,, by a predetermined amount, 
in this example by 10 per cent. 

The data given in Table 1 have been plotted in Fig. 8 where 
per cent torque versus time in seconds is given in the upper set 
of curves. Here it is shown that the pump starts 20 see after 
the controller closes the circuit, the torque having risen to 30 per 
cent in three equal increments of 10 per cent each, and has pulled 
into synchronism 74.5 sec after the beginning of the starting se- 
quence, or 54.5 sec after breakaway. 

In the lower set of curves the per cent of head, discharge, and 
speed are plotted against time. In these curves, the values of 
H, Q, N, and 7 at any instant were obtained by starting at the 
origin of the pump characteristic, Fig. 6, and proceeding along a 
smooth curve to the 100 per cent point, as indicated by the heavy 
dotted line, and assuming points by trial and error which satisfy 
the available head, torque, and speed; remembering that the 
head produced by the pump must always equal or exceed 
the static head of water in the pipe line at that instant; that the 
torque must not exceed the motor torque 7',,, for that given 
step; and that the speed is in agreement with that found by the 
summation of the previous accelerations, 


STARTING BY IMpULSE WaTER WHEEL 


One method proposed for starting the unit with a minimum of 
line disturbance is shown in Fig. 9. The unit would be brought 
up to synchronous speed by means of a small impulse water 
wheel mounted directly on the main shaft under the motor. 
Four 7/g-in-diam jets, discharging under a pressure of 300 psi, 
impinge on the buckets of an enclosed Pelton wheel, developing 
up to 165 hp at the normal speed of 327 rpm, which should pro- 
duce ample torque to bring the unit up to synchronism if the 
impeller were unwatered by compressed air. The high-pressure 
water for the jets would be supplied by a 400-psi 1260-gpm boiler 
feed pump, and the discharge from the water wheel led to the 
station sump, from whence it would be removed by the regular 
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sump pump. Speed control during the period of synchroniza- 
tion would be by throttling the high-pressure supply, and by the 
use of the regular service air brakes. 

The characteristic of an impulse wheel gives the maximum 
torque at zero speed; however, the breakaway torque of the 
unit would be kept down to a reasonable value by introducing 
pressure oil under the collar of the motor thrust bearing in suffi- 
cient amount to float the rotating parts on an oil film. 


SrartinGc Tests oN Pume 


In order to obtain data‘ for various methods of starting and 
stopping the pumping unit, an 8-in. motor-driven vertical pump- 
ing unit was set up in the hydraulic laboratory with the various 
valves and pressure-indicating devices as shown in Figs. 10 and 
11. This pump, while not homologous with the Granby unit, 
was of a sufficiently similar type; and the ‘‘model” scale was 
1:6.3 based on impeller diameters. Pressure cells, PC-1 to 
PC-6, operating on the principle of a Wheatstone bridge, were 
connected to an oscillograph to record the fluctuations of pres- 
sure in the suction and discharge lines. Photographic oscillo- 
graph records of several tests have been replotted to a common 
scale in Figs. 12 and 13. The input to the motor in amperes is 
also shown, taken from the oscillograph record, but is not a re- 
liable indication of the power required owing to the changes in 
power factor for various loads on the induction motor. 

The first series of tests were conducted with the setup shown 
in Fig. 10. To test out the impulse-starting scheme, a °/j,-in. 
brass plate was attached to the top of the impeller and 30 buckets 
cut at a 20-deg angle by a '/;-in. X 1'/2-in-diam key-seat cutter, 
Fig. 14. Four '/,-in-diam jets of water were arranged to im- 
pinge along the inner curve of the buckets as shown. A series of 
tests were run with the discharge valve closed, 9-ft positive suc- 
tion head in the tank reservoir, and pressure varying from 35 to 
100 psi in the line supplying the jets. It was found that a mini- 
mum of about 60 psi was required to bring the unit up to 900 rpm 


‘From the USBR, Hydraulic Laboratory Reports Nos. 113 and 
150. 
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synchronous speed. The 2-in. by-pass had to be nearly wide 
open to take care of the discharge from the jets. 

Tests were made with the buckets in place and also with 
buckets filled with type metal. It was found that this design 
of bucket resulted in an over-all loss of efficiency of about 4 per 
cent, this considerable loss being largely due to the effect of 
water being circulated in the buckets themselves, similar to the 
action of the liquid in the ‘fluid drive” or hydraulic coupling. 
It it evident that any such design wherein the buckets are re- 
volving in water during the normal operation of the pump would 
result in excessive losses in the prototype. However, the design 
indicated in Fig. 9, wherein the buckets revolve in air, would be 
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entirely feasible, as the loss on the prototype due to air drag ss 
computed would not exceed 1 kw or 0.02 per cent. 

A second series of tests were conducted with the setup in Fig. 11. 
In this arrangement, a booster pump was connected to the suc- 
tion pipe to give the required higher inlet head which could not 
be obtained with the tank reservoir, an intake valve added, and 
the air admitted to the suction pipe instead of to the discharge 
pipe. 

Various tests were made and oscillograph records obtained (1) 
with the discharge valve open and with the throttling by intake 
valve, both with and without aeration or admitting air to the 
suction side; and (2) with the intake open and throttling by the 
discharge valve, air being admitted to suction side of the pump. 
In (1) severe surges and cavitation occurred during both the 
starting and stopping periods, which proved this method of opera- 
tion unsuitable for the prototype. The method of pump 
operation adopted is based on (2) and is illustrated in Figs. 12 
and 13, with the intake valve open, by-pass open, with aeration 
(suction vent open), and throttling by the discharge valve. 

In the starting cycle, Fig. 12, the pump is started with the 
discharge valve closed’and water depressed below the level of the 
impeller by compressed air. The air is then exhausted and, when 
the case is nearly free of air, the pump suddenly primes and shut- 
off head conditions are reached. As the discharge valve is opened, 
flow is established and the head drops to normal. In the stopping 
cycle, Fig. 13, the discharge valve, as it nears closure, builds up 
the head to shutoff conditions, then as compressed air is ad- 
mitted to the suction tube, the head drops. When the level has 
reached the bottom of the impeller and the net pumping head is 
approximately zero, the motor is disengaged. 

* Tt is seen that in this final scheme of operation, Figs. 12 and 
13, there are no severe surges, the heads gradually building up or 
dropping, and that they are always positive. For this reason 
this method will be adopted in the prototype installation, 
as it will reduce power surges as well as the likelihood of 
cavitation. 
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OPERATION OF PUMPS AT GRANBY 


Since other considerations led to the adoption of a butterfly 
valve in both the suction and discharge passages of each pump, 
Fig. 1, the methods described of impulse water-wheel starting 
and step-by-step electric-controller starting were not used. 

Ordinarily, the Granby plant will be connected to the power 
svstem on the eastern slope of the Rockies through a 115-kv 
transmission line. This line extends over much mountainous 
country, crossing the Continental Divide by way of the 11,700- 
ft Buchanan Pass, and, as outages due to storms, slides, ete., are 
likely to occur, the pumping plant has been designed so that the 
pumps can be started on the power from the Green Mountain 
plant which is located on the western slope. The two 12,000-kva 
units in this plant are connected through a 69-kv line, 45 miles 
long, to the Granby plant. When the line over the Continental 
Divide is out of service, the pumps would be started at reduced 
voltage with impellers unwatered by compressed air, the dis- 
charge butterfly valve and 8-in. by-pass both being closed. 
The pumps having been brought up to speed on Green Mountain 
power, water is then admitted to the impeller and normal opera- 
tion is established. With this method, a minimum of disturb- 
ance would occur on the comparatively low-capacity Green 
Mountain system. 

In starting from the main power system of the eastern slope 
full voltage will be used, the discharge butterfly valve will be 
closed and the pump will be full of water. The 8-in. by-pass 
valve will be open to allow sufficient water to circulate for cooling 
the pump. Under these shutoff conditions, the pump will re- 
quire about 50 per cent of normal full-load power. 

It may be noted here that the pump unit may be used as a 
synchronous condenser when the impeller is unwatered. The 
butterfly valve in the suction pipe is closed only when unwatering 
the pump for inspection and repair, since the placing of bulkhead 
gates at the intake structure is involved except at the lowest 
reservoir levels. 


or Pumprne 


The pumping unit may be controlled from two stations, one on 
the floor at ground level at elevation 8287.50, the other on the 


“s..DISCHARGE VALVE OPENING IN PERCENT 


pump floor below at elevation 8186.25 ft. The starting procedure 
is divided into two parts, as follows: 


1 Putting auxiliary equipment into operation. This includes 
guide-bearing oil pump, thrust-bearing oil pump, opening valve 
for supplying water to motor cooler and thrust-bearing cooler, 
and opening valve to pump gland seal and pump guide-bearing 
cooler. 

2 Starting the motors through automatic-control switch gear 
which includes field-application equipment in cubicles adjacent 
to the motors. 


For normal or full-voltage starting, after the motor is syn- 
chronized, a control switch is operated which opens the butter- 
fly discharge valve while simultaneously closing the by-pass 
valve. 

For reduced-voltage starting, the same procedure is followed, 
except that, in addition to the operation of the foregoing auxilia- 
ries, cooling water is admitted to the seal rings, the air vent to the 
pump casing is closed, and air is admitted to the casing to de- 
press the water surface below the impeller to a level determined 
by an automatic float switch. 

After the motor has been synchronized at reduced voltage, 
open-circuit transition to full voltage will be effected. When the 
motor is on the line, the casing air vent is opened and the pump is 
allowed to fill with water when normal pumping will be estab- 
lished by opening the butterfly discharge valve and closing the 
by-pass valve. 

Table 2 shows the estimated torques required by the pump, 
based on 6000-hp maximum motor output at 327 rpm. 
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SurGeE TANK AND DISCHARGE VALVES 


A 25-ft-diam plate-steel surge tank is connected to the 1}-ft- 
diam discharge conduit at its lower end near the triple branch 
connection from the pumps. The top of the tank is at elevation 
8393 or about 106 ft above the ground line, or 24 ft above the 
siphon invert. The bottom of the cylindrical portion of the tank 
is at elevation 8336, below which is a hemispherical head, 36.5 ft 
above the ground. A 5.25-ft-diam riser connects the hemi- 
spherical tank bottom to the discharge conduit and is designed 
to give a 50-ft head loss with a flow of 1000 cfs into or out of 
the surge tank. 

With three pumps running, the maximum change in water 
level in the surge tank caused by the emergency closure of all 
three butterfly valves has been calculated and is given in Table 3. 

The 76-in. butterfly discharge valves are operated by hydraulic 
servomotors which receive oil from a central oil-pressure system, 
located at one end of the building. The valves are designed for 
a full 90-deg opening or closing movement to be made in 24 sec 
under normal conditions of operation. The control mechanism 
consists of a governor-type four-way piston valve with solenoid- 
operated pilot valve. A second solenoid for emergency shut- 


down will operate to close the 76-in. butterfly valve at a faster 

rate, causing the first 67.5 deg of closing movement in 4 sec and the 

final 22.5 deg of closure in 6 sec, or the total closure in 10 sec. 
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TABLEJ2) TORQUE REQUIREMENTS OF PUMPING UNIT 
Torque 
ft-lb Kva Notes 
Full load, normal pumping.... . 96400 4920 (0.95 power factor) 
Shut off, impeller sub- 
49000 2410 (0.95 power factor) 
Breakaway, thrust bearing 
voltage) 
Breakaway, thrust bearing 
ves 11580 4000 (Inrush power—-38.6 
per cent voltage) 
Breakaway, thrust bearing 
supported on oil film........ 4800 29400 =(Inrush power—full 
voltage) 
Breakaway, thrust bearing 
supported on oil film........ 4800 4000 (Inrush power—38.6 
per cent voltage) 
Unit motoring at synchron- 
ous speed, impeller un- 


This emergency operation would be initiated by failure of power 
supply to the main-pump motor. 

The design of the butterfly-valve control mechanisms follows 
closely that of the conventional gate-shaft governor for hydraulic 
turbines. These control mechanisms were purchased separately 
from the butterfly valves, and this selection permitted the use 
of fully developed manual and automatic controls and mecha- 
nistfs for operation of the discharge valves in the same manner as 
for hydraulic turbines. This is particularly advantageous at 
Granby since some of the pumping will be done at short intervals 
each day to utilize off-peak secondary power, Also, the starting 
and stopping sequences should be as nearly automatic as good 
design will permit. The plant will be operated as a comprehen- 
sive unit of the power system by operators who are trained to 
handle hydraulic-power-plant equipment. 


TABLE 3) PRESSURE SURGES DURING EMERGENCY 
SHUTDOWN . 
Reservoir Butterfly Downsurge Upsurge 
elevation, valve low above 
ft operative static, ft static, ft 
8280 Yes 26.6 14.3 
8280 30.3 15.7 
8186 Yes 20.1 12.2 
8186 No@ 28.2 15.9 


2 In order to obtain the maximum upsurge when the butterfly valves 
fail to close at the prescribed time (10 sec), it was assumed that the effective 
closure would occur at approximately 34 sec after power failure when the 
water-surface elevation in the surge tank had reached a minimum value. 


DISCHARGE SIPHON 


The outlet from the 11-ft-diam conduit consists of a concrete 
siphon with crest of invert at elevation 8369 ft, the water surface 
in the canal to Shadow Mountain Lake being at elevation 8368.39 
ft. The siphon is of circular cross section of the same diameter 
as the conduit and is essentially a 35-deg elbow with radius of 
curvature equal to 33 ft or 3 pipe diam. The upstream leg is 
turned into a horizontal direction with transition to a square sec- 
tion as it enters the canal. 

To insure rapid breaking of the water column when the pump 
stops, an automatic type of air vent is provided at the top of the 
siphon. The control is arranged to insure prompt opening of the 
air valve under emergency conditions of power failure. A small 
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vacuum pump, controlled by a float in a separate float well, is 
used to remove the air pocket at the top of the siphon and to in- 
sure the siphon operating full at all times and at its best efficiency. 
The air-vent valve, vacuum pump, and float control are pro- 
tected from the weather by a suitable metal cover. 

The the automatically closing butterfly discharge 
valve, and siphon with automatically operated air vent, should 
prevent the emptying of the long discharge conduit when power 
to pump is cut off, and also eliminate the attendant high reverse- 
speed rotation of the pump as well as the necessity for refilling the 
long conduit after each shutdown. 


use of 


CONCLUSIONS 
A number of preliminary investigations have been described, 
from which the final designs of the Granby pumping plant and 
equipment were evaluated. 
ing principal conclusions may be deduced: 


From these investigations the follow- 


1 <A design for the subterranean plant based on the hydro- 
static arch would effect a substantial saving in amount of rein- 
forced concrete but could not be used at Granby owing to the 
variable external loads with resulting high bending stresses in the 
membrane, 

2 Several satisfactory methods of starting the pump motors 
with a view to keeping the attendant transmission-line disturb- 
ance to a minimum are feasible. The use of supplemental model 
tests to investigate the power required, together with the re- 
sulting hydraulic pressure surges when starting the pump under 
various combinations of suction and discharge-valve openings 
and of air admissions, is an essential adjunct to developing fully 
the electrical requirements of the power-supply system. 

3 From actual experiments conducted and from related 
investigations, it was established that normal operation could be 
accomplished by starting under shutoff conditions with full 
voltage; and for emergency operation on the limited-capacity 
system, starting at reduced voltage, with the pump impeller un- 
watered, would be required. 

4 A surge tank on the discharge conduit, together with the 
automatically controlled butterfly discharge valve, will limit 
pressure fluctuations in the hydraulic system to a safe value dur- 
ing normal shutdown or at times of power failure. A siphon 
with automatic air valve gives additional protection against re- 
verse flow with the resulting overspeed of the unit should the dis- 
charge valve fail to close promptly. 

5 The use of appropriate apparatus to accomplish desired 
methods of operation such as gate-shalt type of servomotors for 
operating the disks of the butterfly valves; applying oil under 
pressure to the thrust shoes of the motor bearings to separate the 
metal surfaces prior to starting the unit, the use of compressed air 
in reducing starting torque, and so forth, is economically feasible. 
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Discussion 


J. N. Brapiey.’ One of the tests on the model pump, which 
was made to exploit every possibility even though it appeared to 


’ Hydraulic Engineer, U. S. Bureau of Reclamation, Denver, Colo. 
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be a questionable solution, brings to light another significant point 
which is worth attention. There is a tendency at times to stress 
economy of design to the point where it interferes with the basic 
principles of good hydraulic design. This is especially true in 
the case of glosed-conduit structures in which a favorite remedy 
for an inadequate design is the makeshift addition of air vents 
or breather pipes at points along the conduit where subatmos- 
pheric pressures prevail. This practice often does not result 
in satisfactory solutions, as this discussion is intended to show. 
Carefully planned air vents in adequate designs serve a useful 
purpose, but their indiscriminate use in inadequate structures 
may prove quite disappointing. 

Fig. 16 of this discussion shows portions of an oscillograph 
record from the model tests on the Granby pumps, during which 
throttling was accomplished by a gate valve on the suction side 
of the pump. Record A shows instantaneous pressures and elec- 
tric current for the pump operating at 14 per cent valve open- 
ing. The pressures are quite steady at the points of measure- 
ment (pressure cells PC 4, 5, and 6) and the current to the motor 
is uniform, but PC’5 shows a negative pressure amounting to 
24 ft of water in the model. Most certainly, this would result 
in cavitation in the prototype. 

An air vent was installed in the suction line between the valve 
and the pump to relieve the low pressure in this region. The os- 
cillogram B depicts the results for valve openings from 5 to 30 
per cent. The air vent increased the pressure at P.C. 5 approxi- 
mately to that of the atmosphere, as was the intention, but the 
pressure at PC 6, on the discharge side of the pump, has an 
oscillatory characteristic which varies from 5.5 to 25 ft of water. 
The pressure surges in the discharge line are evidenced by cor- 
responding oscillations in the power utilized by the pump motor. 
The surge in current which varies from 25 to 40 is indicative of 
the power surges, because the power factor was near unity in this 
case. As the power and pressure surges are in phase in record B, 
this could result in a self-sustaining oscillation which could be 
stopped only by complete shutdown of the pimp. 

The practice of venting to relieve the condition, unnecessarily 
produced by low subatmospheric pressures, merely complicates 
this problem, as a mixture of air and water can be an unstable 
fluid, and the pressures throughout such a fluid are as unstable as 
the fluid itself. 

In the case of the Granby pumps, where surges in pressure 
directly affect the power requirements of the motors, neither 
cavitation nor venting could be tolerated. The solution to the 
problem was particularly simple in that throttling could be ac- 
complished with a valve on the discharge side of the pump, which 
eliminated all of these difficulties. 

This rather extreme example serves to illustrate the fact that 
air vents are not cure-alls for closed-conduit pressure problems. 
When vents are used, careful consideration should be given to all 
possible effects that air might have on the flowing fluid. 


F. M. Wirson.* Additional features of the electrical equip- 
ment to be used at the Granby plant will be mentioned briefly. 

Reduced voltage for motor starting on the limited system, with 
the pump impeller unwatered, will be obtained by taps in the 
wye-connected low-voltage windings of the 3-phase transformers 
which supply the pump motors. Three taps will be provided 
in each low-voltage winding to give an approximate reduced 
range of from 30 to 50 per cent of normal voltage. The wye- 
connected windings will allow balanced voltages and currents 
for motor starting for whichever tap is determined by test in 
the field to be most suitable for the operating conditions. 

Although the main-pump motors will operate at 6.6 kv, the 
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OSCILLOGRAM OBTAINED FOR CRITICAL OPERATING ZONE — 5 TO 30 PERCENT VALVE OPENING 
SUCTION TUBE VENTEO — BY-PASS OPEN 
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Fig. 16 Gransy Pump Tests; THROTTLING ACCOMPLISHED WitTa INTAKE VALVE 


high altitude of this installation will require motor-control 
switchgear rated at 15 kv. Provision is made in this switchgear 
to prevent the motors from being started in case the auxiliaries 
do not operate properly. To keep the motor-starting-torque 
requirements as low as possible, an oil film will be introduced 
by oil pressure between the bearing surfaces of the thrust 
bearing before a motor is started. 

Reduced-voltage starting of a unit will be initiated by a manu- 
ally operated control switch at either of two stations, which 
will close the reduced-voltage circuit-breaker in the switchgear, 
applying reduced voltage to the motor, which will start and ac- 
celerate to maximum subsynchronous speed as an induction 
motor. The motor will then be synchronized automatically at 
reduced voltage by the automatic application of excitation to the 
motor field at the optimum conditions of speed and rotor-pole 
angular displacement. The reduced-voltage circuit-breaker will 
then be opened automatically and the full-voltage circuit-breaker 
will be closed automatically to apply full voltage to the motor. 

The full-voltage starting sequence will be similar, except that 
the motor will be thrown on full voltage at the start, and no transi- 
tion will be required after synchronization. 

The control equipment will be so arranged that a motor will 
be automatically shut down by unit overspeed, excessive pump- 
casing water pressure, incomplete starting sequence, loss of 
motor-field excitation, loss of synchronism, and by operation 
of any of the following motor relays: Thermal overload, over- 
current, differential current, ground fault, and undervoltage. 
Carbon dioxide for extinguishing fire will be released automati- 
cally into the motor air housing upon operation of the motor 
differential-current or ground-fault relays. Automatic shut- 
down of a motor will close the discharge valve for that unit. 
For normal shutdown, the discharge valve will be closed before 
the motor is tripped off the line to minimize system disturbances, 
A speed switch on the motor will apply compressed-air-operated 
brakes on the motor during the shutdown operation. 


I. A. Winrer.? The principles of the hydrostatic spheroid 
and arch as described by the author in studies of a subterranean 
pumping plant have not, had as wide application in engineering 
practice as appears to be warranted by the interesting results 
obtained in the Granby studies. 

The writer has found these principles to be of economic value 
in the design of large reinforced-concrete conduits up to 20 ft diam, 
and spheroids up to 200 ft diam for hydrostatic pressures not 
exceeding 100 ft. At higher heads, the true shape, as given by 
the formula, do not differ sufficiently from a circle or sphere to 
effect an appreciable saving in materials. 

A description of the hydrostatic arch has been given by Ran- 
kine.2 The relation of surface tension and fluid pressure for 
spheroids is shown in Fig. 15 of the paper. By the theory of sur- 
face tension, there is a force on AD, tangential to the free surface 
of magnitude 7'(R,6,), where T is the surface tension of the 
liquid.® 

The writer has derived the simplified formula 


for the outline of the hydrostatic arch in terms of the radius at any 
point on the surface of the membrane. Derivation of the for- 
mula is illustrated in Fig. 15(B). This formula will be found 
useful for quick geometrical construction of the figure for stress 
analysis by the force-diagram method. In this derivation, the 
surface tension of the liquid is determined as a function of 
(1/2 wH*) — ('/2 who?), which is the total trapezoidal pressure 
normal to the vertical axis of the conduit. Since the surface 
tension of a liquid for a free unsupported form must be equa! 


7 Engineer, U. 8S. Bureau of Reclamation, Denver, Colo. 

* “Manual of Applied Mechanics,’’ by W. J. M. Rankine, D. Van 
Nostrand Company, Inc., New York, N. Y., p. 190. 

* “Encyclopedia Britannica,”’ fourteenth edition, vol. 2, p. 987. 
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top and bottom, the value 7, is one half of the total internal 
pressure within the trapezoid or 


w(H? — ho?) 


From this consideration it follows that the radius of curvature 
r, of the membrane at any point A; may be expressed in terms 
of the surface tension 7’, as 


Therefore rh, is a constant. The depth d of the conduit is 
H*— ho, which is assumed for the basis of design. 

The agreement of the theoretical shape obtained by Equation 
[1], shown in Fig. 2 of the paper, with the foree diagram for 
conditions without consideration of the weight of the membrane, 
in which there is only tensile stress, is excellent agreement in 
engineering procedure. 


AUTHOR'S CLOSURE 


Since the presentation of this paper it has been found possible 
to omit the surge tank on the pump-discharge line. This has re- 
sulted in a very substantial saving in cost since unsatisfactory 
rock conditions at the proposed site would have required a deep 
and very expensive foundation for the surge tank. A larger WR? 
for the motor than was assumed in the original waterhammer 
calculations (actually it is close to that used in the acceleration 
study of Table 1) together with a new profile for the discharge 
pipe lowered to suit existing excavation, were factors which 


contributed to the feasibility of eliminating the surge tank. 

When these changes were considered in the subsequent water- 
hammer investigations, it was shown that under the most severe 
conditions of emergency closure, the minimum momentary drop 
in pressure after power failure is 14 ft below atmospheric pressure; 
which at this altitude is 11 ft above absolute zero; consequently 
a pressure rise of the instantaneous type due to water-column 
separation will not occur if surge tank is omitted. 

The rate of closing and opening of the butterfly discharge valve 
has been decreased from that given in the paper. The water- 
hammer studies have been based on a closing cycle of the first 
75 per cent of angular movement in 12 sec and the final 25 per 
cent of movement in 30 see or 42 sec for the complete 90 deg of 
movement. The opening cycle is made the exact reverse of this 
to minimize complications in the control apparatus. These 
opening and closing cycles apply to all conditions of operation, 
both normal and emergency. 

The author wishes to thank the discussers of this paper and 
appreciates the additional information and details of the tests 
and of the final design conveyed therein. The hydraulic prob- 
lems studied in the design of a large pumping plant, such as the 
Granby installation, are many and varied and the p-esent paper 
has attempted to outline briefly some of the more unusual ones. 
It may be mentioned in closing that the studies made in connec- 
tion with the operation of the unit as affected by the long dis- 
charge line and siphon have been of great value in connection 
with the designs for the Grand Coulee and Tracy pumping plants, 
which are many times larger than the Granby plant, having pump 
motors rated at 65,000 hp and 22,500 hp respectively, in con- 
trast with the 6000 hp Granby motor. 
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An Analysis of the Dynamic Forces in a 
Cam-Driven System 


By JOHN A. HRONES,! CAMBRIDGE, MASS. 


The influence of the mass, elasticity, and damping of a 
cam-driven system upon the magnitude and character 
of the forces imposed upon the cam are analyzed and dis- 
cussed from a general viewpoint. Actual solutions for the 
force-displacement characteristics of three widely used 
cam contours are carried out. 


HE cam is an important machine element, widely applied 

in machines of varied types. In Fig. 1 the basic com- 

ponents of the cafn-follower mechanism are shown. The 
cam A rotates about a fixed axis at constant angular velocity. 
A follower B, is forced to move in conformance with the shape 
of the cam with which it is always in mechanical contact. The 
function of the cam is to cause the follower to cyclically move 
through the distance Z and to return to its initial position. In 
many cases the type of motion used to produce the desired am- 
plitude of motion of the follower is unimportant in terms of the 


desired output displacement, but in almost all cases the time . 


function of z employed plays a tremendously important role in 
the resulting forces produced and therefore greatly influences the 
life, smoothness of operation, and the permissible operating speed 
of the machine. 

In order to obtain the analytical results with which the be- 
havior of the cam-follower mechanism may be predicted, it is 
necessary to develop the geometric and kinematic properties of 
the system for a desired follower motion. 

A list of symbols used in the paper is given on page 481. 

In this paper the following assumptions will be made: 

1 The follower is positively driven by the cam. 

2 No backlash exists in the system. 

3 The driven output mass is large compared to the other 
moving components of the cam-driven system. 

4 Thecam rotates at constant angular speed. 

5 The cam contour is not changed by the forces which act 
upon it. 

6 Coulomb friction may be combined with viscous friction 
and the combined effects represented by an equivalent viscous 
damping. 

Let z = ¢(t) be the desired follower motion for one half cycle 


Then the radius vector from the center of rotation to the center 
of the follower roller at any time ¢ is 


r = [(yo + 2y)* + 20*]'/* (See Fig 2).......... [2] 
where r = radius vector, in. 
Yo = y co-ordinate to initial follower position, in. 


Z = zco-ordinate to line of motion of follower, in. 
R = radius of base circle, in. 


1 Associate Professor, Mechanical Engineering, Massachusetts 
Institute of Technology. Mem. ASME. 

Contributed by the Machine Design Division and presented at 
the Annual Meeting, Atlantic City, N. J., December 1-5, 1947, of 
THE AMERICAN SocreTy oF MECHANICAL ENGINEERS, 

Note: Statements and opinions advanced in papers are to be 
understood as individual expressions of their authors and not those of 
the Society. Paper No. 47—A-46. 
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Fic. 1 Bastc CaM-FoLLoweR MECHANISM 


PATH OF FOLLOWER 


BASE CIRCLE 


PITCH LINE OF CAM 


Fig. 2 


Expanding Equation [2] and observing that R? = yo? + zo? the 
value of ris 


r = [R® + yor, + 
The angular position of the cam (6) is given by 
6 = wtradius (w = constant)............ 


Therefore the function z, may be rewritten as 


: 
8 
| 
4 
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The first time derivative of Equation [3] is 
dr _ydy 
dt r at 
in terms of @ 
dr _ydy 
de =r dé 
DETERMINATION OF PRESSURE ANGLE 


Referring to Fig. 2, the pressure angle (¢) is given by the fol- 
lowing relationship 


tan — tan 
1 + tan y; tan v 


tang = 


From Fig. 3 


Fia. 3 


By substitution of Equations [11] and [12] in Equation [10], 
we have 


dy 
6 — zr? 
tan 
— 


By setting the derivative of tan ¢ with respect to @ equal to 
zero, the values of @ at which the pressure angle becomes a maxi- 
mum may be determined (Equation [13a]) 


d 
ge ¢) = 


dy 4 4 dy 4 dy 4 
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Set Equation [13] equal to zero 


dx, dx, diy 
y*Zo ( (y* — zo4) ( + zor 

+ ( 

Because of the complexity of Equation [13a] it is often more 

convenient to plot ¢ against @ using Equation [12] and to deter- 


mine maximum values of the pressure angle from this plot. The 
maximum values of ¢ may, in general, be graphically obtained 


. from the cam layout. 


PROPERTIES OF THE COMBINED FoLLOWER-OuTPUT MEMBER 
SYSTEM 


The motion of the cam follower is used to impart motion to an 
output of finite mass. The follower may drive the output mem- 


| 
+. 


Fie. 4 Cam-Driven System 


ber directly or more commonly through a system of gears and 
levérs. The follower is coupled to the output member by a 
relatively low mass, low inertia, and, in general, relatively stiff 
system. Fig. 4 shows a possible arrangement of such a system. 
This system is chosen as one of many to illustrate the text. It 
will be observed that it in no way limits the applicability of the 
method to other systems. Generally the mass of the output 
member is very large relative to the follower and the components 
of the coupling system. Thus no appreciable error results by 
assuming the mass of all other elements of the system to be zero. 


Equivalent System Stiffness 

The equivalent system stiffness, K, is defined as the force 
required to deflect the follower one inch if the output member 
is rigidly held, the force being applied at the center of the roller 
and along the line of motion of the follower. 


Equivalent Mass of Driven Member 

M is the equivalent mass of the driven member referred to the 
displacement z. Its value in any given system is readily found 
by tracing the inertia force or torque back through the coupling 
system to the reciprocating motion z. 

To illustrate the procedure, the system shown in Fig. 4 will be 
treated in detail. Isolate the driven member (see Fig. 5). The 


Jd 
resultant torque acting upon it is = 


losses and mass of the coupling system, the power developed at 
D must be equal to that existing simultaneously at C. 


. Neglecting friction 


a 
' 
dr 
. 
z 
pa 2 
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but 
6, dé, 
=n 
dt dt 
T, = nV 
(“*) 
also 
2 
n 
dt? 
therefore 


The system shown in Fig. 6 is therefore dynamically equivalent 


to the actual system providing M and K bear the values indi- 


cated in the foregoing. 

The force transmitted to the follower is the sum of the force 
developed in the equivalent spring K and the dashpot force. 
To determine the maximum cam load, it is therefore necessary 
to find this force as a function of the time for a given follower dis- 
placement zy = 9(t). 


ForcEs ON THE CAM FOLLOWER 


The solid lines in Fig. 7 show the equivalent mass M and the 
follower at rest at the time ¢ = 0. At some time ¢ the positions 
are as indicated by the dotted outlines. 

A summation of the forces acting on mass V yields the follow- 
ing result 


dy - dx day, dx 
M — K = 0 


or 


dx dx, 
M de + (b+ ¢) dt + Kz =b + Kr [14] 


Where 6 is the equivalent viscous-damping factor between the 
follower and the output mass and c is the equivalent viscous- 
damping factor between the output mass and the frame. It is 
here assumed that the effect of static and viscous friction may be 
lumped together with sufficient accuracy and expressed in terms 
of viscous damping. 


475 


If Equation [14] is divided by M, the following result is ob- 
tained 


dz dx dy 
+ 2(¢ + + wc = a + [15] 


where 


K 
o, = (*) = undamped natural frequency of output mass 


= damping ratio (follower) 


= damping ratio (frame) 
2\/KM 


Now, if Equation [15] is divided by w?, and a change of variable 
introduced, the following simplified relation results 


+ + + = WDay + ........ [16] 


d(w,t) dt 


Equation [16] is a linear differential equation of second order 
with constant coefticients which upon solution will give the dis- 
placement of the output mass for any follower motion. 

In operational form Equation [16] may be written 


| + 1 ] 
g 

D? + 2¢ + §,)D + 1 
de _ [ w,D(2¢D + 1) ] [18] 


The component of force acting on the cam follower in the 
z direction is 


where 


F = K(e—z) + »(4-%) [19] 
cx 

K (x-x4)¥ | b (x- 


+. 


Fie. 7 


Fic. 6 EQuivaLENT SysTeM 


ig 
| 
b 
| 
‘ 
| 
16 19, | 
dt dt?) dt 
: 
r 
4 
kK 
= + 


Substituting Equations [17] and [18] into Equation [19], we 
have 

1 

fe 

D+ 24¢+¢.) D+1 


F = w,bD 


Equation [20] is a general expression in operational form of 
the force on the cam follower. 
This may be reduced to the following form 


D+ fe 
Pat [21] 
2 
or 
F + + + 2%.) dey, 
M | Jao 


The choice of a suitable follower acceleration-time charac- 
teristic is of great importance. A number of different functions 
are used. A few of the more widely used cam contours follow: 


1 Constant Acceleration or Gravity Cam. A cam which pro- 
duces a follower motion 


2 Harmonic Displacement Cam. A cam which produces a 
follower motion 


3 Cycloidal Cam. A cam which produces a follower motion 


5 sin [25] 


The velocity and acceleration characteristics of the follower 
for the foregoing displacement functions are shown in Table 1. 
Displacement, velocity, and acceleration curves of the fol- 
lower are plotted in Figs. 8 and 9. 

The follower of the constant acceleration cam has the lowest 
peak acceleration but starts off with a finite acceleration which 
remains constant until half lift position is reached where it sud- 
denly changes to the same negative value. A sudden change 
back to zero acceleration occurs at full lift position. 

The acceleration of the follower of the harmonic displacement 
cam starts off with its peak value and changes continuously 
passing through zero at half lift. At full lift, the acceleration 
undergoes a sudden change from its peak negative value to zero. 
The acceleration of the cycloidal cam changes continually from 
zero at the start of lift to zero at full lift exhibiting no sudden 
changes. Its peak value is higher than each of the peaks of the 
previously discussed cam contours. 


DETERMINATION OF CAM ForcEs FOR SPECIFIC CAM CONTOUR 


If the foregoing follower motions are inserted in Equations [18] 


Type of cam Displacement 
Constant acceleration = 2 Gy 
io di 
Harmonic L 5 [1 cos 
Cycloidal L [ 
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Fic. 9 AcCELERATION CHARACTERISTICS OF CaM FoLLOWER 
and [19], the solution of the resulting differential equations 
may readily be obtained. The results follow: 


For constant acceleration cam + 


dz, 


2 
a, = 4L (“) 
0 


Substituting in Equation [22] gives the following result 


TABLE 1 FOLLOWER CHARACTERISTICS 


Velocity Acceleration 
Tuy 0? (wy)? 
yf as 1 fr\? «0 
Loy ~ 20°" ron 
= [1 — af sin 
Loy 90 L(wg)* 60 


wl 


F 


° 
i 
2 
aa 
a— 
| 
| 
at at? 
7 


HRONES—ANALYSIS OF DYNAMIC FORCES IN A CAM-DRIVEN SYSTEM 


+ + 1)D + 2%. 
Ma, + A¢+ +1 


For harmonic displacement cam 


dt TW 


L 
a, = —| — 


By substituting in Equation [22] we have 


where 


_ & + + + 2.) 
where 
p= — 
Wy 


For cycloidal cam 
where 


By substituting in Equation [22] the following results 


Ma, D?+2¢+¢,) D+1 


Solutions to Equations [26], [27], and [28] have been carried 
out on the differential analyzer at M.I.T. for a selected number 
of values of the system constants shown in Tables 2, 3, and 4. 
The results are plotted in Figs 10 to 15 inclusive. 

The ratio of the force on the cam along the center line of the 
follower to the product of the equivalent output mass and the 
maximum acceleration of the follower is plotted against the ratio 
of cam displacement to the cam displacement required to pro- 
duce full lift. This product, Ma, is the maximum value F would 
reach if the motion of the equivalent mass.was the same as the 
cam follower. This ratio is therefore a measure of the cam force 
amplification resulting from the spring-dashpot coupling between 
the cam follower and the output. In each case the follower 
motion plotted occurs between two dwell periods. 


Discussion OF RESULTS 


With no damping present the force F oscillates at the natural 
frequency (w,). In the case of the gravity cam the peak value of 


the ratio _ during the first half of the follower motion is equal 
a 


‘to two. Immediately after mid-position where the follower 
acceleration suddenly changes from a positive value to a negative 
one of equal magnitude a peak force ratio of three is reached. 
See Fig. 13. 

With a harmonic follower motion an oscillation of the same 
frequency occurs with a peak value of two. See Fig. 14. 

With the cycloidal follower motion an oscillation of the same 
frequency but of much smaller amplitude occurs. The peak 
value of the force ratio is 1.06. See Fig. 15. 

As the damping ratio ¢, (damping between output mass and the 
frame) is increased the transient oscillation decreases rapidly 
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TABLE 2 GRAVITY CAM 
Run B fe 
1 0.02 0.1 0.1 +> 
2 0.02 0.1 0.3 
3 0.02 0.1 0.5 > 
4 0.02 0.1 0.7 > 
5 0.02 0.1 1.0 > 
TABLE 3 HARMONIC CAM 
Run B fe 60 
1 0.02 0 0 
2 0.01 0 0 > 
3 0.01 0.05 0.05 = 
4 0.01 0.05 0.1 > 
5 0.01 0.05 0.2 > 
6 0.01 0.05 0.3 > 
7 0.01 0.05 0.5 > 
8 0.01 0.05 0.7 -¥ 
TABLE 4 CYCLOIDAL CAM 
Run B fe 60 
0.01 0.05 0 > 
2 0.01 0.05 0.05 > 
3 0.01 0.05 0.1 > 
4 0.01 0.05 0.2 > 
5 0.01 0.05 0.3 > 
6 0.01 0.05 0.5 > 
7 0.01 0.05 0.7 > 
TABLE 5 
TYPE fe Ma, 
3 
16. 
GRAVITY 
0.7 36.5 
0.9 45.5 
0 2.472 
05 4.32 
0.1 11.1 
HARMONIC 0.2 16.7, 
0.3 24.7 
0.5 41.4 
0.7 58.1 
0 1.726 
.05 6.28 
0.1 11.0 
CYCLOIDAL 0.2 21.2 
0.3 31.8 
0.5 52.5 
0.7 72.9 
@ Obtained by multipiying values in Fig. 11 by 1.236. 
6 Obtained by multiplying values in Fig. 12 by 1.57. 


but the peak force increases rapidly with damping ratio as shown 
in Table 5. For damping ratios ({,) greater than 0.1 with cy- 
cloidal follower motion no force reversal occurs. For the har- 
monic and gravity cams a very slight force reversal takes place 
near the end of the travel for values of ¢, equal to or greater than 
0.1. This is because of the fact that the damping forces are now 
large relative to the inertia forces. As the damping ratio in- 
creases the general shape of the force-time curve approaches tbe 


w,t...... (26) 
‘ 
dx, 60a, 270 
1 — cos — 
Sy 
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Fie. 10 Ratio or Axrtat Cam Force To THE Propuct oF DRIVEN 
Mass anp MaximuM FoLLowerR ACCELERATION VERSUS THE Ratio 
or Cam DISPLACEMENT TO THE CaM DISPLACEMENT REQUIRED TO 
Propuce Fut. Lirr 
(Constant acceleration follower motion.) 


Fic. 12) Ratio or Axtat Cam Force To THE PRODUCT OF THE 
DrivEN Mass AND THE MaxiIMuM FOLLOWER ACCELERATION VERSUS 
THE Ratio oF CaM DISPLACEMENT TO CAM DisPLACEMENT RE- 
QUIRED FOR Lirtr 
(Cycloidal follower displacement.) 


; 


Fig. 14 Ratio or Cam Force To THE PrRopuctT or DriveN 
Mass anD MaximuM Fo_LowerR ACCELERATION VERSUS THE RaTIO 
or Cam DISPLACEMENT TO THE CAM DISPLACEMENT REQUIRED TO 
Propwuce Lirr 
(Harmonic follower displacement.) 
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Fic. 11, Ratio or Axiant Cam Force To THE PRopuctT or Driven 
Mass anp Maximum AccELERATION VERSUS THE RATIO 
or Cam DisPLACEMENT TO THE CAM DISPLACEMENT REQUIRED TO 
Propuce Lirtr 
(Harmonic follower displacement.) 


Fie. 13° Ratio or AxtaL Cam Force TO THE PRopucT or DriIvEN 
Mass AND MaximuM Fo_LLOWER ACCELERATION VERSUS THE Ratio 
or CaM DtsPpLACEMENT TO THE CAM DISPLACEMENT REQUIRED TO 
Propuce Futt Lirt. 
(Constant acceleration follower motion.) 


Fig. 15 Ratio or AxtaL Cam Force TO THE PRODUCT OF THE 
Driven Mass AND THE MaximuM FOLLOWER ACCELERATION VERSUS 
THE Ratio or Cam DISPLACEMENT TO THE CaM DISPLACEMENT 
REQUIRED FOR FULL Lirt 
(Cycloidal follower displacement.) 
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shape of the velocity-time curves of the cam follower. Values 


of — were arbitrarily chosen and the results are shown for two 
Wy 


values of 8. Normally the natural frequency of the driven 
system is high relative to the frequency of rotation of the cam. 
Therefore ratios of 8 = 0.01 and 0.02 were used. The effect of 
changing values of 8 in the range of low values of 8 is shown in 
Fig. 11. In comparing the plotted results it should be remem- 


@,. . 
hered that — is equal to 1.57 and — is equal to 1.24. 
a, a, 

The use of a cam contour of the eycloidal type produces the 
following desirable results at low damping ratios: 


1 A lower peak force along the axis of the cam follower. 

2 The amplitude of the transient force variation taking place 
at the natural frequency of the driven system is much smaller 
than that produced by the other two cam contours. This should 
result in longer life of the cam surface and other elements of the 


machine. It should yield quieter as well as smoother ma- 
chine performance. Operation at increased speeds should be 
possible. 


The maximum value of the pressure angle is greater for the 
cycloidal cam than for the other contours discussed if all other 
dimensions are held fixed and only the contour changed. How- 
ever, at low values of damping ratio the maximum pressure angle 
occurs at nearly zero force ratio with a cycloidal cam. In the 
gravity cam the maximum pressure angle occurs at nearly maxi- 
mum values of the force ratio. 

In order to produce a cycloidal follower motion the accuracy 
to which the cam contour must be held is very high. An error of 
a few ten thousandths of an inch in the initial or final stages of the 
rise will seriously affect the system performance. This is also 
true in the case of gear action. In recent years a tremendous 
improvement in gear performance has resulted from the recogni- 
tion of need for holding tooth contours within very close limits. 
A great improvement in cam operation will result when the im- 
portance of close tolerances is fully recognized and production 
methods used to yield the desired accuracy. 

It is well to point out that the cycloidal follower displacement 
does not necessarily represent an optimum solution to the cam 
problem. However, it does offer an opportunity for tremendous 
improvement in dynamic performance over that obtained by 
either the gravity or harmonic displacement type cams. A dy- 
namic analysis of the results produced by any other cam contour 
can be carried out by the methods outlined in this paper. The 
idealized treatment used in the foregoing has omitted the influ- 
ence of a number of important factors (see list of assumptions) 
which it is believed may be introduced in future work. 
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Discussion 


W. M. Duptey.?. The writer does not recognize the type of 
machine shown in Fig. 4. Is it part of some textile machinery? 
The writer’s work has been concerned largely with valve cams for 
aircraft and automotive engines. In comparing with Fig. 6 of 
the paper, the valve system could be represented by removing the 
two dashpots and replacing dashpot C by the valve springs. In 
the work at Thompson Products, we recorded a large number of 
actual motions with a Western Electric Fastax camera. These 


° Associate Director, Engineering Research Department, Standard 
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were compared with the theoretical solutions for the motion of the 
valve, and we found slight evidence of appreciable amounts of 
damping. By contrast with Equations [17] and [18] of the paper, 
we found the motions of the valve mass by using an equation by 
Timoshenko.* This was changed from an integral to a sum- 
mation with short time intervals which is the only practical pro- 
cedure on the usual cams which consist of various curves fitted 
together. We found very good agreement between theoretical 
and actual valve motions. 

The paper does not state specifically the relation between the 
natural frequency of the driven system and the cam cycle. From 
the data in the tables and also the plotted results, it appears 
that the natural frequency was about 16 times the applied fre- 
quency. This pleasant situation does not exist in valve mecha- 
nisms where the ratio at top engine speeds cannot be made more 
than about 8 without overstressing the springs. Also, it is possible 
in some cases to detect force reflections due to the mass of the 
spring itself. In other words, the, spring behaves as a bar with 
distributed mass rather than a simple linear assumption. The 
writer advocates designing cams by specifying first the motion 
of the follower and then using the differential equation to find 
the cam profile itself. The latter is not a simple curve as it is re- 
quired to meet six or seven boundary conditions. In general, no 
simple curve such as a cycloid or a parabola will give satisfactory 
performance in a valve mechanism. Likewise, the usual process 
of assembling pieces of different curves will never operate well 
at high speeds. 

The writer concurs in the statement that greater accuracy is 
required in machining cams. We designed several experimentai 
cams for automotive and radial aircraft engines and found diffi- 
culty in getting the cams made accurately, owing to the fact that 
the grinding machines use master cams or followers of a different 
diameter, grinding wheels of variable radius, ete. It is not too 
difficult to correct for such conditions, but the companies had 
never done it. Our cams produced very good results at high 
speeds in so far as valve motion was concerned. However, the 
cam has such a vital effect on engine performance in various ways 
that dynamic action is only part of the problem. Some years 
probably will be required to obtain valve cams which are satisfac- 
tory in all respects. 

An amusing incident is recalled in which we had spent $1500 
making an experimental valve cam. When it arrived we laid 
it on top of the conventional cam and the differences appeared 
very slight. The boss looked it over with great suspicion. For- 
tunately, however, the functional cam design operated quietly 
and with a limiting speed of about 600 or 700 rpm above the old 
cam. We did not have the advantage of differential analyzers 
but were able to get along very well using IBM machines to per- 
form the calculations with punched cards. 

Aside from the present paper and one by the writer‘ the 
only other paper to his knowledge, in which flexibility of the fol- 
lower system is discussed, is one by Olmstead and Taylor. 
They do not consider any damping in the system and confine 
their attention to cases of determining the motion of the follower 
for a given cam. 


W. F. Huck.® Satisfactory operation of high-speed automatic 
machinery requires properly designed and accurately produced 


3 “Vibration Problems in Engineering,’’ by S. Timoshenko, second 
edition, D. Van Nostrand Company, Inc., New York, N. Y., 1937, 
Equation [48], p. 104. 

4*‘New Methods in Valve Cam Design,” by W. M. Dudley, 
Quarterly Transactions, Society of Automotive Engineers, vol. 2, no. 
1, January, 1948, pp. 19-33 and 51. 

5 ‘Poppet Valve Dynamics,’’ by E. H. Olmstead and E. S. Taylor, 
Journal of the Aeronautical Sciences, vol. 6, 1938-1939, pp. 370-375. 


6 Huck Company, New York, N. Y. Mem. ASME. 
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cams and related mechanism. -Despite their importance and 
interesting possibilities in transforming rotary motion into os- 
cillatory motion of desired functional property, they have not re- 
ceived the attention of our technical schools which they deserve. 
It is therefore gratifying to see the present author’s broad mathe- 
matical approach to cams. 

He has treated the “gravity,” “harmonic,” and ‘“cycloidal” 
types of acceleration/time curves. There are others which may 
be applied to advantage. 

The shock application of force that is inherent in the gravity 
curve, and the resulting oscillations are illustrated in Fig. 13 of 
the paper. It should be noted, however, that these oscillations 
depend upon the relative location of the point of reversal at ordi- 
nate 0.5 and the return to zero at ordinate 1.0 with respect to the 
oscillation waves.- It seems that these may have amplitudes 
approaching the value 8 or may become zero again at point 1.0. 
This variation depends upon the cam speed variation, since the 
frequency of oscillation will remain practically constant. For 
this reason the gravity cam is undesirable where high speeds 
and forces are involved. 

The harmonic curve can be used to advantage for cams that 
have no dwell. It is undesirable if used, as indicated in Fig. 14, 
because abrupt application and cessation of acceleration force 
at the end and the beginning of dwells induce high-value oscilla- 
tions also. 

The more gradual application of acceleration force, in accord- 
ance with the cycloidal curve, results in greatly reduced oscilla- 
tions, as shown in Fig. 15 of the paper. The writer has used 
cams based on these curves since 1932, with excellent results. 
Design standards were prepared for the following: 


1 Cams with dwell at both ends of each stroke. They have an 
acceleration in form of a sine curve from zero to 2z, as illustrated 
in Fig. 9 of the paper. 

2 Cams with dwell on one end of each stroke. They have 
an acceleration in form of a sine curve from zero to 3/2 x with a 
constant acceleration to connect to a sine eurve from °/s x to zero 
acceleration for the return stroke, Fig. 16 of this discussion. 

3 Cams without dwell. These have continuous accelerations 
in form of reversing sine curves connecting the alternatingly 
positive and negative constant portions. 

Fig. 16 herewith indicates how velocity and displacement 
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curves are improved by the combination of cycloidal and constant 
acceleration. It results in more efficient cam dimensions for 
cams having reversing without dwell. 

The curves, Figs. 10, 11, and 12 of the paper, seem to be ob- 
tained through the differential analyzer. For ¢ = 0 the curves 
are the same as in Figs. 13, 14, and 15, respectively, but in a 
different scale. For ¢ values greater than zero the indicated 
accelerations not only become entirely positive but also reach 
over 45 times the basic acceleration rates. The writer cannot 
visualize a practical application where this would be possible. 
Furthermore, with the acceleration thus increased and remaining 
positive throughout, the maximum velocity would be attained at 
the ordinate 1.0. This means that the fluid friction of the illus- 
trated hydraulic dashpot c in Fig. 6 would have to be such that it 
will retard the mass M during the stroke in exactly the correct 
value to have its acceleration, and velocity, become zero at the 
ordinate 1.0. The mass would have to be small in proportion to 
the fluid friction of ¢ to make this possible. Because this is a 
rather unusual case the writer would like to see development of 
similar curves with damping based upon proportions of mass and 
damping encountered in practical applications. 

The writer hopes that the subject of cams becomes an integral 
part of the curriculum of mechanical engineering and_ believes 
that the author has made an encouraging start. 


G. J. TaLBourpDET.’? In the past, many attempts have been 
made to obtain a better understanding of the factors involved 
in designing cams to give to a follower a definite motion under 
various speed and load conditions. Anyone connected with 
this particular branch of machine design knows from experience 
that the problem is extremely complex. It may then be of value 
in the following discussion to state what may appear to be rela- 
tively simple objectives: 


1 Definite motion of the driven mass. ; 

2 Smoothness of operation with minimum noise and vibration. 

3 Ability of cam and roll contacting surfaces to withstand 
the imposed dynamic loads. 


It is a well-known fact that cam-driven mechanisms possess 
flexibility which cannot be matched by any link mechanism. 
On the other hand, the limitations of cam-driven systems _re- 
garding speed and loads are a barrier to their general use. 

The present paper is therefore of extreme interest, not only 
because of its excellent analytical treatment and method of attack 
but also for its findings, which should excite our interest and prod 
us to further study and to evaluate some of the factors influencing 
cam design to obtain optimum results. 

In a treatise of this nature, some assumptions must necessarily 
be introduced to make it susceptible to a mathematical analysis. 
While the assumptions mentioned in the paper are well taken, it 
has been the experience of several engineers of our research divi- 
sion that the finish of cam and roll surfaces has also a definite 
influence upon the acceleration imparted to a follower. This 
has been further substantiated by oscillograms of the action of a 
fine-ground steel roll against milled and fine-ground cylindrical 
surfaces. 

Another factor of great importance is the effect of the applied 
load upon the smoothness of operation of the cam-driven mecha- 
nism. We have found that the application of external forces 
on the drivén mass during the decelerating period tends to re- 
duce and sometimes eliminate the reversal of the forces acting on 
the cam surface. We feel therefore that surface finish and ap- 
plied loads should also be considered in designing cams. 

For many years we have been engaged in determining from 

7 Mechanical Engineer, Research Division, United Shoe Machinery 
Corporation, Beverley, Mass. Mem. ASME. 
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tests the surface-endurance limits of materials for cams to en- 
able us to calculate the safe load-carrying capacity of cam sur- 
faces, and it may be mentioned that the results of these tests have 
been invaluable in cam design. However, we are in the dark 
regarding the extent of the dynamic forces imposed on the surfaces 
of cams imparting to followers some well-known motions such 
as gravity, harmonic, and cycloidal, or any combination of these 
motions, although in some few cases we have been able, from 
the extent of the surface failure of a cam track and the number of 
repeated stresses, to obtain some indication of the critical dy- 
namic loads imposed on the surface and to select a cam material 
to withstand these loads. : 

As early as 1930 we realized the possibilities of the cycloidal 
cam and also of the combination of harmonic acceleration and 
cycloidal deceleration, because we felt that the critical action 
between cam and roll occurs at or soon after the crossover, i.e., 
when the follower tends to continue its motion at maximum 
velocity, while the cam tends to constrain that motion. In that 
region the roll is urged by the energy stored in the follower and 
driven mass to leave the cam surface, with the result that when 
roll and cam contact again, they do so with an impact whose 
force may be several times that of the product of the driven mass 
and the deceleration of the follower. Our efforts have been 
directed to minimize this impact force by using a cam curve or 
combination of curves giving to the follower a smooth crossover, 
& minimum deceleration, and a zero or near-zero deceleration at 
the end of the motion. Whenever possible, we make the driven 
mechanism do work during the decelerating period. 

The author’s findings show, however, that the dynamic forces 
acting on the cam surface are greater than the product of the 
driven mass and the acceleration of the follower by a ratio of 3 to 
1 for gravity, 2 to 1 for harmonic, and 1.06 for cycloidal cams, 
assuming no damping. These findings are worth noting because 
one of the objections raised against the use of cycloidal cams is 
that the maximum acceleration imparted to the follower is 1.57 
times that of gravity motion, while the paper claims that the 
peak force, due to the cycloidal motion, is only 55.47 per cent that 
of gravity motion, assuming equal lift and angle of action. 
Furthermore, the vibratory forces at the end of the motion of the 
cycloidal cam follower are only a fraction of those due to the 
gravity and harmonic motions. These findings check with our 
experience with cycloidal cams which, in several speed applica- 
tions, have resulted in minimum noise and vibration as well as 
longer life, compared to gravity and even harmonic cam curves. 
We hope in the future to be able to substantiate by tests the 
analytical results of the author. 

We also realize that for similar lifts and angles of action, the 
differences between the co-ordinates of gravity, harmonic, and 
cycloidal cam curves at the initial and final stages of the lift are 
extremely small and very often a matter of a few ten thousandths 
of an inch. It requires accurate conditions of manufacture with 
optimum rigidity of work and cutting tool. Here again, the 
surface finish is an important factor which may influence appre- 
ciably the dynamic forces on the cam surface. 

Since one of the objectives in cam design is to eliminate the re- 
versal of forces on the cam surface, the effects of introducing a 
damping action between driven mass and frame, as shown in 
Figs. 10, 11, and 12 of the paper, are of great interest. However, 
it remains to be seen what practical value such damping would 
have on the life of the cam because it appears that, to avoid 
force reversal, the damping forces must be many times that of the 
product of the driven mass and the acceleration of the follower. 
Under such conditions, the loads imposed on the cam surface may 
be in excess of the load capacity of the surface and seriously affect 
the useful life of the cam. Some possibilities may, nevertheless, 


be worth investigating, such as the use of low damping ratios 
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0.05 or less, which may be sufficient, especially in conjunction 
with cycloidal follower motion to reduce to a safe value the peak 
load on the cam surface, while at the same time eliminating the 
force reversal so detrimental to the smoothness of operation and 
life of cam-driven mechanisms. 


AUTHOR’s CLOSURE 
In response to several requests a list of symbols used in the 
paper is given below. 
List or SymBots Usep 


r = distance from center of rotation 


of cam to center of roller follower in. 
R = radius of base circle of cam in. 
yo, Z) = y and Z co-ordinates of r when 
follower is in its lowest position in. 
zy = displacement of cam follower in. 
6 = angular displacement of cam rad 
4, = angular displacement of cam re- 
quired to produce full travel of 
follower rad 
(. = = = angular velocity of cam rad/sec 
¢ = pressure angle rad 
w; = angular velocity of driven table rad/sec 
we = angular velocity of pinion “‘c”’ rad/sec 
T. = torque driving pinion ‘‘c”’ in-lb 
wd 
n = — = speed ratio 
We 
re = pitch radius of pinion ‘“‘c’”’ in. 
J = moment of inertia of driventable db in. sec? 
M = equivalent mass of driven table 
referred to cam follower displace- 
ment Ib sec?/in. 
= displacement of equivalent mass in. 


o> 


= viscous-damping coefficient 
(equivalent mass to cam fol- 
lower) 

c = viscous-damping coefficient 


Ib sec/ rad 


(equivalent mass to frame) lb see/rad 
K = equivalent system stiffness lb per in. 
¢ = damping ratio (equivalent mass 
to follower) 
¢. = damping ratio (equivalent mass 
to frame) 
on =F natural undamped angular fre- 
quency of driven system rad per sec 
1\d 
D = operator D = (2) — 1/rad 
dt 
F = component of force on cam sur- 
face in direction of zy Ib 
L = cam lift in. 
dzyz 
da velocity of follower in per sec 
d 
a = oe acceleration of follower in per sec? 


2 
a, = 4L (2) maximum follower acceleration 


(gravity cam) 
a, maximum followed acbeleration 
(harmonic displacement cam) 
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a, = maximum follower acceleration 
(cycloidal displacement cam) in per sec? 
Wy Wn 

The stimulating discussion to this paper indicates wide recog- 
nition of the dynamic problems involved in high-speed cam 
operation. The general problem to which the schematic system 
shown in Fig. 4 refers is that of the cam indexing of a mass 
which is elastically connected to a cam follower. A large num- 
ber of operations on a wide variety of automatic machines are 
also characterized by a similar dynamic system. Normally the 
speed of rotation of the cam is slow compared to that of the 
camshaft of an internal-combustion engine. Values of 50 to 200 
rpm are common. Values over 1000 rpm are rare. The ratios 
of forced frequency to natural frequency discussed in this paper 
were therefore restricted to small quantities. As Mr. Dudley 
indicates the valve-cam problem involves in general higher speeds, 
lower driven mass, and a gas-flow problem not considered in this 
paper, but dealt with at some length by Mr. Dudley.* 

As Mr. Huck indicates, the use of a harmonic displacement cam 
in cases where no dwell exists is justified because of the absence 
of transient disturbances. The suggested modification of the 
cycloidal displacement cam for a single dwell is permissible and 
should give excellent dynamic performance. Mr. Huck states 
that “the indicated accelerations ...... reach over 45 times 
the basic acceleration rates.’’ This is not correct. Figs. 13, 14, 
15 show that the axial cam force at high damping values becomes 
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very large compared to the product of mass and follower ac- 
celeration. Reference to Equations [14] and [19] will give the 
following relationship for the force F 


At high values of damping the second term becomes very large 
while at low values of c the second term is very small. Thus at 
very low damping levels the force versus time plot reveals an 
oscillation about the follower acceleration - time plot. At high 
damping values the force versus time plot is of the same char- 
acter as the follower velocity-time plot. In actual practice 
damping ratios of the order of 0.01 to 0.05 are common. Higher 
values were studied to explore the possibility of avoiding force 
reversals. 

Mr. Talbourdet’s comments which reflect his long experience 
with and able contributions to the use of cams in automatic 
machinery are well taken. Surface finish and accuracy of con- 
tour are vitally important. With respect to surface finish the 
writer feels that real steps forward in this direction rest upon a 
better understanding of the friction phenomenon than we now 
have together with a more rigorous method of measuring surface 
finish. The effect of introducing an applied load to the system 
can be analyzed by the methods of this paper. Its influence 
would depend upon the character of such an applied load. 

The author wishes to thank those whose discussions have con- 
tributed so much to the original paper. Preliminary tests on an 
actual system appear to substantiate the results herein presented. 
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Curvature-Acceleration Relations 
for Plane Cams 


By M. L. BAXTER, JR,! ROCHESTER, N. Y. 


This paper discusses cam curvature as an important 
limitation in cam design, and presents formulas not pre- 
viously published for obtaining this curvature. Flat and 
circular followers are considered for both translational and 
rotational follower motion. Constructions for obtaining 
the center of curvature by graphical means are also given. 
The formulas are listed early in the paper in convenient 
tabular form for reference purposes, followed by detailed 
discussion and derivations. 


NOMENCLATURE 


The following nomenclature is used in the paper: 


Translational Motion: 


p = radius of curvature of cam at point of contact 
pe’ = for a circular follower: radius of curvature of 
path of follower center 

b = for a circular follower: distance from cam cen- 
ter to center of follower, in direction of motion 

for a flat follower: distance from cam center 
to follower surface 

r = foracircular follower: radius of follower 

for a circular follower: offset of follower path 
from cam center 

\ = pressure angle, as defined later 

cam rotation in general 


2 
ll 


x = — = distance proportional to instantaneous follower 
velocity 


y = — = — = distance proportional to instantaneous follower 
acceleration 


Rotational Motion: 


p = radius of curvature of cam at point of contact 
p’ for a circular follower; radius of curvature of 
path of follower center _ 
for flat follower: radius of curvature of cam 
where follower surface contains turning cen- 
ter of follower 
center distance between turning center of cam 
and turning center of follower 
for a circular follower: distance from turning 
center of follower to center of follower 
for a circular follower: radius of follower 
for a flat follower: offset of follower surface 
from turning center of follower 
for a circular follower: angle between line of 
centers and center line of follower 
for a flat follower: angle between line of cen- 
ters and follower surface 


L= 


' Mechanical Engineer, Gleason Works. Jun. ASME. 
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\ = pressure angle 
6 = cam rotation in general 
d 
x = > = quantity proportional to instantaneous fol- 
lower velocity 
Y= quantity proportional to instantaneous fol- 
a 


lower acceleration 


INTRODUCTION 


One of the more common problems facing a machine designer 
is that of determining the smallest cam capable of producing a 
prescribed motion; or conversely, determining what extremes of 
motion can be obtained from a cam of limited size. There are two 
criteria which provide the basis for the solution of this problem. 

The first, and best understood, is pressure angle. This term 
has been variously defined with respect to cams; in this paper 
it will always refer to the angle between the direction of force 
and the direction of (instantaneous) motion. It governs the 
amount of side thrust on the follower guides (and on the cam 
milling cutter in manufacture), and depends primarily on the 
instantaneous follower velocity. Pressure angle is discussed in 
most machine-design texts, such as Berard and Waters.? A re- 
cent article by Sanders*® presents a more detailed stiidy which is 
recommended as background material for the analysis given in 
this paper. 

The purpose of this paper is to consider the second criterion, 
cam curvature. The importance of curvature may be indicated 
by the following discussion, based on Fig. 1, which shows a 
circular follower riding on a cam. If it is desired to move the 
follower toward the cam center as rapidly as possible, starting 
at the position shown, it is apparent that the best that can be 
done is to cut the cam curve off sharply. The center of the fol- 
lower, however, does not immediately move toward the cam 
center; it proceeds about a circular path representing a finite 
limiting deceleration for the assumed dimensions. If a greater 
deceleration is required, either the 
cam size must be increased or the 
roller size decreased. We may then 
set down as a primary rule of cam 
design that the required motion must 
not produce a radius of curvature 
of the pitch curve less than the ra- 
dius of the follower. The amount 
by which this limit must be avoided 
in practice depends on the allow- 
able compressive stresses in cam 
and follower. 


2 “Elements of Machine Design,”’ by 
Ps S. J. Berard and E. O. Waters, second 
edition, D. Van Nostrand Com- 
pany, Inc., New York, N. Y., 1933. © 

3““Cam Design and Analysis for 
High Speeds and Torques,”’ by Mil- 
ton A. Sanders, Product Engineering, 
vol. 18, 1947, pp. 84-87. 
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BAXTER—CURVATURE-ACCELERATION RELATIONS FOR PLANE CAMS 


This paper presents a method of determining the cam curva- 
ture for a given set of dimensions and for all cases of follower 
motion: 


(a) Circular follower, radial translation. 
(b) Circular follower, offset translation. 
(c) Circular follower, rotation. 

(d) Flat follower, translation. 

(e) Flat follower, rotation. 


The corresponding formulas are listed in Table 1. It is be- 
lieved that those for a circular follower and for a rotating flat 
follower have never before been published. It gill be seen that 
the formulas assume a simplified form for the special case where 
the follower velocity is momentarily zero. In many instances 
this is also the point of maximum curvature. This condition is 
discussed at greater length later in this paper. 

Constructions are also given, based upon the theorem of three 
centers, for locating the center of cam curvature by geometrical 
means. 

CHARACTERISTICS OF FOLLOWER Motion 

To the order required for the determination of cam curvature 
the follower motion is sufficiently defined by the quantities z and 
y for translation and X and X for rotation. While it is unneces- 
sary to bring in the concept of time, these quantities may be re- 
lated to actual velocity and acceleration by the following equa- 
tions, where 


t = time 
do 
x =2° angular cam velocity, radians per sec 
db 
z= — 
dé 
dz db 
y= = 
de? 
dg 
x * 
de 
dx 
de? 
db 
v= o follower velocity, translation, in. per second 
a= = — = follower acceleration, translation, in. per 
dt dt? 
(second)? 
o= = follower velocity, rotation, radians per second 
a= —= = follower acceleration, rotation, radians per 
dt dt? 
(second)? 
v a 
w,? 
x = y= [2a, b] 
We We 


Where the follower motion is readily defined mathematically, 
as for constant acceleration or harmonic motion, x and y or x and 
¥ are easily obtained from this knowledge. Otherwise they 
may be easily obtained from a table of successive follower posi- 
tions such as is often required for cam manufacture. Let 


46 = 
d= 


tabular interval of cam rotation, deg 
average of first differences on each side of assumed tabular 
value, in. or deg 


d, = second difference at assumed tabular value, in. or deg 
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Then 

t= (=) y= [3a,b] 


The sign of d, is taken as positive when the follower displace- 
ment is increasing, and d, is positive when d; is increasing alge- 
braically. 


DsRIVATION OF FORMULAS 


The following nomenclature for points and lines is used in the 
derivations: 


O = center of cam rotation 

P = center of circular follower 

Q = point of contact of cam and follower 
I = instant center of relative motion 

K = center of curvature of cam 

N = contact normal 

F = turning center of rotating follower 


Primes are used to designate positions after an infinitesimal 
cam rotation dé. 

The general method employed in the derivations is simple. 
The contact normal N is first determined for the original con- 
figuration; a second position N’ is then obtained corresponding 
to an infinitesimal cam rotation d@. The intersection of these 
successive positions of the normal is the center of curvature. 

For a flat follower, the normal is located by the position of one 
of its points (the instant center J) and the knowledge that it is 
perpendicular to the follower. For a circular follower, the normal 
must contain both the instant center J and the follower center P. 


CIRCULAR FOLLOWER 


Circular Follower—Translation. Fig. 7 shows a circular fol- 
lower with center P moving along a straight path offset a dis- 
tance e from the cam center O. The instantaneous position of 
the follower is defined by the quantity 6, measured in the direc- 
tion of motion. In addition we must know the values of the 
quantities x and y which characterize the velocity and accelera- 
tion of the follower. 
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(Position of normal after infinitesimal 
displacement.) 
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The instant center J is readily located on a line perpendicular 
to the follower path and containing cam center O. To satisfy 
the requirement that cam and follower have equal velocities at J 


The normal N may now be drawn through P and J, locating the 
point of contact Q; and the pressure angle \ is seen to be given 
by the equation 


We may now consider an infinitesimal relative rotation dé; 
for convenience, we consider the cam to be the stationary member, 
see Fig. 8. Since the follower is instantaneously rotating about 
I, the displacement of P to P’ is perpendicular to the normal and 
is equal to 


PP’ = ds = P] -d@ = b sec dé 


The displacement of the instant center J is composed of two com- 
ponents. 
(a) Due to the follower acceleration, z increases an amount 


dz = y- dé 


(b) Due to the rotation dé, IJ moves vertically a distance x-dé. 
The resultant displacement of J perpendicular to the normal is 


dz = dx cos \ — z+ d@sin X 
or 
dz = (y cos \ — z sin \)d@ 


The displacement in the direction of the normal may be ignored 
as it represents only a higher-order effect. 
The new positions of P and J define the new normal N’, whose 
intersection with N is the required center of curvature K. By 
similar triangles we get 

Fic 


Then, since 


ds bsec \ de 
dz = (ycos\—zsin 
IK = p’—bsecd 


We get 
p’—bsecd ycosX\—zsind 
b sec 
Whence 
p 


An important special case is obtained when the follower ve- 
locity is zero, namely 


y 
[8] 
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The radius of curvature of the cam itself is of course 


Circular Follower—Rotation. This case is somewhat more 
complicated. Fig. 9 shows cam center O and the center of fol- 
lower rotation F separated by center distance C. The follower 
center P swings about F at a distance Z. The instantaneous 
follower position is defined by the angle 8, and the first and 
second derivatives of the follower motion are X and y. 
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Here again we first locate the instant center 7, which in this 
case lies on the line of centers at a distance from O of w 
where 


w dg 
C + = X 
Hence 
Cx 
w a—x [10] 
and 
11 
(C + w) {11] 


The normal N as before contains P and /, locating the point 
of contact Q. Solution of the triangle FPI yields the formula for 
the pressure angle \ 


L(1 — x) 
= 12 
tan \ = ctn 8 Cain B [12] 
as well as the distance 
ai C sin B 


(1 — X) cos A 


Referring to Fig. 10, we assume again an infinitesimal rotation 
dé, the cam being considered stationary. The relative rotation of 
the follower is then (d@ — d8) about instant center J, from which 


0) 
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ve 
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PK ds | 
PK = p 
p’ b b 
| 
ae Also, when the follower offset, as well as velocity, is zero 
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we obtain the displacement of point P as P[-(d@ — d8) perpen- 
dicular to normal N. Then, since (d@ — d8) = d@(1 — x) 


sin 8 


ds = C dé 


cos 


The displacement of point J is again composed of two parts, 
one of which is the increase in distance w. This is most readily 
obtained by differentiating Equation [11], whence 


where 


In addition to the displacement dw along the line of centers, I ro- 
tates an angle dé about 0, giving a linear displacement perpendicu- 
lar to the line of centers of w-dé. 
The resultant displacement perpendicular to the normal is 
dz = dw cos (8 + \) — wdé@ sin (8 + A) 


or 


vag 
= [Coos (8 + C sin (8 + 


Since PK = po’, we again obtain from similar triangles 
p’—PI az 


p ds 


Substituting equations previously obtained for PJ, dz, and ds 
we get 


1 cos X 


p C sin 8 


sin (8 + 2) 
(1 — x) 


cos (8 + t [13] 


While this constitutes a solution of the problem, we may simplify 
considerably by a transformation not given here to yield 


1 cos X 1+ 
C sin 


L cos X 
C sin 8 


[x(1 — x) sin [14] 


Furthermore, to bring out an analogy between this case and 
that of an offset translation we may make the following substi- 
tutions 

C sin B = b 
L—C cos 8 =e 


y 
L 


to obtain the following forms, which should be compared with 
Equations [5] and [6] 


y= 


b 


1 


Flat Follower—Translation. The curvature of a cam imparting 
translational motion to a flat follower has been discussed thor- 
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oughly in a recent paper by Candee;* Berard and Waters? give 
simple design formulas for determining the minimum cam size for 
a flat follower having constant acceleration or harmonic motion. 
No derivation is given here, but the formula is included in Table 1 
for completeness. 

Rotating Flat Follower. This case is similar to that of the 
rotating circular follower and somewhat simpler. Referring 
to Fig. 11, O and F are the turning centers as before, separated 


Q 
Cc 
N 
w 
I 
dz 
ly K 
Fic. 11 Swinoine Fiat Fie. 12 Swinerne Fiat 
FOLLOWER FOLLOWER 
(Position of normal after infinitesimal 
displacement.) 


by distance C. The follower consists of the line FQ, w'1>32 in 
stantaneous position is defined by the angle 8. As before 
dg 


and 


We locate the instant center J as before on the line of centers 
such that 


Cx 
(1 — x) 


The normal NV may then be drawn through J perpendicular to the 
follower, locating the contact point Q. 

After a rotation dé, the two displacement components of J are, 
as before, 


Ol = w= 


so that the resultant perpendicular to N is 


dz =|C . x 
The new normal N’, remaining. normal to the follower, makes an 
angle with the original normal N of (da—dg) = de(1 — x). 
ye may then use the triangle J7’K to obtain 
dz 
(1 — x)d@ 


‘Kinematics of Disk Cam and Flat Follower,’”’ by Allan H. 
Candee, Trans. ASME, vol. 69, 1947, pp. 709-724. 
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The radius of curvature p” of the cam is then (QI + IK), or 


or by substitution for w and rearranging 


cos [17] 


p - 2x) sin B + 


Where the follower surface is offset from its center of rotation 
F by an amount f, see Fig. 5, the radius of cam curvature is 
simply 


Point or MaximuM CURVATURE 


It is possible, by differentiating the appropriate curvature 
formula, to set up a relation between the variables for the con- 
dition of maximum curvature. In the general case such a rela- 
tion is too complicated to be of practical use, and it is far shorter 
to calculate the curvature at several points and to plot these 
results to determine the worst position. 

An analytical determination of the point of maximum curva- 
ture obviously requires an analytical expression for the follower 
motion. If we consider two of the most common follower mo- 
tions, harmonic and constant acceleration, we may obtain for the 
simpler cases considerable information as to the location of the 
critical point. 

Considering only translational follower motion, we may study 
a portion of the cam corresponding to a rotation of 0, radians. 
At both ends of this interval the follower velocity is zero; the 
follower distance decreases during the rotation from by to by. 
Under these conditions, the following rules apply for the loca- 
tion of the point of maximum curvature: 

Flat Follower. The maximum curvature always occurs where 
b = by for both harmonic and constant acceleration returns. 
In the special case of harmonic motion where 6g = 180 deg, the 
curvature is constant, the cam profile is a semicircle, and repre- 
sents the well-known case of the eccentric circle. 

Circular Follower—Constant Acceleration. Maximum curvature 
occurs for b = by when 


> 0.316 69? 
bx 


This represents the majority of cases where danger of a cusp 
exists; only where a relatively large roller is used will it be neces- 
sary to investigate other points. 

Circular Follower—Harmonic Motion. Here again the maxi- 
mum curvature usually occurs when b = by. The necessary con- 


dition is 


GEOMETRICAL CONSTRUCTIONS FOR CENTER OF CURVATURE 


The following constructions serve to locate the center of 
curvature by geometrical means. They are of great value for 
general points, but unfortunately fall down for certain dead- 
center positions. 

Detailed derivations of these constructions are not given here, 
but it may be well to indicate in a general way the method in- 
volved. We employ an extension of the familiar theorem of 
three centers to a system of five bodies: the frame, the cam, 
the follower, the contact normal, and an auxiliary body geared 
to the cam and carrying the instant center of the follower relative 
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to the cam. We locate successively the various instant centers 
of the system, arriving eventually at the instant center of the 
normal relative to the cam, which is the required center “of 
curvature. 

The constructions are shown in Figs. 13, 14, and 15. In each 
case it is first necessary to locate the instant center J. For the 
follower with straight-line motion, Fig. 13, J lies on a line OJ 
through the cam center and perpendicular to the direction of 
motion at a distance x. For a rotating follower, J is located on 
the line of centers at a distance from the cam center of 


Cx 


The contact normal may then be drawn through J, containing 
point P for a circular follower, and perpendicular to the follower 
for a flat follower. 

Just as the instant center J characterizes the velocity of the 
follower, point A characterizes its acceleration. OA is perpendicu- 
lar to OJ, and for Fig. 13, OA = y. For the rotating followers 
in Figs. 14 and 15 


Cy 


OA = a 


Fic. 13 ConstrvucTION FOR CENTER OF CURVATURE OF CAM 
(Circular follower with translational motion.) 


Fig. 14 ConsTRUCTION FOR CENTER OF CURVATURE OF CAM 
(Swinging circular follower.) 
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Pat co 


Fie. 15 ConstTRUCTION FOR CENTER OF CURVATURE OF CAM 
(Swinging flat follower.) 


While the three figures differ somewhat in appearance, we 
may see that they are really identical when we consider that in 
Fig. 13 point Bis at ~ along line JA, while the “line of centers” 
is perpendicular to the direction of motion, and in Fig. 15 point 
P is at ~ along line /Q. 

In Fig. 14 point D frequently lies at an inconvenient distance, 


in which case we draw the auxiliary line HAM parallel to P/, 


so that 
MA 
“PL H HM 
EXAMPLE 


This example indicates how these formulas may be applied 
to a simple typical design problem. A series of cams is to be 
designed, each having the same minimum radius (perhaps gov- 
erned by a hub diameter) but varying in throw from 0.4 in. to 
1.0. The follower is a 1-in-diam roller constrained to move in a 
straight path which, extended, contains the center of rotation of 
the cam. The return motion is to be of the constant-acceleration 
type, and the problem is to find the smallest angle @g which can 


be used for this return for each throw. 

The following data are given: 
Minimum cam radius, 2.0in. 


Miniseam allowable radius of curvature of cam.0.2in. (assumed) 
The values of b at the start and end of the return are 
by = Ry +r = 2.5 
by =by + T =254+T 
d*b 


Since the motion is to be constant acceleration, and y = qe 
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(b—b 1 - 92 
2 y 
in general, and 
1 1 1 2 
= 3 ( 
for the first half of the return. Hence 
—4T 
Y= [21] 


Referring to Equation [8] and considering the conditions 


when b = by 
1 
p by 


We require that p’ = r + Ar = 0.7 in. at this position. Hence 


bx 
= — 
x( 


or 


Before proceeding with calculations for obtaining @, for each 
desired throw, we may check against Equation [19] to make 
sure that the maximum cam curvature will occur at the high 


Op? = 


point. From Equation [19] we see that this is the case when the 
by — by 

quantity lis greater than 0.316. 
bx * OR? 


But from Equation [22] we have 


by + Op? 4 r+ Ar 


Computing this quantity for values of T = 1 in. and 0.4 in., 
we obtain 1.0 and 0.8, respectively, and since these exceed 0.316, 
we know the worst position is at the high point, as assumed. 

The calculations for @g, the minimum permissible return angle, 
may be tabulated as follows 


T (throw) 1.0 0.8 0.6 0.4 
by =25+T 3.5 3.3 3.1 2.9 
(x 4.0 3.714 3.429 3.143 
0.7 
4T 

On? = : 0.286 0.261 0.226 0.1755 

—1 

) 
6p, radians 0.535 0.511 0.475 0.419 
Op, deg 30.7 29.3 27.2 24.0 


In closing it should be remarked that Equation [22] will be 
found particularly useful in the preliminary stages ot design as 
an aid in arriving at proper size relationships. 
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Studies'in Boundary Lubrication—III 
The Wear of Carbon Brushes in Dry 
Atmospheres 


By W. E. CAMPBELL,! ann ROSE KOZAK? 


The dusting wear of carbon brushes is studied in dry 
nitrogen at atmospheric pressure. The effect of water, 
oxygen, and carbon dioxide on dusting wear is described, 
and the results compared with those of investigations car- 
ried out under partial vacuum conditions. No effect of 
current, up to 114 amp per sq in. is found under the condi- 
tions studied. It is shown that a highly oriented natural 
graphite specimen or an oriented graphite brush, operated 
so that the faces of the cleavage planes rub on a plane 
rotating copper surface, neither dusts nor produces wear 
on the copper surface in dry nitrogen. When operated so 
that the edges of the cleavage planes rub against the plate, 
rapid dusting wear takes place and the copper surface is 
deeply scored. The dusting rate of carbon brushes in dry 
nitrogen against several metals is given. The rate is 
shown to decrease as the hardness of the metal increases, 
the behavior of brass being exceptional. It is found to be 
zero on smooth chromium and rhodium surfaces. On 
the assumption that an adsorbed lubricant film prevents 
scoring of the plate by the edges of the graphite crystals, 
allowing them to be oriented, the results are shown to be 
consistent with recent theories of solid friction. 


INTRODUCTION 


ARLY in 1942 it was known by several of the leading 
E manufacturers of motor generators and brushes that, un- 

der the conditions prevailing at high altitudes (20,000 to 
40,000 ft), vastly accelerated wear or ‘‘dusting”’ of carbon brushes 
took place. It was also recognized that the wear was related to 
the low water content of the atmosphere at these altitudes. The 
mechanism of action of water as a wear-preventing agent was not 
understood, there was disagreement in the experimental findings 
from different sources, and no really adequate wear-preventive 
treatment had been developed for brushes operating at high cur- 
rent densities. Owing to the urgency of the situation, large-scale 
development studies, aimed at discovery of more effective treat- 
ments, occupied the major attention of these investigators. The 
present investigation was initiated in 1942, and continued to the 
end of 1943, because of the urgent need expressed by these manu- 
facturers for a better understanding of the fundamental mecha- 
nism of high-altitude dusting. 

The results of several other fundamental investigations have 
been published (1),? and some of the work to be presented here 
covers similar ground. All these studies, however, were carried 
out in evacuated systems at low pressures, whereas the present 
work was carried out at atmospheric pressure. 


! Bell Telephone Laboratories, Murray Hill, N. J. 

? Formerly with Bell Telephone Laboratories. 

3 Numbers in parentheses refer to the Bibliography at end of paper. 

Contributed by the Research Committee on Lubrication and pre- 
sented at the Annual Meeting, New York, N. Y., Nov. 26-29, 1945, of 
THE AMERICAN Society oF MECHANICAL ENGINEERS. 

Nore: Statements and opinions advanced in papers are to be 
understood as individual expressions of their authors and not those of 
the Society. 


DescrRIPTION OF. APPARATUS AND PROCEDURE 


The apparatus consisted essentially of a device for pressing the 
square end of a vertically mounted brush against a rotating plate 
in a bell jar through which a controlled atmosphere was passed. 
It is shown in Fig. 1, with the gas-purification and mixing train 
disconnected. The brush was held in a brass block, mounted on 
pivots on a steel support screwed to a brass base plate. The tend- 
ency of the brush to rotate in the horizontal plane when the disk 
rotated was restrained by a steel spring attached to the steel sup- 
port, and a horizontal pointer on the block indicated the torque. 
The brush was loaded by means of flat lead disks slipped over a 
hollow rod. A spring was placed between the end of the rod and 
the top of the brush. As the brush wore, the edge of the disk 
moved down along a vertical scale graduated in millimeters, and 
the reading on the scale was recorded at short time intervals. 
The copper test plate against which the brush was pressed was 
screwed on its underside to a steel disk locked to a shaft which 
was rotated on ball bearings at a speed of 1725 rpm. The diame- 
ter of the brush track was 2 in. The brush dimensions were 1!/, 
in. X in. 

In studying the effect of current, one lead was soldered to a 
silver film deposited from silver paste on the upper end of the 
brush and passed up through the hollow rod supporting the 
weights. The other lead was made through a silver-plated phos- 
phor-bronze spring pressing against a rhodium-plated section of 
the rotating shaft. 

A tapered hole was drilled in the brush track of some of the 
copper plates; a close-fitting, tapered copper insert was fitted to 
the holes, and polished flush with the plate. This insert could be 
removed at the end of a run and its-surface examined by electron 
diffraction. 

The bell jar was ground along its lower edge and was tightly 
clamped to a brass platform. Gas of regulated composition en- 
tered the bell jar through a ground-glass joint at the top and 
passed out through the upper ball bearing in the platform, thus 
camrying away grease vapors which might tend to contaminate 
the plate. The upper ball bearing was lubricated with a vacuum- 
stop-cock grease. . 

The purification train was arranged so that a measured flow of 
nitrogen, purified by passage over freshly reduced copper at 300 
C, could be mixed with measured flows of other gases such as oxy- 
gen or carbon dioxide. The mixture was purified with activated 
carbon and dried with dehydrite and phosphorus pentoxide. The 
line could then be split and any given fraction by-passed through 
a water bubbler at a measured rate and remixed with the main 
stream. Although an efficient saturator was employed, it has 
been shown (2) that it is extremely difficult to saturate a gas with 
water by bubbling through the liquid. The partial pressures given 
have been based on the assumption of 80 per cent saturation of 
the gas. The volume of the bell jar was 10 liters, and the total 
flow was usually maintained at 150 liters per hr. 

In boundary-lubrication studies, it has been frequently pointed 
out that very careful precautions should be taken to free the sur- 
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Fic. 1 APPARATUS FOR StuDyING DusTING WEAR OF CARBON BRUSHES 


faces from organic contamination (4). The same care is essential 
in studying carbon-brush wear, as has been convincingly demon- 
strated by Van Brunt and Savage (3). The plate was polished 
successively with 1, 0, and 0000 French emery and was cleaned 
by polishing with levigated alumina on wet broadcloth (4), or by 
cathode degreasing. The plate was held in a steel jig during 
cleaning, to prevent contact with the bare hands. When dry, it 
was removed with clean metal tongs, placed on the support, and 
screwed into place. The test gas was checked frequently for 
freedom from greasiness by allowing it to impinge directly on a 
freshly cleaned plate. If, after this, the plate reacted clean to 
the water wetting test, the gas was assumed to be sufficiently 
free of adsorbable grease. The brush was cleaned by heating to 
500 C for 5to 10min. It was placed in the holder when cool, and 
loaded with the standard load of 2.2 kg per sq em (31.4 psi). 
This load is considerably in excess of that used in practice, and 
was chosen in order to provide accelerated conditions. 

The bell jar was clamped into place as soon as possible after 
cleaning the plate and brush, and the test atmosphere allowed to 
flow for at least 10 min before starting the motor. Unless other- 
wise stated, all the experiments were run with no current flowing. 
The brush type selected for all the studies of the variables af- 
fecting standard brush operation was an exceptionally pure 
grade of electrographitic carbon. It had a coke binder, and was 
fired originally at 2800 C. It had a scleroscope hardness of 50, 
a resistivity of 7 X 10~‘ ohm-inches, a density of 1.75, and an ash 
content of 0.2 per cent. The wear versus time curves for this car- 
bon are accurately linear. The mean of the wear rates in dry ni- 
trogen for 20 brushes cut at random from a large block of the 
material was 1.3 mm per min with a maximum deviation of 0.3 
‘mm per min. The wear-measuring device was not sufficiently 
sensitive to measure the wear of brushes in moist nitrogen or air 
over the short time periods used for an average run. Therefore 
the wear rates under these conditions have been designated zero 
throughout this paper. 


Because of the variability from brush to brush, the same brush 
was generally used in studying a given effect. The procedure used 
was to run the brush in dry nitrogen for 5 min to establish the 
rate. The variable to be studied was then introduced, and a new 
rate established over a 5-min period. Successive changes in the 
variable were then studied in the same manner until the desired 
range had been covered. The rate was then redetermined in dry 
nitrogen to check whether the original rate could be reproduced. 
In all the runs recorded in this paper the original rate was always 
reproduced at the end of the run to within 0.1 mm per min. 

The friction-measuring device did not permit very accurate 
measurement of friction. Under dusting conditions bad stick-slip 
took place, and readings were highly erratic; under no-wear con- 
ditions the friction was steady. The friction results were consist- 
ent with those reported by others (6), the coefficient running from 
0.5 to 1.0 for dusting wear, and from 0.1 to 0.2 when wear was 
negligible. 


Errect oF Brush PRESSURE ON WEAR WITH AND WITHOUT 
CURRENT FLow 


The run was started on a clean polished plate in dry nitrogen 
with a pressure of 220 g per sq cm (3.13 psi), and was continued 
long enough to establish a steady wear rate, both with and without 
a current flow of 114 amp per sq in. The same procedure was 
adopted for each point on the curve in Fig. 2. Over the range 
covered, which includes the pressures commonly employed in in- 
dustry, the rate of wear is an increasing function of load. This 
behavior is in accord with experience in field tests on commercial 
machines. 

The current produced no measurable effect at any load studied 
when moisture was absent. This result is in accord with the 
findings of other investigators, and indicates that the dusting 
wear of carbon brushes in dry atmospheres is due to the absence 
of an adsorbed lubricating film and not primarily to erosive ef- 
fects of current. The accelerating effect of current, so frequently 
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noted in field studies and altitude-chamber tests on standard 
machines, is probably due to the evaporation of organic contami- 
nation at the high brush temperatures caused by the current 
flow, and to the mechanical ploughing effect of irregularities in 
the commutator surface producing by sparking. 


Errect oN BrusH Wear or DiLuentT Gases IN NITROGEN 


In studying the effect of diluent gases, very low concentrations 
were generally used first, and the amount increased until the 
wear reached the zero rate. Fig. 3 shows the dusting rate as a 
function of moisture content expressed as partial pressure of 
water vapor. At a partial pressure of water vapor equal to 0.6 
mm of mercury the rate became zero. The effect was reversible, 
that is, on decreasing the water concentration to the lowest 
amount possible, the rate increased to the initial dry rate. The 
shape of the curve is quite similar to that of other investigators 
(5, 6), but the partial pressure at which wear ceases is somewhat 
lower. The difference can probably be accounted for by the dif- 
ference in surface temperature resulting from operation at low 
pressures on the one hand and at atmospheric pressure in the 
present studies. In all, this experiment was repeated six times to 
see how closely the partial pressure of moisture necessary to stop 
wear could be reproduced on different brushes. The average 
value found from these experiments was 0.65 = 0.1 mm of mer- 
cury. 

The rate of wear versus concentration curves in Figs. 4 and 5 
for oxygen and carbon dioxide were obtained in a similar manner 
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to that for water and are of similar type, differing only in the criti- 
cal pressure required to stop wear. This is of the order of 230 mm 
for oxygen, and 350 mm for carbon dioxide. The result for carbon 
dioxide is in disagreement with the findings of Ramadanoff and 
Glass (6), but is in agreement with an observation made on direct 
current to 400-cycle aircraft inverters in these laboratories at low 
temperatures produced by dry ice in an enclosed space. The 
reason for the disagreement is not known. Similar results to 
those in Figs. 3, 4, and 5, were obtained on several types of carbon, 
including some containing copper. 


EFFECT OF ORIENTATION OF CARBON ON BrusH WEAR 


It was found early in the work that if the brush was first run in 
air or in moist nitrogen, it would not wear subsequently on pas- 
sage of dry nitrogen. This was true when the running time in the 
no-wear condition was as short as 10 min. If the run was started 
in dry nitrogen, dusting started immediately, but stopped within 
a minute or two when water in sufficient quantity was introduced 
into the stream. On reintroducing dry nitrogen there was a lag, 
sometimes as long as 20 min, before dusting started again. If 
the copper plate was roughened, say, by abrasion with No. 1 em- 
ery cloth, and the run started in moist nitrogen, no wear took 
place; on drying, dusting set in after a time lag, as in the case 
just described. 

Electron-diffraction pictures of the brush and the track after 
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running in the no-wear condition, showed oriented carbon on 
both surfaces, Fig. 6a. The carbon is oriented so that the faces 
of the cleavage planes are in the plane of the plate and of the 
brush face. Electron-diffraction pictures taken after running in 
the wear condition again showed carbon on both surfaces, Fig. 
6b, but there was no sign of orientation. The track on the copper 
frequently showed copper and cuprous oxide in addition to carbon. 
The degree of orientation found on brushes and track in the no- 
wear condition was variable, but in no case was any orientation 
found after rapid wear, although a large number of surfaces were 
tested. 

These results suggested strongly that an adsorbed moisture film 
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Fic. 6(a@) ORIENTED PATTERN ON CARBON BrusH Face AFTER 
Runninc WitTHoutT Wear. (b) RANDoM PATTERN ON CARBON- 
Brusx Face AFTER DustineG 


acted in some way to aid orientation of the crystals, and that 
after orientation of the surface layers of the brush was effected, 
no dusting took place even in the absence of water. Reversal 
from a no-wear condition back to a dusting condition, when dust- 
ing had been stopped by moisture, is explicable on this theory by 
assuming that, during the initial wear phase, the plate was deeply 
grooved and torn in the brush track. While water was present in 
sufficient quantities, its lubricating action kept the wear and fric- 
tion down, but when it was removed, the grooved track gradually 
destroyed the oriented layer or layers, finally exposing the disori- 
ented, very hard edges of the crystals in the body of the brush. 
This picture suggested that if the brushes were cut from a 
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highly oriented block in such a manner that the faces of the 
cleavage planes rubbed against the rotating metal surface, then 
no dusting would be possible even in a dry atmosphere. To check 
on this possibility, the following experiment was carried out. 

Three specimens, */,. in. square and !/s in. thick, were cut from 
a highly oriented natural graphite specimen and cemented to a 
standard brush face in such a manner that the cleavage-plane 
faces lay in the plane of the brush face in one case, and perpen- 
dicular to it in the other two. Strict precautions were taken 
throughout to prevent organic contamination of the exposed face. 
The brushes were then run in turn in dry nitrogen on polished 
copper. 

The results of this experiment are shown in Fig. 7, and views-of 
the brush tracks in Fig. 8. Identical results were obtained when 
the experiments were repeated with a current density of 114 amp 
per sqin. When the faces of the cleavage planes of the specimen 
were rubbing against the copper surface, after a small initial 
amount of wear (0.1 mm), no further measurable wear took place 
over a period of 9 hr; both the brushes run in the edge-on condition 
started dusting immediately, and were almost completely worn 
out in less than 40 min. After operation in the face-on condition 
there is no evidence of any scratching of the copper plate, Fig. 
8b, whereas in the other two cases there is evidence of consider- 
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able grooving, Figs. 8a and c. This is direct evidence that the 
edges of the graphite are hard enough to cut into the metal. 

As a consequence of these findings, a large number of oriented 
graphite preparations were compounded to see whether operation 
without dusting in dry atmospheres could be achieved by operat- 
ing oriented brushes in the face-on condition. A typical prepara- 
tion was made by mixing pitch with finely divided graphite in 
benzene, evaporation of the benzene, pressing the mix in a mold 
at a pressure of 30 tons per sq in., and firing in graphite at 1000 C. 
The ratio of resistivity measured in two directions at right angles 
to each other ran between 3 and 10 to 1. 

Wear results in dry nitrogen obtained with such a brush are 
shown in Fig. 9 and are in full agreement with those for the 
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oriented natural graphite experiment. It is of interest to note 
that, even on a relatively rough surface, in which radial slots were 
cut to simulate the segments of a commutator, the wear stopped 
after an initial period of relatively rapid wear. This indicates that 
the brush is sufficiently well oriented so that negligible wear takes 
place after the surface irregularities of the plate are filled and the 
peaks covered over with an oriented film of graphite. 


Errect or DirrereENT Metat Surraces oN Carson-Brusi 
WEAR 

The wear rates in dry nitrogen of several metals are given in 

Table 1. The silver, gold, and nickel were electroplated onto a 

copper surface which had been abraded with No. 1 French em- 

ery. The chromium and the rhodium were plated on a copper 

surface which had been finished with No. 1 French emery, the 


ATIVE RATES OF WEAR OF CARBON BRUSH IN 
TABLE SRY NITROGEN ON POLISHED METAL SURFACES 


Rate of wear, 


Metal * mm per min 
i 1.96 
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thickness of the plates being 0.002 in. and 0.000005 in., respec- 
tively. After a wear rate had been established in dry nitrogen, 
the plate was replaced with one of polished copper and a rate de- 
termined. The values given in Table 1 are the ratios of these tyo 
determinations, that is, the values are referred to a rate for copper 
of 1 mm per min. 

Although the number of metals is not very large, it is note- 
worthy that there is a tendency for the dusting of carbon to de- 
crease as the hardness of the metal increases. The correlation is 
not perfect, the rate on brass being exceptional. Dusting of 
brushes never took place in dry nitrogen on a polished brass 
surface. If several short trials were made with a new brush for 
each trial, but without resurfacing the plate, dusting eventually 
took place at a rate of 0.5 mm per min. This is believed to be 
due to the progressive roughening of the metal surface which took 
place before the edges of the graphite slip planes were oriented 
into the nonwearing position. It has been shown that very high 
local temperatures are produced at the interface between two 
rubbing solids (7); although the nitrogen was carefully purified, 
enough oxygen was certainly present to allow a thin oxide film to 
form on the base metal at these temperatures. The nature of 
this oxide film probably determines to some extent the type of 
wear behavior to be expected. It is possible that the nature 
of the oxide film on brass is such that it aids in the prevention of 
dusting. 

The surface of chromium, in addition to being very hard, is 
covered with a continuous highly protective oxide film. This 
combination is apparently ideal for preventing dusting of carbon 
under the conditions prevailing in these tests, where the surface 
was relatively smooth and no current was flowing. On such asur- 
face, however, the area of metallic contact is microscopically 
small, because much of the load is supported by an insulating 
oxide film. Therefore the contact drop will be very high and 
poor operation electrically would be expected.. Rhodium is a 
metal which is almost as hard as chromium, but, being a noble 
metal, it forms no oxide film at room temperature and therefore 
has good contact characteristics. To see whether carbon brushes 
would fail to dust on such a surface, runs were made on rhodium- 
plated copper. The results were the same as for chromium, a zero 
wear rate being obtained in dry nitrogen. 


Errect oF RouGHNESS OF METAL SuRFACE ON BrusH WEAR 


In order to determine the effect of roughness of the metal sur- 
face, chromium and rhodium were plated on copper surfaces 
which had been abraded to different degrees of roughness. The 
results for chromium in dry and moist nitrogen are given in Table 
2. For the roughest surface, the dusting rate was so high that 
the brush wore out in a little over 1 min in dry or moist nitrogen. 
For the surface sandblasted with 150-mesh emery, the dusting 
rate in dry nitrogen was still very high, but a small effect of mois- 
ture became evident. The effect of moisture began to become 
evident for the surfaces sandblasted with 180 and 200-mesh 


‘emery. The results are shown in detail in Fig. 10. The surface 


treated with 180-mesh emery gave a more moderate rate in 
dry nitrogen than the rougher surfaces but the rate was still very 
high in moist nitrogen. This rate decreased steadily over a period 
of about 4 min and eventually became zero. The surface treated 


TABLE2 EFFECT OF ROUGHNESS OF CHROMIUM SURFACE ON 
WEAR OF CARBON BRUSH 


Rate of wear, mm per min— 


Surface finish Dry Ne oist Nz 
Sandblasted, no. 90 grit..........6......... 16.3 16.3 
Sandblasted. 150-mesh emery............... 12.2 9.2 
Sandblasted, 180-mesh emery............... 3.8 0.0¢ 
Sandblasted, 200-mesh emery.............. 0.0¢ 0.0 
Abraded, no. 1 French emery............... 0.0 0.0 


@ Wear rapid initially; equilibrium value given. 
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with 200-mesh emery started to wear the brush at a rate of 2mm 
per min in dry nitrogen but decreased during the next 10 min to 
zero. In a repeat run the rate was zero from the start. The 
brush surface was strongly oriented at the conclusion of the test 
and did not dust when run in dry nitrogen on polished copper. 
For smoother surfaces zero rates were always obtained. Similar 
results were obtained on rhodium-plated surfaces. 

These results point to another hazard in the use of a hard ma- 
terial, especially if it has poor contact characteristics. Under 


conditions of high current loading, where sparking with conse- 
quent roughening of the surface is certain to take place, it would 


be expected to cause severe dusting wear even under normal at- 
mospheric conditions. 


DIscussioN 


Recent researches have indicated that when two solid metals 
come together, the pressure on a very small area of contact due 
to minute irregularities is so high that plastic flow and conse- 
quent welding take place (7, 8). The area of the welds will be 
determined by the hardness of the metal surfaces, and by the 
characteristics of the surface oxide film. The frictional force 
may be considered as the sum of two forces, that necessary to 
shear the welded junctions, and that necessary to drag the sur- 
face irregularities of the harder metal through the softer one (8). 

The results obtained in the present studies are consistent with 
this theory, if we assume that in the absence of water, a process 
analogous to welding of metals takes place at points on the carbon 
surfaces, and if we assume further that some of these welds are 
brought about by carbon to carbon bonding. This would mean 
that dusting wear is caused at least in part by the breaking of 
carbon to carbon bonds (9). The water or other lubricant, by 


adsorbing on the surfaces, would appear to reduce the number 


of bonds by keeping the surfaces a greater distance apart; also 
by chemisorbing on those crystal edges that are exposed by bond 
breaking, the water lowers the friction and the crystallites are 
stroked into a position such that their basal planes are in the 
plane of the surface. 

A brush surface consisting of randomly oriented graphite crys- 
tals will be relatively soft. Therefore the area of contact between 
such a surface and the rotating surface will be large, and the 
force required to shear bonds correspondingly large. The edges 
and corners of the crystals are clearly hard enough to scratch most 
metal surfaces, Fig. 8a, 8c. When motion takes place in the ab- 
sence of moisture or other adsorbed lubricant, the ploughing ef- 
fect of the crystal edges and of the metal projections thus created 
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causes the ploughing component of the frictional force to be very 
high. 

When motion takes place, a film of carbon is immediately de- 
posited on the metal surface, with a bond strength greater than 
that between crystal planes. In the presence of adsorbed lubri- 
cant, both surfaces soon become cleavage faces of graphite, a con- 
dition which is ideal for minimum friction on Bowden’s theory. 
The cleavage face of the graphite is almost as hard as diamond, so 
that the area of the contact between the surfaces will be low. 
Therefore the force necessary to break the bonds between surfaces 
will be very low, since it will only have to be sufficient to over- 
come a small number of weak bonds between cleavage planes. 
The ploughing force will be very low for the same reasons. 

The behavior of the brushes on smooth chromium and rhodium 
is consistent with the foregoing condition, because these metals 
are hard enough to resist scratching by the crystal edges. The 
ploughing force will be low even in a dry atmosphere; the strong- 
est orientation observed was, in fact, found on brushes run on a 
chromium surface. 

The initial behavior of the oriented preparations on a rough 
copper surface in dry nitrogen, and of a disoriented brush on 
chromium plated on a rough surface, as shown in Fig. 10, are also 
consistent with this condition. The ploughing force accounts for 
the wear until the valleys are filled up, but becomes negligible 
when the metal surface is overlaid with an oriented layer. The 
fricticii was actually observed to fall steadily with time as wear 
decreased, and reached a constant low value when the wear be- 
came negligible. The difficulty in producing dusting after opera- 
tion in room air, and the lag on changing from a moist to a dry 
atmosphere, are also consistent with this theory. 

The use of oriented brush preparations in practice introduces 
several new problems. Such brushes will be relatively weak lat- 
erally; they will have a lower resistance tangent to the rubbing 
surface than normal to it, which is contrary to good practice. It is 
believed that these difficulties can readily be overcome by brush 
and holder design for most practical purposes. Brushes cut from 
oriented preparations have not been run on generator commutat- 
ors. It is not known what effects the curved surface of the com- 
mutators will have on the ability of these brushes to resist high- 
altitude wear. 
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Discussion 


R. H. Savace.* The impressive experiments of the authors on 
the effects of the graphite-crystal orientation upon wear were con- 
tinued in an additional study by the writer during the summer of 
1947. For this new work several graphite specimens designated 
“single crystals’? were obtained from Ward’s Natural Science 
Establishment. These were supplemented by several other 
specimens which the writer obtained in the graphite deposits of 
the Adirondacks, 3 miles northwest of Ticonderoga, in the‘ Lead 
Hill” region. These were obtained by breaking open a few peg- 
matite rocks of Grenvillian origin’ and separating the enclosed 
crystals by hand. The best of these graphite specimens were 
thin plates averaging 1 sq cm in area on the cleavage faces and 
showed slight or negligible damage from handling. 

The graphite plates were mounted individually for the wear 
study by a mechanical device designed expressly to avoid surface 
contamination by foreign traces of organic or inorganic impurity 
either of which would tend to form adsorption films upon the car- 
bon atoms and thus mask the intrinsic lubricating characteristics 
of the graphite. Each graphite plate was cut into a square or 
rectangular shape and was mounted firmly with one of its cleav- 
age surfaces against the end of a carbon rod of 6.2 mm sq cross 
section by means of two L-shaped copper side pieces which were 
bolted to the carbon rod with a jeweler’s screw. All of the parts 
used in the assembly had been cleaned and the graphite was 
handled with forceps. 

During the mounting it was found that a few lamellae could be 
separated at one edge of the graphite plate with a clean razor 
blade, and these could then be peeled off with tweezers so as to 
produce fresh cleavage surfaces. In some instances there were 
thus formed large optical mirror surfaces. The physical proper- 
ties of these graphite crystals, as revealed under the microscope, 
were remarkable in contrast to those of powdered graphite. It 
was noted, for example, that the flat cleavage face cannot stand 
concentrated pressure and fractures easily. The result is a fault 
on the surface which provides a splinter edge. If such splinter 
edges are developed during the process of rubbing friction, it is 
clear that the projecting edges may interlock with microscopic 
protrusions on the opposite surface so that the crystal face is 
ripped open. 

It was further observed during the peeling of the brush faces 
that successive lamellae were accurately parallel and that the 
lines of secondary cleavage occurred consistently at the same 
angle (estimated to be roughly 0 deg, 120 deg, or 240 deg from a 
reference line perpendicular to the hexagonal axis). This in- 
dicated an almost perfect degree ef orientation for this work. 

The first of the crystalline graphite samples to be tried, after 
mounting on the carbon rod, was placed in a special brush holder 
so as to press against a copper rail of 2 mm width and 10 cm diam 
which had been formed by machining two concentric grooves in 
the face of the copper disk. The grooves provided clearance for 
the feet of the copper pieces so that only the main cleavage face 
of the graphite crystal bore against the brush track which was the 
top surface of the rail. A normal force of 100 to 200 g was used 


4 Research Laboratory, General Electric Company, Schenectady, 
Y 


’“The Adirondack Graphite le | by H. L. Alling, New 
York State Museum Bulletin No. 199, 1918. 


497 


on these brushes. The copper rail was machined to as smooth a 
surface as could be conveniently done in the laboratory and the 
burrs were removed with great care. The disk was then cleaned 
with solvents, followed by cathodic degreasing in sodium-carbo- 
nate solution, rinsed, and dried quickly under vacuum. 

When the first crystalline sample was tried as a brush with the 
face exactly flat on the rail, a rapid scaling occurred so that it was 
necessary to stop the run before a trial in a dry atmosphere could 
be made. It was found preferable to mount the brush at a slight 
angle from the normal (<5 deg) so that the leading edge of the 
brush could not quite touch the rail, the load being distributed 
on the part of the face toward the trailing edge. 

Having established stable sliding conditions a fresh oriented 
crystalline graphite sample was operated in a water-vapor atmos- 
phere in our friction apparatus,* and the wear rate was observed 
to be relatively low. After a short run the water vapor was re- 
moved by condensation on a trap containing liquid nitrogen 
(—196 C). Within 10 see the friction increased to 300 per 
cent of normal, and the wear rate became high. Within 5 min 
the graphite was worn through, and a deep groove had been cut 
in the carbon backing above it as a result of the dusting wear (see 
Fig. 11 of this discussion). 
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In another experiment an ordinary graphite brush was oper- 
ated on the rail in a rather long preliminary run intended to pol- 
ish the surface and to form an oriented graphite film. After the 
film had been formed this brush was removed, and was replaced 
with a new crystalline-graphite plate mounted on a rod as de- 
scribed. This plate was operated first in moist air, and then in 
water vapor at a pressure of several millimeters (mercury), with 
low wear rate and low friction. Lastly, the water-vapor pressure 
was lowered to about 100 microns. Immediately following this, 
the friction became high and within 1 min the crystalline sample 
of nearly 1 mm thickness was worn completely through (see Fig. 
12 of this discussion). The angle which the cleavage face made 
with the plane of motion in this run was estimated as‘3 deg 2 min. 

These experiments clearly indicate that graphite crystals, held 
with the basal plane approximately flat on a rotating copper disk, 
do require for their lubrication a pressure of water vapor greater 
than 100 microns, or some other substance in considerable con- 
centration. In vacuum, or even in water vapor at the low pres- 


6 See reference (9) of paper. 
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sure of 100 microns, they seize and disintegrate into small carbon 


fragments. 
The authors’ experiments show that the orientation of the 


GRAPHITE PLATE (SEEN EDGEWISE) 


WEAR GROOVE 
TORN LAMELLAE 


L-SHAPED COPPER 
SIDE - PIECE 


CARBON ROD (BACKING) 
6.2MM WIOTH 


Fie. 12 CRYSTALLINE-GRAPHITE SAMPLE BISECTED BY SEVERE 
Wear, AND GROOVE ForRMED IN CARBON BACKING BY COPPER 
Rar, WHEN OPERATED WITH CLEAVAGE PLANE APPROXIMATELY 
PARALLEL TO RoTATING SURFACE 
(Wear rate about 1 mm per min.) 


graphite is an important factor, but this supplementary work 
indicates that it is not the controlling factor. Its importance and 
function would seem to require still further clarification, possibly 
with special emphasis placed upon the surface finish of the metal 
base and upon the removal of inorganic impurities such as iron 
oxide which are frequently present in natural graphite and which 
tend to form lubricating films by adsorption upon the surface 
carbon atoms.? This viewpoint is supported not only by our 
recent experiments as just described, but also by the authors’ 
observation that ‘‘the degree of orientation found on brushes and 
track in the no-wear condition was variable.” 

The writer, along with others interested in this subject, would 
be glad to have an additional description of the possibilities of 
the electron-diffraction method in estimating the degree or per- 
centage of orientation of the crystals, and also in determining the 
average angle of tilt, if any, which the crystals might in some in- 
stances make with respect to the plane of the base upon which 
they are deposited. 

The authors present a conclusion of considerable practical 
importance in stating that the accelerating effect of current on 
brush wear (noted in engineering practice) is due to evaporation 
of contaminants and to the mechanical effect of irregularities 
produced on the commutator surface by sparking. In this con- 
nection it should be noted that the authors’ statements as to the 
effect of current “up to 114 amp per sq in.”” may require qualifica- 
tion when translated into engineering terms. 

The area of real contact of a brush face may be considered to be 
proportional to the first power or to slightly less than to the first 
power of the normal force. It follows that the thermal effects of 
the current in the zone of interfacial contact will be roughly pro- 
portional to the number of amperes per unit of force rather than 
per unit of gross cross-sectional area. Thus the number of 


7 It is anticipated that the efficiency of such impurities, in the role 
of adjuvants, may be greatly affected by the orientation of the graph- 
ite crystals at the surfaces of sliding; also that the graphite-film for- 
mation and the associated process of crystalline orientation will be 
affected by the surface finish. 
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amperes per square inch has small significance when not related to 
the force. The writer suggests accordingly that a ratio of much 
greater significance than the customary expression “amperes per 
square inch”’ is the “number of amperes per unit of force.” 

On large machines a representative ratio is 75 amp per kg, and 
frequently this will represent 12 to 24 amp per sq cm (or roughly 
75 to 150 per sq in.). The authors’ figure of “114 amp per sq 
in.” represents only 2amp per kg. It would seem therefore that 
the authors’ conclusions in regard to current effects on brush 
wear, as determined in their apparatus, should be applicable 
mainly to “low current-density equipment.” 

In instances where high currents are passed through brushes 
during periods of water-vapor lubrication, a large rise in the fric- 
tion may be observed and this may be easily understood as re- 
sulting from the depletion of the adsorption film by increased 
evaporation rate at high surface temperature. Thus the “elec- 
trical wear” of brushes may be due not only to the evaporation of 
contaminants in some instances, as stated, but also in other in- 
stances, to the increased evaporation rate of the “transient” 
adsorption films (in distinction to contaminants), and to the ero- 
sive effects produced at high currents per unit of force (not neces- 
sarily attended by sparking). 

Taken as a whole, the authors’ work is an important contribu- 
tion to our knowledge of graphite brush wear, and the funda- 
mental quality of the work is unusual in the field of brush wear. 


AvuTHors’ CLOSURE 


Mr. Savage’s ingeniously conducted experiments certainly cast 
doubt on the fundamental lubricity of the graphite crystal cleav- 
age faces which is assumed in our paper. He has suggested that 
inorganic impurities were responsible for the orientation effects 
described. Unfortunately, no effort was made to determine the 
nature and amount of impurities in the natural graphite which 
was used, and no sample is now available. , Therefore this ex- 
planation cannot be confirmed or refuted now. 

Our experimental methods were very different from his, so that 
some unknown variable may have caused the difference in results. 
Leaving this possibility aside, another explanation, which brings 
both sets of experiments into line, suggests itself. If it is as- 
sumed that adsorption takes place much more readily on the 
faces than on the edges of the crystals, then, at a given low pres- 
sure of adsorbent, a thinner layer will be present on the edges than 
on the faces. It would also be likely that the limiting pressure 
above which dusting effectively stops would be lower for the face- 
on than for the edge-on condition. If these assumptions are cor- 
rect then we were operating over a range of partial pressure of 
water in which we were above the limiting pressure for the face-on, 
but well below it for the edge-on condition. 

The dew point of the nitrogen in our experiments was —50 C 
to —40 C, that is, the partial pressure of water was 30 to 100 
microns. Mr. Savage obtained wear on the cleavage faces of 
graphite in this pressure range. Since he was operating in vac- 
uum his surface temperatures were probably very much higher 
than ours, which would explain a higher limiting pressure in his 
experiments. It is possible that 30 microns of water is sufficient 
to prevent wear on the cleavage faces of graphite at our lower 
surface temperatures. 

The point regarding current and dusting is well taken. Our 
contlusions were not intended to apply to higher current densi- 
ties than those investigated. 

There is a good possibility that electron diffraction can be used 
successfully for estimating the degree of orientation of crystals 
and the angle of tilt they may make with respect to the plane of 
the base upon which they are deposited. 
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An historical account of the art of forging is given, which 
traces the development of the machines used, culminating 
in the 14,000-ton forging presses built for the U. S. Navy 
during the recent war. Two forging presses of this size 
were built and installed at the Naval Ordnance Division 
Midvale Steel Company, Philadelphia, Pa., and at the Naval 
Ordnance Plant, South Charleston, W. Va., respectively. 
In one case an electric-drive pump system working in 
conjunction with a hydropneumatic accumulator is 
used as the power plant, while the other is of the steam- 
hydraulic type. A detailed account of the design, con- 
struction, installation, and operation of each press is given 
as well as comparative performance data, cost studies, and 
the like. Numerous other installations of heavy stamp- 
ing or die-forging presses of various types and capacities 
up to 30,000 metric tons at the I. G. Farben Company, 
Germany, are described at some length. 


History or DEVELOPMENT 


HE art of forging—the working and shaping of metal— 
fx old, dating back to almost 4000 B.C. For many cen- 
turies, however, this art was manual. It was not until 
about 1500 A.D. that hand hammers were replaced by tilt ham- 
mers; at first powered by water wheels, and later, around 1750, 
by steam engines. The tilt hammer was followed by the steam 
hammer, and then by the hydraulic forging press, which con- 
stitutes the subject of this paper. 
By the forging press is meant that hydraulic machine whose 
operation cycle consists of lowering the top forging tool onto the 


work rapidly, applying full pressure as required at some reduced ~ 


speed, and rapidly raising the top tool for further manipulation 
of the workpiece prior to the next forging stroke. Another re- 
quirement of the forging press is its ability to make a rapid suc- 
cession of light planishing strokes, say, up to 50 per min, such as 
are used in rounding up a cylindrical forging. In addition, such 
a press should be able to be stopped and held stationary at any 
intermediate position within its stroke rangee In this way we 
differentiate between the rapid-action or hammer-type press, 
which may operate up to several hundred strokes per minute, 
utilizing the inertia force of the moving head to perform work 
on the one hand, and the hydraulic die-forging or stamping 
press on the other, where relatively slow advancing and press- 
ing speeds are involved (usually the same), as well as lifting 
speeds. Such latter presses have relatively smaller column spac- 
ings and the loadings are central, although extremely large press- 
ing capacities may be involved. 

In particular, we are concerned with large-size forging presses, 
as this paper will describe two 14,000-ton presses built for the 
United States Navy during the recent war, and installed at the 
present time in the Naval Ordnance Division, Midvale Steel 
Company, Philadelphia, Pa., and the Naval Ordnance Plant, 
South Charleston, W. Va., respectively. 


1 Manager, Development Department, United Engineering and 
Foundry Company. Mem. ASME. 

Contributed by the Metals Engineering Division and presented at 
the Annual Meeting, Atlantic City, N. J., December 1-5, 1947, of 
Tue American Society or MECHANICAL ENGINEERS. 

Nore: Statements and opinions advanced in papers are to be 
understood as individual expressions of their authors, and not those 
of the Society. Paper No. 47—A-151. 
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The mechanical use of liquids, primarily water, as a pressure- 
transmitting medium, came long after its use in power machin- 
ery. Whereas water wheels and mills were in use in old Roman 
times and earlier, the invention of the hydraulic press was as 
recent as 1795, by Bramah in England, following the enunciation 
by Pascal in the preceding century that “water pressure exerts 
itself in all directions alike, in a closed container.” This original 
press had a single cylinder in the base, with the ram acting up- 
ward. 

It was not until about a half century later that Bramah’s 
countrymen initiated the era of hydraulic machinery, when John 
Fox in 1847, first suggested its use as a forging machine. Its 
early applications were in competition with the more prevalent 
hammers in use at the time, particularly the then recently de- 
veloped steam hammer of Naysmith, invented in 1839. The dis- 
advantages of the Fox machine were largely eliminated in the 
Dubs press of 1853 and the Haswell press of 1861. 

Fox’s press (and similar ones built by Bessemer) was merely a 
Bramah press, whose bottom platen was replaced by the lower 
forging tool, which moved, and whose upper platen carried the 
fixed forging tool. Bessemer’s presses introduced the idea of an 
adjustable upper platen by means of a large screw at the top, 
to allow the use of shorter-stroke hydraulic cylinders which were 
easier to manufacture at that time. In these presses the work 
was necessarily lifted each time a forging stroke was made, hence 
manipulation of the work could not take place until the press 
head was readied for the next stroke. Return of the movable 
forging tool of course was by gravity. 

The Haswell press, and concurrently the Whitworth press, 
overcame the objections cited by inverting the design. It con- 
sisted essentially of an hydraulic cylinder, held in the upper 
platen, containing a ram which pointed downward, and had at- 
tached to its lower end a toolholder and forging tool. With 
these designs came the first introduction of the pull-back cylinder, 
to raise the tool rapidly after the forging stroke. In the Dubs 
press, the main cylinder was double-acting, and thus served 
doubly for pressing and raising. The Haswell press first intro- 
duced the idea of two separate pull-back cylinders, arranged 
symmetrically on either side of the main press cylinder. Whit- 
worth later reintroduced Bessemer’s earlier idea of an adjustable- 
stroke press, by mounting the press cylinder on a movable-top 
platen, whose position was varied by gear-driven nuts mounted 
in the movable platen engaging the threaded columns, Fig. 1. 

Sir Joseph Whitworth and his managing director, Manassah 
Gledhill, having earlier utilized presses on a large scale for forg- 
ing purposes, around 1861 fitted out several of their presses with 
hydraulic cranes and rotating gear for easy and rapid handling 
of the work, and may be said to have really put the forging press 
on a solid foundation as an industrial tool. 

Press construction altered little until 1884, when Davy Brothers 
in England made a notable advance, still used in many modern 
presses. As will be discussed later, earlier presses were poorly 
designed to withstand any appreciable degree of eccentric loading, 
and Davy’s design, shown in Fig. 2 was the first to overcome 
largely the previous shortcomings of column breakage, and cylinder 
and packing failures. The single forging cylinder was replaced by 
two cylinders, with pintle-type rams acting against an inverted-T- 
type movable crosshead. The vertical leg of the crosshead slid 
up and down within a central guide tube, with the bottom of the 
crosshead held in close sliding relationship with the four press 
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Fic. 1 Earty BesseMER Press, ARouND 1860, AND EarLty Wuit- 


WORTH Press, AROUND 1875 


columns. Smaller presses were also constructed by Davy re- 
taining this special form of crosshead, but utilizing a single-press 
cylinder, in which the vertical leg of the crosshead served the 
dual purpose of pressure ram and guide stalk. This latter con- 
struction was an obvious compromise. . 

Some few years later, Breuer and Schumacher in Cologne, who 
had entered the forging-press field, took another step forward in 
press construction adapted to off-center forging when, in 1891, 
they brought out a press equipped with extra oblique columns 
connecting the upper entablature with the press foundation as 
shown in Fig. 3. As will be analyzed later, this construction still 
further decreased press-column bending stresses, over the Davy 
construction, and helped still further to minimize column break- 
age which was of all too frequent occurrence. 

The most recent press construction, which practically elimi- 
nates column bending stresses due to eccentric forging, will be 
described later and constitutes one of the major design advances 
in the new United heavy forging press, constructed for eccentric 
loading, such as is encountered in forging and rectifying armor 
plate, plate bending, and so forth. 
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Earty SteamM-Hypravu tic Press, SHOWiNG OBLIQUE STRUTS, 
BREUER AND SCHUMACHER, 1891 


Tyres or Hyprautic Power PLANTS 


Along with the advances made in press construction proper, 
were the several important steps in the types of hydraulic power 
plants used to actuate the press heads. The earliest presses, 
from Bramah on to Whitworth, all employed the direct-pumping 
or pure hydraulic type of power plant. In the case of Bramah, 
it was a hand-operated single-plunger pump. In the case of 
Whitworth, steam-engine-driven rapidly controllable multi- 
cylinder pumps were used. While the important invention of 
Bramah’s associate, Maudesley, in 1796, of the U-leather, per- 


Fic. 2 ForeERUNNER OF MopERN ForGINnG Press, BY Davy BroTHeEers, 1884 
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mitted hydraulic pressures of only a few hundred pounds per 
square inch to start with, Whitworth was building presses in 
the 1860’s, utilizing hydraulic pressures of the order of 6000 psi. 

It was around this time that Benjamin Walker of Leeds, in- 
troduced the idea of a dead-weight accumulator in the main 
pressure system. This permitted better steam economies in 
steam-driven pumps, which could now be fitted with flywheels, 
thus taking advantage of the expansive properties of the steam. 
Under such conditions of course the engine could not be stopped 
and started in accordance with variable water demands, and it 
was the accumufator system which permitted this necessary 
control. Then, too, the use of the accumulator permitted higher 
ram speeds without the attendamt hydraulic shocks when stop- 
ping a long column of relatively incompressible water, particu- 
larly under planishing conditions. 

Shortly after this time the Bochum press was built in Germany, 
with the first hydropneumatic accumulator used in the main hy- 
draulic system, removing still further even those hydraulic 
shocks associated with the sudden stoppage of the falling weight 
of the accumulator itself. 

The use of accumulators of course introduced the uneco- 
nomical feature of requiring that a full stroke of high-pressure 
water be utilized at each request of service from the press, even 
though much reduced pressure would suffice. For this reason, 
firms such as Whitworth and Davy retained the direct pumping 
system for a long time, and bent their efforts toward better 
steam-engine control to provide quick stopping, starting, and the 
like. The subsequent use of electric-drive pumps, and better 
pump-unloading devices greatly eased these problems. 

Attacking the same problem along somewhat different lines, 
Shanks & Kohn, in 1863, patented the steam-hydraulic intensifier 
and applied the device to a forging press. However, the press, 
as then designed, was objectionably slow. In 1884, Breuer & 
Schumacher adopted this design and built the first commercially 
successful steam-hydraulic forging presses, as shown in Fig. 3. 
The lifting cylinders were direct steam-operated. As can be 
seen, the intensifier was built with the steam cylinder below, 
and the hydraulic cylinder above, with short hydraulic piping 
overhead from the intensifier to the main press cylinder. 

Subsequent designs utilized an,inverted type of intensifier, 
which claimed better accessibility of working parts, and the 
elimination of the relatively stiff hydraulic connection, which 
was said to transmit vibrations. A major disadvantage arose 
from the fact that the machine did not return to its initial posi- 
tion by gravity. The firm of Haniel & Lueg, of Dusseldorf, for 
instance, mounted the inverted steam-hydraulic intensifier di- 
rectly on top of the forging press. While the arrangement was 
compact from a floor-space point of view, it involved excessive 
building and crane heights, but even more undesirably, it re- 
quired the hot steam piston rod to dip directly into the cold pres- 
sure water. In addition, should the forging resistance be taken 
away suddenly, such as happens when a cutting tool comes 
through the work, or when a forging falls off the anvil, the com- 
bined downward action of the steam cylinder plus gravity un- 
necessarily punished the lower head of the intensifier cylinder. 

With the early departure from the Fox type of gravity-return 
forging crosshead, lifting or pull-back cylinders and associated 
power systems became a necessary and integral part of all press 
installations. In the early Dubs and Haswell presses, the press 
heads were raised by diverting the pressure water from above the 
main pressure cylinder to below the pull-back cylinders, thus 
entailing an extra operation and its attendant delay. The early 
Whitworth presses of the 1860’s introduced the idea of a dead- 
Weight accumulator in the pull-back-cylinder hydraulic circuit, 
still utilizing the one set of pressure pumps for the dual service. 
The pull-back system pressure was maintained high, of the order 
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of 4000 psi, and was provided by the steam-engine-driven pumps 
feeding directly into the weighted accumulators. The squeeze 
was obtained by allowing the water to pass directly into the 
press cylinder instead of into the accumulator, so that the pres- 
sure was obtained directly from the pumps to the press ram. 
When water was not required, a by-pass valve was opened, 
permitting the pumps to operate in an unloaded condition. 


INTRODUCTION oF DuaL HypRAuLic System 


The Walker press, mentioned earlier, was the first to intro- 
duce the idea of two separate hydraulic systems; one for the press- 
ing operation, and one for the lifting. Both systems utilized 
dead-weight accumulators, the main system working as high as 
5000 psi, while the pul-back system pressure was of the order of 
750 psi. This auxiliary system was also used to operate the 
cranes, auxiliary apparatus, and particularly a newly intro- 
duced set of horizontal cylinders located below floor level, which 
served to draw the anvil out so that the bottom tool could be 
changed easily by the overhead crane. The Bochum press oper- 
ated similarly to the Walker, with the added feature that the 
low-pressure system was used also as a prefill system, to bring the 
head down more rapidly on the work prior to the application of 
the main squeeze. : 

The revolutionary Davy press of 1884 also introduced modi- 
fications in the auxiliary cylinder system. Steam was used for 
the first time as a source of constant pressure on the underside of 
the pull-back cylinders, and a low-pressure (60 psi) system, loaded 
by an air receiver, was utilized for prefilling the main pressure 
cylinder and supplying suction water for the pumps. The 
pumps, as mentioned earlier, were started up for each piercing 
operation, being driven by steam engines of the high-speed fast 
accelerating type, without flywheels. In later developments of 
the steam-hydraulic forging press, steam-powered pull-back 
cylinders were utilized almost universally, except for the very 
large presses, when the cylinders involved became too large and 
a special hydraulic system was again resorted to. Improve- 
ments in press operation in the later Davy machines were ob- 
tained by connecting the lower side of the pull-back cylinders 
to the upper side, when lowering, so that the steam was recir- 
culated. This action served to speed up the press operation by 
virtue of increasing the pressure on the top side of the cylinders at 
the same time that it was decreased on the bottom side, and 
served to improve steam economy to some extent by reducing 
condensation losses. 


DEVELOPMENT OF PrREsS AUXILIARIES 


Of historical as well as contemporary interest too are the 
development in press auxiliaries, such as cranes, rotating gears, 
and the like. As mentioned earlier, the Whitworth Company 
first used such devices, and Walker introduced the hydraulic tool- 
changing rig some years later. Many years elapsed, however, 
until traveling forging ingot manipulators were used for handling 
the work rapidly in and about -the press. Such machines, built 
along the lines of furnace chargers, were first developed in the 
United States about 1920, by the Alliance Machine Company. 
In the meantime, particularly for the larger presses handling 
such items as armor plate, hollow gun tubes, and the like, the old 
Walker tool-changing rigs were amplified into quite massive work- 
manipulating rigs, as well, and have become an essential adjunct 
to such installations. 


Controt GEAR 


Perhaps the smallest item about a forging press, and yet one of 
great importance, is the control gear. Great strides have been 


made here, too. In the original Bramah press, where practically 
no valve gear was involved, the press was actuated by a hand- 
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operated pump, and permitted to return to its starting position 
by opening a release valve. The utter slowness of the press was 
of course greatly improved in the first commercial presses. Of 
these, during the last quarter of the preceding century, the Whit- 
worth and original Davy presses were controlled by two operat- 
ing levers. As these were both direct-pumping presses, steam 
driven, one lever was required to operate the valves to both the 
main cylinder and the lifting cylinders, and the other to regulate 
the pumps by coritrolling the steam inlet throttle to the engines 
or to unload the pumps themselves, as the particular operating 
arrangement required. 

At the beginning of this period, pressing speeds were of the 
order of 1 ips, with raising and lowering speeds about 2 ips, with 
delay times due to valve manipulation of the order of 20 to 30 
sec. Thus frequencies of press operation of 2 to 3 strokes per 
min were the best obtainable. The Bochum press mentioned 
earlier, using a pneumatic accumulator in the main system and a 
dead-weight accumulator in the pull-back system, was the first 
to introduce the desirable simplification of the single operating 
lever which contributed greatly to the remarkable performance of 
the press at the time. The complete sequence of operations, 
four in number, was controlled from the one lever through hy- 
draulically actuated pilot valves. The first position released 
the pressure from the main cylinder, permitting the press to rise 
automatically by virtue of the separately powered pull-back 
cylinders. The second position was for holding the press at any 
level; the third for admitting the prefill pressure; and the fourth 
position for admitting the high pressure. A 4000-ton press of 
this design was capable of operating at 30 strokes per min for 
planishing, and established a record performance at that time of 
some 30 tons of forgings per day. 

With the adoption of the steam-hydraulic system by Davy 
Brothers in the early part of this century, a greatly improved and 
speeded-up control gear was developed, utilizing the single-lever 
mechanism, in which was introduced for the first time the ‘“follow- 
up” idea in press control. This device permitted the operator to 
control the press as to motion and speed exactly proportional to 
his manual movement of the control lever, and so speeded up the 
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operation that manipulations up to 60 strokes per min were at- 
tained in large presses, and 150 strokes per min on small presses. 
Several additional improvements were made subsequent to the 
introduction of the Davy press into this country by the author’s 
company in 1909. 

Fig. 4 shows a typical up-to-date Davy-United press system, 
operated from a single lever, and involving several steam-saving 
features, all automatically worked into the control system. As 
shown in the figure, the press is in the standing position, with 
valves A, B, and E closed. Valve A, when open, permits steam 
to flow from the bottom to the top of the intensifier. Valve B 
is the main steam-exhaust valve; and valve E£, the prefiller 
valve, acts as a simple check ¢o permit flow from the prefiller 
tank when pressure in the main cylinder is lower than that in the 
tank, and as a mechanically operated valve to return water to 
the tank at the will of the operator. Valve C, the main steam- 
inlet valve, is opened by advancing the operating lever to the 
“pressing” position, through the action of the floating lever. 
As the intensifier rises, through the action of the slanted control 
bar, the valve is closed again. In this way a smooth follow-up 
motion is obtained, as mentioned earlier. Just as valve A oper- 
ates to connect opposite ends of the intensifier, so does valve D 
act to connect opposite ends of the pull-back cylinders, during 
lowering of the press head. The introduction of valves A and 
D, absent in the earlier control system, has led to more rapid 
press operation and improved steam economy. 


14,000-Ton Press 


When the problem was posed early in the recent war of con- 
structing two 14,000-ton high-speed forging presses with the 
exacting requirements of heavy on-center shaft and gun-forging 
work, rapid planishing operations, together with heavy off-center 
work, such as is required in the forming and rectifying of armor 
plate, it was only natural that the whole art of forging-press 
design and operation was critically examined. Particularly was 
the last requirement of considerable and challenging importance— 
where full pressure forging, from 4 ft to 6 ft off center was speci- 
fied. Many cases of cylinder-packing destruction and main- 
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STONE—LARGE HYDRAULIC FORGING PRESSES 


column breakage, resulting in agonizing operational delays of 
long duration, pointed this problem up as one of prime impor- 
tance. 

In examining the various types of forging-press construc- 
tion from this point of view, Fig. 5(a) shows essentially the origi- 
nal arrangement of press, Fig. 1(b), in which off-center loading is 
easily seen to react directly on the glands and packings. Since 
the distance h, could not be made too long without increasing the 
ram length abnormally, serious leakage and packing troubles 
readily developed. This construction was soon abandoned by 
the early designers. 
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Fic. 5 Various Types or Press CONSTRUCTION 


The next innovation was the introduction of crosshead column 
slides, illustrated in Fig. 2, which reduced such troubles, but did 
not eliminate them, see Fig. 5(b). The distance h, which deter- 
mines the lateral reaction due to eccentric forging, can be in- 
creased considerably in this construction, and remains constant, 
as well, for all press positions, as compared to the h in Fig. 5(a), 
which necessarily decreases as the crosshead drops to its lowest 
position. In this case a lessened but objectionable side pressure 
still exists on the top gland, and as the press column deflects 
under the Jateral reaction (now pressing against the columns), 
there is the danger that a secondary lateral reaction will come 
into play at the lower packing and the old trouble reappear in 
diminished form. At the same time, secondary bending 
stresses are introduced in the columns, which in combination 
with the primary tension stresses, are potential sources of early 
failure. 

In order to evaluate quantitatively the magnitudes of column 
stresses, distortions, press sway and the like, the Appendix follows 
through the statically indeterminate analyses of the press struc- 
tures of the various types being examined. However, for all 
constructions shown, from statical equilibrium considerations of 
the crosshead structure, it follows that the total lateral reaction 
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R, is related to the forging pressure P, and the amount of ec- 
centricity e, by the relationship 


Pe = Rh 
where 


P = total forging pressure, Ib 
eccentricity of pressure, in. 
R = total reaction force lb 

h = reaction couple arm, in. 


Owing to the fact that it cannot always be counted on that both 
pairs of columns divide this lateral reaction evenly, as indicated in 
Fig. 5(b), we have seen fit to analyze all constructions on the as- 
sumption that only the right-hand pair carry the full reaction. 
Advanced wear, or the dropping out of a set of column-guide 
slippers easily results in such a condition. 

In all the press constructions skeletonized in Fig. 5, when no 
off-center forging is being performed, the column stresses are 
pure tension and are given by (for 4-column presses) 


e= 


Pi 
S, = 


where d = column diameter (in.). Off-center forging, however, 
introduces bending moments throughout the columns, with 
maxima occurring at different points in the columns, depending 
upon the construction and position of the crosshead during forg- 
ing, indicated by dimension b. In all cases we have called 2c 
the center distance between columns the long way of the press, 
it being understood that any appreciable eccentric forging is al- 
ways carried out along this dimension. In addition to the ten- 
sion and bending stresses, we are concerned with the press sway 
A. The importance of sway is directly reflected in the stressing 
of connecting piping from the entablature to the auxiliary ap- 
paratus, such as intensifiers, and the like, as well as its effect 
upon the distortion of associated crane structures, and even the 
press building itself. 

For the case of Fig. 5(c), we may evaluate the maximum bend- 
ing and tension stresses, and press sway from Equations [20], 
[22], and [25] of the Appendix. In order to introduce reality 
into these evaluations, we shall consider a press whose capacity 
is to be 14,000 tons (28,000,000 Ib), capable of forging 6 ft (e = 
72 in.) off-center. The requirements further are that the column 
center distances shall be 23 ft X 11 ft 6in. (2c = 276 in.), daylight 
should be 24 ft, corresponding to column lengths between base 
and entablature of 40 ft (J = 480 in.), and the column diameters 
such that low tension stresses are obtained, say, S,; = 8000 psi, 
thus choose d = 34 in. ¢. For this press, the reaction arm, h, 
may reasonably be made as large as 22 ft (h = 245 in.). 

From an examination of the critical equations just cited, 
in the light of Fig. 15, it is apparent that the highest stresses 
oceur at the top of the right-hand pair of columns, when forging 
at a crosshead position corresponding to about mid-span, i.e., 
b = !/,1. We notice further that the column tension stresses 
increase with eccentricity, increasing some 20 per cent over on- 
center forging. For example, Equation [22] gives us as the 
maximum force per pair of columns, V; = 16,900,000 lb, resulting 
in a tension stress of 9400 psi. The maximum bending moment, 
from Equation [20], results in a maximum bending stress of 118,- 
000 psi! This intolerably high value of course results only 
when forging at maximum load, at maximum eccentricity, at the 
least desirable crosshead location, and with only one pair of 
columns taking the eccentric thrust. Nevertheless, even under 
these conditions, the stresses must remain comfortably under the 
breaking stress. With all columns dividing the side thrust 
equally, the bending stresses are reduced by only 25 per cent. 
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In any event, the extreme and dominating importance of the 
secondary bending stresses is evident, and it becomes apparent 
why column breakage may seem inexplicable to those designers 
who have not undertaken to analyze their presses in detail, and 
who are guided by conservative tension stresses only. The sway 
of the press under the conditions cited would be 4'/, in.! To re- 
duce stresses and deflections to reasonably acceptable values 
would mean to increase the column sizes by more than 50 per 
cent, requiring columns bigger than could be made and forged 
properly; of the order of 55 in. diam, 65 ft long, and weighing 
500,000 lb each. It is evident that alternate press designs 
must be resorted to. 

For the case of Fig. 5(d), the maximum bending stresses are 
reduced by some 40 per cent, as demonstrated in Equation [30] 
and Fig. 17, with the nominal tension stresses and press sway 
even more desirably reduced. The maximum bending stresses for 
d = 34 in. diam, are 70,000 psi, which still indicate the neces- 
sity for considering press columns of a diameter around 50 in. 
This construction, however, introduces an interesting innova- 
tion, and large presses of recent manufacture have employed this 
principle, although using the less desirable crosshead construction 
in Fig. 5(b’) (because of the uncertainty of lateral thrust load 
division of such a stiff-legged ram construction, due to thermal or 
machining inequalities). The excessive sway of earlier construc- 
tions, resulting in objectionable pipe breakage, etc., is considera- 
bly lessened in this construction, being determined primarily by 
the extensional deformation of the struts, to be */;,in. For a 
press of the dimensions being discussed, a pair of such struts 
would necessarily be 75 ft long, have a cross-sectional area of 
some 400 sq in., and preferably be so constructed that they could 
take compression as well as tension, without buckling. This 
latter condition arises when eccentric forging is carried out on the 
side of the press opposite the struts. To make the press uni- 
versal, two sets of oblique struts should be used, or to avoid the 
danger of buckling, forging could be limited to one side of the 
press only. Even for a single pair of struts, a sizable base exten- 
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sion of some 50 ft is required, and considerable expense involved, 
not counting the increased building space required. 

Being dissatisfied with all these previous constructions, par- 
ticularly because of the size of the press being studied, the con- 
struction shown in Fig. 5(e) was evolved. Here it is seen that 
the entire eccentric forging moment Pe, is taken within the elon- 
gated stalk guide, there being no column guides, so that essen- 
tially there is no bending moment sustained by the columns. 
Eccentric forging moments are thus resisted by readjusted ten- 
sions in the main column pairs, the column tensions on the side 
nearest the load being increased somewhat, and on the off-side, 
decreased, as given by Equations [52]. Thus Equation [52] in- 
dicates a maximum column tension stress of 11,700 psi, compared 
with the values of 118,000 psi and 70,000 psi calculated earlier. 

The virtues of this construction therefore as a forging-press 
structure, particularly for eccentric work, are definitely estab- 
lished. Press sway, as well, is reduced to the relatively small 
amount, Equation [53], of '/s in.; even less than for construc- 
tion, Fig. 5(d), employing the oblique struts. 


INSTALLATION CONSIDERATIONS 


Once the choice of press structure was determined, various 
other considerations and advantages were studied. The mini- 
mum amount of floor space required, and the lack of necessity 
of struts made for easier and better servicing by cranes and ro- 
tating gear. The rigidity of the structure permitted less massive 
crane runways, structures, and building columns, so that clean- 
cut installations, as shown in Figs. 6 and 7, were possible. 

A major point of design interest is indicated by the relatively 
high top entablatures shown in these two illustrations. Two fac- 
tors led to this choice of design, i.e., desire for improved press 


cylinder supports, and the choice of conservative loading of pres- 


sure pads carrying lateral thrust loads due to eccentric loading. 
Of course a dominating consideration in designing a press of this 
magnitude is the limitation of transportation possibilities, both 
as to dimensions and weight. 


Fic. 6 Tue 14,000-Ton CHARLESTON Press; Direct Pumpinc PLus HypRopNEUMATIC ACCUMULATOR 


~ 
fy 
° 
to "3" om 


STONE—LARGE HYDRAULIC FORGING PRESSES 


Tue 14,000-Ton Mipva.Le Press, SteamM-HypRav tic 


Fig. 7 


In all previous press constructions the main pressure cylinders 
have been held in the upper entablatures by virtue of integral 
flanges around the bottom or open ends of the cylinders. Be- 
cause of restricted space conditions, which always seem to exist, 
it has been difficult to provide generous fillet radii and flange 
dimensions. As a result, too many cylinder failures have oc- 
curred as a consequence of fatigue resulting from the continuous 
repetition of press operafion. Then, too, many cylinders have 
failed in fatigue from compound stressing near the top of the 
barrel, where they are reduced in diameter to afford easy bolting 
of the high-pressure piping. 

In the present construction, as indicated in Fig. 5(e), the top 
entablature is made deep enough so that the cylinders are sup- 


ported at the top, the support being compressive in nature, and 


bearing against the shoulders of the cylinders. All flanges are 
eliminated, with their attendant design difficulties. The height 
of the entablature was limited to 16 ft, which easily permitted 
the improved-type support for cylinders designed for a 10-ft 
press stroke. This depth of entablature also permitted the per- 
tinent dimension h, discussed previously, to be 12 ft, resulting in 
maximum lateral forces of 14,000,000 lb, which are properly 
taken against,.brass-clad steel pressure pads, having areas of 4500 
sqin.each. The resulting bearing pressures of 3000 psi are quite 
comparable with current practice in mill bearings, and are con- 
tinuously lubricated from an automatic high-pressure grease 
system. These bearing pressures usually operate at sliding veloc- 
ities of less than 15 fpm. 

In order to cast and transport the various massive component 
parts of the press properly, it was impossible to manufacture 
either the top entablature, the crosshead, or the press base from 
a single casting. As indicated in Figs. 8, 9, and 10, single cast- 
ings were restricted to 340,000 lb finished weight, with maximum 
vertical dimensions, as transported, to 17 ft 6 in., and lateral di- 
mensions to 10 ft. Thus the top entablature, weighing over 
1,250,000 lb, was made up of four castings, two asin Fig. 9 and 


505 


two as in Fig. 10, bolted and keyed together with many properly 
located bolts. Several of these bolts, in this and other parts of 
the press, are as large as 12 in. diam and 20 ft long. The crosshead 
which weighed in excess of 1,250,000 lb was made up as three 
major castings with four smaller column shoe castings bolted on. 
The press base, also a massive structure, was made from three 
major castings, bolted together. Cylinders are 63 in. diam ID, 8 in. 
thick and were made from single alloy forgings, weighing 100,000 Ib 
each. The columns, as mentioned earlier, are 34 in. diam, nickel- 
steel forgings, bored out for internal inspection, 66 ft long, and 
weigh more than 200,000 lb each. Other important component 
parts are the pressure rams, pintles, die blocks, etc., as shown in . 
Fig. 11 which Indicates their massiveness in comparison with the 
erector shown leaning against one of the pintles. 


AUXILIARY EQUIPMENT 


The auxiliaries for handling the forgings, or even the forging 
tools, become’a major design item on presses of this magnitude. 
As can be seen in Fig. 6, trenches running at right angles to the 
major axis of the press, both front and back, house the cylinders 
and associated mechanisms of the so-called forging manipulators. 
Forgings may be straddled across the stools or chairs which will 
permit their rapid lateral shifting, the stools being actuated 
by opposed hydraulic cylinders having a 32-ft stroke. Such 
manipulator cylinders are powered from the same pressure sys- 
tem as the pull-backs, and can move large forgings requiring a 
shifting force of 300,000 to 400,000 Ib at speeds of up to 20 fpm. 

The items of control valves, shutoff valves, steam-exhaust 
silencers, etc., normally considered small items, take on unusual 
significance in presses of this magnitude. The control gear shown 
in Fig. 12, also visible in Fig. 6, is easily man-high, and the pre- 
filler valve for the Charleston press, for instance, is 8 ft x 2 ft < 
2'/. ft, and weighs more than 20,000 Ib. 

Forging cranes, cutter-bar cranes, rotating blocks, etc., are 
likewise of unusual interest. Both presses are serviced by 250-ton 
main cranes which may be seen in Figs.6and7. Just as manipu- 
lators are necessary for handling heavy plates and the like, so 
are rotating blocks required for forging and finishing large 
rounds. Fig. 7 shows a crane-suspended rotating block handling 
a large forging onto the manipulating gear at Midvale, whereas 
Fig. 13 shows a uniquely compact design of ring-spring-type block. 
This latter block has a spring case (shown as the cylindrical bar- 
rel in the illustration) capable of supporting a 125-ton load (one 
end of a 250-ton forging, for instance) and still permit a 3 in. ad- 
ditional extension due to misalignment on the anvil. This case, 
2 ft diam X 5 ft long, can store up 450,000 ft-lb of elastic energy, 
and is only 10 per cent of the size of earlier coil-spring models, 
thus permitting closer servicing of the forging cranes. Piping 
between units sometimes reaches 12 in. OD, being manufactured 
by boring out solid forgings, and bending hot when required, 
or at other times being welded into forged angle blocks. 


Press TRANSPORTATION PROBLEMS 


The matter of press transportation, in itself, was a problem, 
even to the transferring of castings from foundry to machine 
shop, as well as to final destination. Some of the heavy, but 
more compact pieces, could be carried on a specially designed 
250-ton 16-wheel flatcar, as in Fig. 10. Other pieces, however, 
because of their maximum dimensions, had to be suspended be- 
tween two girders of a specially constructed bridge, spanning 
two 125-ton cars, as in Figs. 8 and 9. In these cases the 
pieces cleared the rails by only 3 in., and the underpasses by 6 
in. All pieces were carried on special trains, not hauling other 
freight, which were restricted to a 10-mph speed limit, to avoid 
accidental shifting or dislodgment. 
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Fic. 9 Part or 14,000-Ton Press ENTABLATURE 
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Bores ror Main CYLINDERS 
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Fic. 12 


125-Ton Rotatine Block 


Fic. 13 


Power PRESSURE PLANTS 


As was mentioned earlier, two 14,000-ton presses were built; 
one for 6 ft off-center full-pressure forging, and one for 4 ft. As 
might not be unexpected, the power pressure plants in the two 
cases were not selected alike. In the one case, an electric-drive 
pump system was chosen, utilizing 4500-psi water pressure, work- 
ing in conjunction with an hydropneumatic accumulator in- 
stallation. In the other, a steam-hydraulic system was in- 
stalled, utilizing 250-psi steam and 7700-psi water pressure. In 
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both cases, full-capacity pressing was provided for a speed of 3 
ips, with lowering and raising speeds of 12 ips, or greater. These 
choices pointed up the question very well, of what is the best 
type of pressure plant. In each case, the pull-backs were pro- 
vided with adequate supplies of pressure water, and equally ade- 
quate and highly sensitive controls were provided, so that even 
these massive machines were easily controlled through servo- 
mechanisms to within '/;5 in., and planishing operations could 
be carried out at up to 50 strokes per min. 

In the case of the direct pumping press, the 4500-psi-pressure 
water is supplied by four 400-gpm horizontal double-acting triplex 
pumps, 74 rpm, each driven by a 1250-hp 720-rpm motor. The 
associated hydropneumatic system is composed of six 35-in-ID, 
7-in-thick cylinders of multilayer construction, 49 ft high, hav- 
ing a total capacity of 14,500 gal. Automatic level controls 
were worked out so that pressure variations seldom exceed 5 
per cent, even for the longest-stroke operations. Lifting and 
lowering of the press head is controlled by main pressure water 
admission to and from the two pull-back cylinders, 26 in. ID, 
having 13-in-diam pull rods. 

In the case of the steam - hydraulic-system, the higher water 
pressure of 7700 psi fixed the pressure cylinders to be 48 in. ID, 
and because of the lesser eccentric forging requirement of 4 ft, 
the size and weight of this press is somewhat less than for its 
sister press. Steam is supplied at 250 psi, from a separate sys- 
tem, composed of two 100,000-lb per hr boilers. Steam from the 
boilers passes into a 3000-cu ft receiver, and then to two intensi- 
fiers, each having an 8-ft-diam X 10-ft 6-in. stroke steam cylinder. 
The intensifiers are of the latest Davy-United design, as indi- 
cated in Fig. 4, in which the hydraulic cylinders are below the 
steam cylinders but are operated upward through the use of 
two 33-ft-long, 13-in-diam tension rods, the hydraulic cylinders 
being 16%/, in-diam. The over-all height of each intensifier is 44 
ft2in., of which slightly more than half is below floor level. This 
arrangement makes for a mechanically stable structure. By hav- 
ing the large steam cylinder mounted on the floor, it still retains 
the feature of gravity return after the power stroke, and elimi- 
nates the overhead cross-piping associated with earlier inverted 
constructions. Built-in dashpot construction governs the slow- 
down of the intensifier, as it reaches its bottom position, without 
undue impact or “hunting.” 
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The reason for the receiver is immediately apparent when one 
considers the steam demands at maximum press-operating condi- 
tions. A press speed of 3 ips means 2 fps intensifier speed, corres- 
ponding to a required steam flow of 400,000 lb per hr, since 
one 10-ft stroke of the intensifiers requires 600 lb of steam, 
corresponding to 1000 cu ft at 250 psi. Thus steam is drawn 
from the receiver while the intensifiers are returning for another 
volume of steam. Each stroke of the intensifier system permits a 
press power stroke of 15 in., which more than takes care of 
normal forging requirements. Due to the intermittent nature 
of the pressure application in the steam-hydraulic press system 
being off during the return stroke of the intensifier for another 
volume of steam, the pull-back cylinders and other auxiliaries 
are necessarily operated from a separate source of 2500-psi con- 
stant-pressure water, the pull-back cylinders being 30 in. diam. 
This system is composed of two 400-gpm 2500-psi steam-driven 
double-acting duplex pumps, working in conjunction with two 
52-in-ID 7-in-thick 45-ft-high hydropneumatic accumulators, 
having a capacity of 7200 gal. The use of steam-operated pull- 
backs would have involved too large cylinders, and complicated 
the press design abnormally. 


COMPARISON OF PRESS PERFORMANCE 


In connection with these presses, the opportunity was rare 
indeed of having two such similarly designed machines, utilizing 
competitive high-pressure systems, and working over an ex- 
tended period on substantially the same class of work. In the 
interest of comparing performances data? were obtained as 
summarized in Table 1. 


TABLE 1 COMPARATIVE PRESS DATA 


Steam-hydraulic Direct-pumping + accumulator 


Data over 2-year period. work- 
ing 2 and 3 shifts 
Average power used, 33,000 lb of 
steam per op. hr 
Peak power demand, 220,000 Ib 
of steam per hr 
Steam cost, $0.53 per 1000 Ib 
Forging rate, 66 tons per hr 
Forging rate for finished forgings, 
11.2 tons per op. hr 
Steam cost........ $18.50 per op. hr 
Repair and main- 
tenance supplies. 1.85 per op. hr 
Repair and main- 
tenance labor... 1.25 per op. hr 


Saree $21.60 per op. hr 


Data over 2-year period, aver- 
aging 577 hr per month 


Average power used, 625 kwh per 
op. hr 
Peak power demand, 3750 kw 


Average power cost, $0.008 per kwhr 
Forging rate, 75 tons per hr 
Forging rate for finished forgings, 
13.3 tons per op. hr 
Power cost........ $ 5.63 per op. hr 
Repair and main- 
tenance supplies. 8.60perop.hr* 
Repair and main- 
tenance labor... 1.30 per op. hr 


$15.53 per op. hr 


* Abnormally high. 


It is interesting to observe that in each case the average 
power demand is only about 15 per cent of the maximum demand 
required and provided for. When forging is actually going on 
these peak demands must be satisfied, but the great amount of 
down time in operations of this sort is important to appreciate. 
In this connection we would distinguish, for instance, between a 
forging hour and an operating hour, the former being the actual 
time that the forging is in the press, and the latter, the time that 
the forging crew is on hand for operations. The number of 
forging hours per month is usually around 50 per cent of the 
operating hours. Of course in the case of the steam-hydraulic 
press, steam must be maintained continuously and thereby 
sustains certain stand-by losses. 

As to actual forging, it is seen that the forging rate is around 6 
times the production rate for finished forgings. This comes about 
because of the 50 per cent ratio just ‘cited, plus the fact that large 
forgings are handled from 2 to 4 times before completion. In 


2 The information eontained in Table 1 was supplied through the 
courtesy of Mr. C. R. Cox, president of the Carnegie-Illinois Steel 
Company, and Mr. Francis Bradley, president of the Midvale 
Steel Company. 
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examining the actual cost figures, the much lower power rate of 
the electric-drive-pump system was at least partially offset by 
the increased repair and maintenance item, principally on the 
pumps themselves. The net result, however, shows about a $6 
per hr lower cost for the direct pumping-accumulator system. 
While this figure is considerable in itself, amounting to some 
$40,000 per year, it must be remembered that the foregoing charges 
are only a fraction of the total involved in operating press plants of 
this magnitude. When one includes the direct labor item of a 
crew of some 10 men, the fixed-charges item, based upon an invest- 
ment of some $3/4,000,000, administration, etc., a total figure of 
some $75/100/hr is obtained, based upon which $6 per hr is only 
some 7 per cent. 

A point of considerable importance brought out by these 
figures is the small percentage of the total time that anything 
approaching full power operations are being carried out. Based 
upon the figures, for instance, of 300 kw as the power required for 
running the direct-pumping system idle, it is easily appreciated 
that the monthly average of 625 kw corresponds to a full pressure 
period of only 15 per cent of the time, and an idle time of 85 per 
cent. For the steam-hydraulic system the figures are about the 
same. These observations tend to minimize considerably the 
pros and cons of the various competitive systems under operating 
conditions, and rather emphasize the idling-power requirements. 
For instance, it has been variously proposed that centrifugal 
pumps are to be preferred over reciprocating pumps and ac- 
cumulators for forging-press service, because of their lesser first 
cost. The fact that their operating efficiency is about 70 per 
cent, compared to over 90 per cent for the reciprocating-pump 
system, is of less importance than the fact that their idling losses 
are in excess of 40 per cent, as compared to 5 per cent to 10 per 
cent for reciprocating pumps. In this case, for example, 35 per 
cent as idle losses would amount to some 10,000,000 kwhr per 
ear, or $80,000 per year, which would easily more than nullify 
any first-cost differences. 


OPERATING FEATURES 


In comparing the operating features of the steam-hydraulic 
versus the direct-pumping plus accumulator system, we first must 
recognize a shortcoming of both systems, namely, that any 
power stroke always involves a volume of maximum-pressure 
water, no matter what the actual pressure required may be. 
Efforts to utilize the expansive properties of the steam in the 
steam-hydraulic system have involved too great complexity, 
hence the steam primarily acts as a pressure fluid. In the elec- 
tric-drive pump-accumulator system, the steam in the power- 
generating plant is of course used more efficiently, but the pres- 
sure water thus developed is inefficiently used because of the 
constancy of the hydraulic pressyré in the accumulator system. 

In earlier days, when the Whitworth system was more gener- 
ally used, i.e., 100 per cent direct pumping (no accumulator), the 
steam-driven pumps had to be rapidly controllable, so that then 
too, the best use of the steam in the pump prime movers could 
not be realized; for instance, flywheels were not used, and the 
like. If, however, a modern electric-drive pump system (with 
high-speed unloaders and no accumulator) were used, definitely 
improved operating efficiency would be realized. However, 
plenty of power-inrush capacity would be required to handle the 
sudden-demand current surges properly, and we would be 
confronted with even greater idle losses. 

For instance, if the Charleston press were to be operated with- 
out accumulators, 4800 gpm of pumps would be required to 
maintain the full pressure speed of 3 ips, corresponding to 15,000 
hp of drive, and accordingly an increase in idle losses to 3 times. 
From these considerations it seems fairly evident that the elec- 
tric-drive pump-accumulator system for large hydraulic forging 
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presses is the most suitable system. For hydraulic forging 
presses of the more usual commercial capacities, say, from 500 to 
3000 tons, where more continuous operation is to be expected, 
the simplicity and ease of control obtained in the direct-pumping 
presses without accumulators will doubtless recommend them, 
however, to many operators. 


OTHER LARGE PRESSES 


The magnitude of the presses discussed in this paper necessarily 
brings to mind other large presses built in the past. Although 
there have been quite a few 8000, 10,000, and 12,000-ton presses 
built, there are only six 14,000-ton forging presses in the world; 
five in the United States, and one in Germany. The first 14,000- 
ton press was built as long ago as 1893, by the Bethlehem Steel 
Company, and is still being used at its Bethlehem, Pa., plant. 

When it was recognized at that early date that heavy forgings, 
in general, and military forgings in particular, were much supe- 
rior as produced on a press than by the steam hammer, Bethle- 
hem Steel had the courage to scrap the then recently built largest 
steam hammer in the world, rated at 125 tons, and undertook to 
build a 14,000-ton hydraulic press.* This press, designed and 
built under the direction of John Fritz, is of the Whitworth type 
and has operated intermittently up to the present time. 

The press has 4 columns, 26in. diam, 52 ft 7in. long, with col- 
umn spacings 17 ft 6in. X 6 ft, and daylight of 17ft. The press is 
powered from two 50!/:-in-diam cylinders, working.at a maximum 
pressure of 7000 psi, and having a stroke of 8 ft, internally packed. 
The pull-back cylinders are 13 in. diam, externally packed, and are 
powered from a separate 3200-psi pump-accumulator system, 
the pumps being originally steam-driven, but now electrically 
driven. The original top and bottom entablatures were of two- 
piece cast-iron construction, but in 1930 the top entablature was 
replaced by a single steel casting. The main cylinders receive 
high-pressure water directly from a 15,000-hp 60-rpm horizontal 
triplex double-acting pump, 7*/;-in-diam cylinder X 24-in. stroke, 
direct-driven by a vertical triplex single-expansion steam engine, 
50-in-diam cylinder X 90-in. stroke, steam at 150 psi. This huge 
engine-driven vertical-horizontal pump is capable of delivering 
3300 gpm, corresponding to a press speed of about 3 ips which is 
obtained by closing the by-pass valve, or partially closing it for 
finer speed control. The over-all press height is 54 ft, being 37 ft 
above floor level, and 17 ft below. 

The second 14,000-ton press built was put into operation by 
the Carnegie-IIlinois Steel Corporation at the Charleston Naval 
Ordnance Plant at the close of the first world war. This press, 
of the oblique-strut type mentioned earlier, has four 30-in-diam 
columns, 51 ft 3 in. long, on column centers 19 ft X 8 ft 6 in., 
with 18 ft daylight. The press has 3 main cylinders, 44 in. diam, 
working at a maximum pressure of 7000 psi, and having a stroke 
of 7 ft 6in. The objective of the three-cylinder construction is 
to obtain '/; pressure, ?/; pressure, or full pressure by using dif- 
ferent cylinder combinations. The pull-back cylinders are 26 in. 
diam, and are pressured from a separate 2500-psi pump-accumula- 
tor (dead-weight) system. The main cylinders are supplied with 
pressure water by 3 steam-hydraulic intensifiers, having 6-ft 4-in. 
diam X 7-ft-stroke steam cylinders, 12°/,-in-diam water cylinders, 
thus producing 7000-psi water from 200-psi steam. A single full 
stroke of all the intensifiers corresponds to a 7-in. full-pres- 
sure stroke. The total weight of press and auxiliary equipment, 
tools and dies, is 7,250,000 lb. 

The third press of this size was installed by Krupp around 1930, 
but no information is available as to its details other than its 
capacity. The last three 14,000-ton presses were built contem- 

3 Most of the data given here are from a communication from Messrs. 


R. B. Gerhart and W. Zollinger, chief engineers, construction and 
manufacturing, respectively, Bethlehem Steel Company. 
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poraneously during the recent war, one being of the oblique-strut 
design described earlier, except that its pressure system is of the 
centrifugal pump-accumulator type, installed at the Charleston 
Naval Ordnance Plant; while the other two are as described in 
detail in this paper. 

From this short recapitulation of the largest forging-press in- 
stallations, we see that the United States has five of the six such 
presses in existence; three at the Charleston Naval Ordnance 
Plant, one at the Philadelphia Naval Ordnance Division of the 
Midvale Company, and the original at the Bethlehem Steel 
Company, Bethlehem, Pa. Regarding the United presses, the 
Midvale press is 71 ft 8 in. in total height, being 50 ft 7 in. above 
floor level, and 21 ft 1 in. below, and weighs 9,500,000 lb com- 
plete with auxiliary equipment, less dies and tools. The Charles- 
ton press has a total height of 74 ft 8 in., being 53 ft 7 in. above 
the floor, also 21 ft. 1 in. below, and weighs 11,900,000 lb com- 
plete. From these comparisons it is seen that in many respects 
these two most recent presses are not only the largest and heaviest 
forging presses ever built, but probably are the largest single 
machines of any type ever constructed. 


HeEAvy STAMPING OR DiE-ForGING PRESSES 


It is certainly in order to mention in these connections, the 
large-capacity presses of the heavy stamping or die-forging type 
alluded to in the early part of the paper. Recent machines have 
been built for 18,000 tons press capacity, in this country; and 
15,000 tons and 30,000 tons (metric) in Germany. The function 
of these presses is usually to squeeze or shape between form dies, 
structural or mechanical parts, usually of aluminum or mag- 
nesium, in one stroke. The loads are usually central, the press- 
ing speed and idle speed usually the same, with no particular 
requirements as to rapid stroking, as in planishing. 

There is record of the fact that shortly before and during the 
early part of the recent war, the I. G. Farben Company put into 
operation three 15,000-metric-ton presses of the die-forging type.. 
These presses are of 4-column construction, with columns 33 in. 
diam, on 15-ft X 11-ft-6-in. centers, and with daylight of 8 ft 3 in.; 
19-ft 8-in. X 6-ft 6-in. press platens can be used. The presses 
are powered by three 55-in-diam cylinders, working at a maximum 
pressure of 5000 psi, the pressure being supplied from a central 
hydraulic system, of the motor-driven-pump hydropneumatic- 
accumulator type, used to operate several other machines, such 
as large extrusion presses, and the like. The total height of 
these presses is 50 ft, being 35 ft above floor level, and 15 ft below. 

In this country, at the Worcester, Mass., plant of the Wyman- 
Gordon Company, the Reconstruction Finance Corporation had 
installed during the recent war, an 18,000-ton die-forging press 
of somewhat similar proportions. The columns are 36 in. diam, 46 
ft long, and on 12-ft  8-ft column centers, permitting the use of 
platens up to 7 ft, lin. X 12 ft 4in., for lighter sections. The press 
has a maximum daylight opening of 10 ft 6in., and astroke of 5 ft. 
Pressure is obtained from a centrifugal pump-accumulator main 
system, working at a maximum pressure of 5400 psi. Making up 
this system are three 8-stage centrifugal pumps, operating in 
series, driven by 1000-hp 3600-rpm motors, each pump passing 
800 gpm at a pressure differential of 1800 psi. Working in con- 
junction with these pumps are four hydropneumatic cylinders, 
44 in. ID, 30 ft high, having a total volume of 9000 gal.- The 
pull-back (more properly, push-back) cylinders, 24in. diam, receve 
pressure from the main pressure system, as do the manipulator 
and ejector gear. The main cylinders are four in number, 48 in, 
diam, and arranged inline. The speed of operation of the press, 
being the same for idling as under pressure, is 2!/2 ips, which full 
pressure speed, however, can be maintained for an 18-in. stroke, 
after which it must drop back to the capacity of the pumps which 
is about '/. ips. The total height of the press is 47 ft 6 in.. be- 
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ing 32 ft above floor level, and 15 ft 6 in. below, weighs 5,000,000 
Ib bare, and 9,000,000 lb including pumps, piping, motors, tools, 
dies, etc. 

The 30,000-metric-ton press mentioned earlier, also installed 
by the I. G. Farben Company, is in reality two 15,000-ton press 
structures built alongside each other, to receive a common pair of 
long, top and bottom, die platens. Each of the two press units 
is of the 4-column type, having columns 32 in. diam, 69 ft 9in. long, 
and on 17-ft X 6-ft column centers. By arranging these units 
side by side the long way of the presses, on a center distance of 
18 ft, press platens having maximum dimensions 11 ft X 33 ft 
have been used for the die-forging of two 15-ft-long aluminum 
propeller blades at the same time. The press platens, because 
of the large span across which full pressure must necessarily be 
transmitted, are very deep, being of the order of 15 ft to 20 ft, 
and result in the abnormal height of the press, even though the 
maximum daylight is only 9 ft. Each press unit has four 40'/,- 
in-diam pressure cylinders, arranged at the four corners of a rec- 
tangle, and fitted with pintle-type rams, and two 15-in-diam pull- 
back cylinders, all having a maximum stroke of 6 ft. Pressure is 
supplied to all operating cylinders from a separate pump-ac- 
cumulator system, comprising three 160-gpm horizontal triplex 
pumps, working at a maximum pressure of 4500 psi, each driven 
by .a 600-hp motor, and a battery of small pressure cylinders, 
having a probable total capacity of 6000 gal. The hydraulic 
system is connected to the press through two hydraulic-hydraulic 
intensifier units, so that pressures of 4500 psi, 6750 psi, or 3000 
psi can be obtained at. the press depending upon the arrangement 
of the valving. Each of these intensifier units is connected to 
each of the press units and is composed of one upper cylinder, 
18 in. diam, and three lower cylinders, the outer two of which are 
123/,in. diam, and the centercylinder, 14!/- in. diam, all having an 
8-ft 6-in. stroke. Each unit has a total height of 35 ft, being 25 ft 
above floor level, and 10 ft below. By means of the various 

, cylinder combinations, press capacities may be adjusted to 30,- 
000 tons, 20,000 tons, or 13,333 tons, depending upon the most 
suitable capacity, thus obtaining some power economy. The 
over-all height of the press is 81 ft, being 54 ft above floor level 
and 27 ft below. 


CONCLUSION 


In conclusion, we would state that we have reviewed, in general, 
the history and present state of the art attained in the design and 
construction of large hydraulic forging presses. In particular, 
we have attempted to explain and justify the newest type of 
such press which has so well lived up to all expectations, in which 
connection the author wishes to acknowledge the interest and 
courage of the United Engineering & Foundry Company in pro- 
ceeding with such a departure in design, particularly under the 
stress of war conditions. 


Appendix 


Press Construction INVOLVING LARGE OrF-CENTER LOADS 


As mentioned in the main body of the paper, press constructions, 
as shown in Figs. 5(c, d, e), aré potential designs for heavy press 
construction involving large off-center loads, and hence must 
needs be analyzed and compared critically. 

% Fig. 14 are shown the various isolation and equilibrium 
diagrams of the Davy construction, Fig. 5(c). Referring to 
Fig. 14(d), it is apparent from moment considerations that 


In Figs. 14(b and c) are shown the various statically determinate 
and indeterminate reactions with which we must be concerned, 
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particularly as to the column proper. Owing to the massive- 
ness of the entablature and crosshead constructions, it is assumed 
that their body distortions are negligible with respect to the 
column deformations, and consequently these press components 
displace as rigid bodies. Referring to Fig. 14(c) therefore, and 
utilizing the basic deflection and rotation formulas as given, for 
instance, by Timoshenko‘ 


Milt 


A 


2EI 
for the left pair of columns, and 


Rb? —b) 
2EI 2 EI 


for the right-hand pair of columns, where the indeterminate 
moments and forces are as shown in Fig. 14. The upper ends of 
the columns undergo rotations, which are the same for both, 
since the top entablature is assumed relatively rigid, thus 


Mil 
2EI EI 2 EI EI 


The vertical extensions of each of the columns is given by 


Now the rigid-body rotation of the entablature corresponds to 
the difference in the column extensions, and also must be equal 
to the top column end rotation, from continuity considerations, 
thus 


4 “Strength of Materials,’ by S. Timoshenko, first edition, D. Van 
Nostrand Company, Inc., New York, N. Y., 1930, The Macmillan 
Company, New York, N. Y., 1931. 
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From considerations of equilibrium of the entablature, isolated 
in Fig. 14(6), we have 


and 
R 
+ M, + M, = (N2— Ni)e {11] 


(Qi + Q2) 


the last equation arising from rotational equilibrium considera- 
tions around point, O. The foregoing eleven equations provide 
sufficient relationships to solve for the eleven unknowns R, 

Combining Equations [6], [7], and [8], we get 


(Nz — N))l 
2 EAc 


Now, by combining Equations [2] and [3], and simplifying in the 
light of Q, = R — Q,, as given in Equation [10], we get 


[4/3] Q, — [3/7] M, + [3/7] M, = [2/5 + 63 — R... . [13] 
Similarly combining Equations [4] and [5], we get 
[272] Q, — M, + [21] M, = [14] 
Now, by combining Equations [11] and [12], we obtain 


l Ra+M,+ 
2 AEc 


which may be combined further with Equation [4], to give, after 
simplification 


I Il Tal 
[?] a — + 4) M, — = Je. . [15] 


In Equations [13], [14], and [15], we have three simultaneous 
equations in the three unknowns Q,, ,, and M,, which may be 
solved in terms of R, and by virtue of Equation [1], in terms of P. 
However, Equation [15] may be simplified desirably by the fur- 
ther approximation based upon practical knowledge of the 
value of the quantity J/(Ac*). For two 34-in-diam columns, 
I =2 X (/64) X (34)! and A = 2 X (x/4) X (34)?; and fora 
column spacing of 2c = 23’, yielding c = 138 in., we have 


Ac? 16(138)? 250 


which may be neglected with respect to unity. Thus Equation 
[15] reduces to 


Qi — M, = 0 
or M, = a5 [16] 


Solving Equations [13] and [14] simultaneously, in the light 
of Equation [16], we get 


and consequently 


Accordingly 
Pe 


b\? 


The expression for M, also comes out of Equations [13] and [14], 


to be 
Pe b\’ 
M, = _ (*) —2 (°) | [20] 


Combining Equations [9] and [11],'n the light of Equation [1], 
we get 


) 
P Pe M,+M, 
2c 


Now, substituting Equations [19] and [20] in [21], we get finally 


, 1—@/n 
win 2h/l )] 


a 


We are now concerned with the bending-moment diagrams 
of the columns. It is easy to see that for the left-hand columns, 
the BM is a maximum at each end, being equal, and always zero 
in the middle, the condition being independent of the value 
b, i.e., the position of the crosshead. The right-hand pair of 
columns has a more complex BM diagram, and we must examine 
the conditions at the top M2, and as well the moments at the 
contact point with the crosshead, Mp, and at the base, Mo. 
Thus for 4/2 we have, referring to Fig. 14 


Mz = Q — M; 


and by substituting in the values of Q: and M; as given in Equa- 
tions [18] and [22], we get 


For Mo, we have 
My = Q.1 — Mz — Rb 


which leads to 


M,= 


Now we must further pursue the problem to evaluate all four 
moments, M,, Mz, Mp, and M) as a function of crosshead posi- 
tion b. To do this most effectively, we plot the curves as shown 
in Fig. 15(a) from which it is apparent that M; is always the 
largest of the four, and is an absolute maximum for b = 1/(3i), 
although it is nearly the same value for all values from 6 = 0 
to b = 1/2, which about covers the entire operating range. We see 
from Equation [22] that the tension stress, as determined by N32, 
is also greater in the columns toward which the eccentric forging is 
carried out, and hence the most highly stressed location is at 
the top of the right-hand pair of columns. 

To evaluate the press sway or lateral deflection of the top 
entablature, let us return to Equation [2], substituting the 
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values of Q; and M, from Equations [17] and [19], to obtain 


+2(() 


which shows the sway to be greatest where b is the least, all 
other things being equal. 


Press Construction Strut 


In this section, the press construction of Fig. 5(d) will be ana- 
lyzed. The principal contribution and purpose of the oblique 
strut is to reduce the sidesway essentially to zero, and correspond- 
ingly to reduce the maximum bending stresses. In order to 
simplify the evaluation of this structure, which is inherently con- 
siderably more complex than the construction of the preceding 
section, we may proceed by superimposing on the analysis there 
given, the stress system introduced by applying a lateral force 7’, 
of sufficient magnitude to nullify the sidesway A. This neglects 
the elastic extension of the strut itself (which is of the order of 
one tenth of the sidesway before the introduction of the strut), 
as well as the reduced elastic extension of the right-hand pair of 
columns, due to the angularity of the strut. 

It is apparent from Fig. 16(b) that extensional forces NV,’ and 
N2’, are set up as a result of the lateral distortion A’. Our ap- 
proach is to evaluate that force 7, but more particularly, those 
values of M,’ and M,’ associated with making A’ = A (of Equa- 
tion [25]). Under the system of forces in Fig. 16(c) it is known 
that M’ = Q’l/2 will cause the top ends of the columns to 
deflect without appreciable rotation. From symmetry con- 
siderations Q,’ = Q.’ = 7/2, from which follows that M,’ 
M,’ = (T1/4). From these relations, and the expression 


~ 


M,'l? 


we obtain finally 
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SHOWING EFFECTS OF OBLIQUE STRUTS 


Equating [25] and [26], we obtain the required expression 


pa 


from which we obtain 
Pe 
1 in 
4 Pe | 


and also that Mo’ = M;,’, see Fig. 16(d). From this figure also, 
we evaluate the bending moment M,’, corresponding to the 
crosshead position b, above the base, to be 


M,’ = M,' = 


M,’ 


The actual bending moments, then, in the structure, Fig. 5(d) 
are given by superposing the values and diagrams of Figs. 15 and 
16, to give 


M,”" = M,—M,' = 0 


Pe 
M.” = M,— = — 
447 


M," = M,—M,'= 


Pe b 
4 


The only reason for reversing the sign in the last of Equations 
[30] is to yield positive values, as directions mean nothing in our 
numerical comparison. By plotting the values of the various 
moments given, we obtain Fig. 17. From this plot it is apparent 
that for the range b/l = 1/4 to 1/2 the maximum bending 
moments do not exceed 0.59 Pe/[4(h/l)] which is about 60 per 
cent of the maximum values for construction Fig. 5(c) as shown 
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in Fig. 15, a reduction of some 40 per cent. However, if b ~ 
0 were a practical condition, no essential reduction in maximum 
stress would have been accomplished. 


INTERNALLY COMPENSATED GUIDE-STALK PrEss 
If we now examine critically the press structure shown in 
Fig. 5(e), isolation sketches are as indicated in Fig. 18. As 
there is no contact between the crosshead and the columns, the 
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eccentric forging moment is balanced by pressure against the 
pads in the guide-stalk well, and as shown in Fig. 18(d), we have 


and 
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It is apparent that shear forces Q, and Q, can exist only if opposite 
in direction, as shown. 

Now, as to elasticity conditions, the column extensions are 
given by 


Mal 
EI 


where the rotations are constrained to be the same because of 
the relative rigidity of the top entablature. This member can 
rotate only in space due to unequal column extensions, hence 


As to press sway or lateral column deflection, we have, again 


2EI 3EI 2EI 


Thus here again, we have eleven equations to determine the 
eleven unknowns, R, Ni, No, Qi, Q2, Mi, Ma, A, &:, and 42. 
From Equations [37] and [38], we obtain by simplifying 


1 
— M, 2 (Q2 + 
and from Equations [40] and [41], we obtain similarly 


2 
M,— = 3 (Q + 


By examining and comparing Equations [42] and [43], we find 
that these equations can be true only if Q; = — Q:, but by 
Equation [33], we have Q; = Qn, therefore 


Q: 


which condition imposes on Equations [42] and [43] the condi- 
tions that 


= M; = 


Now, combining Equations [35] and [36] with [39], we get 


And equating Equations [46] to [37] or [38], in the light of Equa- 
tions [44] and [45], we get 


Rewriting Equation [34] in the light of Equations [31] and [45], 
we also obtain 


et} 
pS 1.0 As to rotation of the top ends of the columns, we have See eer 
~ Mt, 
2c [39] 
NY 
| i Le 
(c) 
2 AEc [46] 
Referring to Fig. 18(b), conditions of static equilibrium are (47] 
Pe—2M 
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And by equating Equations [47] and [48], we get finally 


Remembering now that Ac?/J is large with respect to unity, 
Equation [49] may be more simply written 


and Equation [32] says 
Nz +N, =P 
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From these two equations, it follows that 


and 


which thus completely evaluates all previous unknowns. 

The virtues of this design are now apparent, since the maximum 
column bending moment is only a small fraction (less than | 
per cent) of the eccentric forging moment Pe. The structural 
resistance to this forging moment resides primarily in the 
modified column tension loads, which increase the maximum ten- 
sion stress only by some 25 per cent. As to press sway, Equation 
[50] in Equation [40], in the light of Equation [45] yields 


Pel? 
A = 
4 FAc? 


> 
3 Pe 1 P e 
e 
Ne==|1+- 
I \( Pe 
oe M [50] 
ets Substituting Equation [50] in Equation [47] vields 
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Streamlining Effect on Air Resistance 
and Smoke Lifting on Steam Locomotives 


By J. F. GRIFFIN,' EAST CHICAGO, IND. 


A test was conducted in 1946 in the wind tunnel at the 
Daniel Guggenheim School of Aeronautics at New York 
University with a 1 /12-scale model of an existing modern 
4-8-4 type locomotive. To this model was added for vari- 
ous runs different features of streamlining or smoke- 
lifting deflecting plates or both. Each change constituted, 
in effect, a different model. This paper covers a report on 
the five models which proved to be of the most importance. 


INTRODUCTION 


Problems Prompting Investigation. 
overcome wind resistance. 


All motive power has to 
This resistance can be held to a mini- 
mum by suitable streamlining but on the steam locomotive the 
streamlining is limited to that which wil! not interfere with main- 
tenance and servicing. 

A steam locomotive also presents the problem of preventing 
smoke from curling around the cab and obstructing the vision of 
the engineer and fireman. This is referred to as smoke trailing 
and is caused by too low a velocity at the outlet of the stack for 
the conditions under which the locomotive is operating. 

The usual correction for smoke trailing is to decrease the di- 
ameter of the exhaust tip which results in an increase in the ex- 
haust pressure and a decrease in cylinder horsepower. The in- 
creased exhaust pressure increases the velocity at which the mix- 
ture of the gases of combustion and the exhaust steam are dis- 
charged from the stack, lifting them well above the locomotive. 

A “head-on” wind velocity of 88 mph gives a mass velocity 
about the same as the mass velocity of the mixture of gases and 
steam leaving the stack on a typical locomotive operating with 
about 4 lb exhaust pressure. The head-on wind considered here 
is due to the locomotive traveling at 88 mph. Under these con- 
ditions, the tendency should be for the smoke and steam to start 
upward at an angle of about 45 deg in relation to the longitudinal 
center line of the locomotive. Since the force available, due to 
the velocity of the mixture from the stack, is a diminishing one 
and that of the wind a constant one, the wind and gravitation 
soon overcome the velocity of the mixture from the stack, bring- 
ing its flow down to a horizontal flow. However, the wind tends 
to act parallel to the axis of the locomotive and it should have a 
strong tendency to combat gravitation and hold the flow of gases 
and steam in a horizontal path unless some outside force acts to 
interfere with it. 

It seems to be pretty well accepted, that because of the lack of 
suitable streamlining on the top and sides of a locomotive, eddy 
currents of air are formed along the upper portion. This creates 
a lower pressure at various points and the gases and exhaust 
steam flow to these low-pressure points, finally curling around 
the cab obstructing vision. 

A test was conducted in 1946 in the wind tunnel at the Daniel 
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Guggenheim School of Aeronautics at New York University with 
a '/i»-scale model of an existing modern 4-8-4 type locomotive. 
To this model were added for various runs, different features of 
streamlining or smoke-lifting deflecting plates or both. Each 
change constituted, in effect, a different model. 

The Huet design is described in detail in the text, but briefly it 
is a novel design arranged to convert air velocity into pressure so 
as to build up a layer of air at least to atmospheric pressure around 
the locomotive to reduce skin friction, and to prevent low-pres- 
sure points being formed, which would draw the smoke and ex- 
haust steam down around the locomotive. 

The main object in testing ‘‘full streamlining” was to establish 
what the least possible wind resistance could be with the utmost 
in smoothing out the lines of the locomotive, regardless of its 
practicability for a steam locomotive. 

The general interest of The Superheater Company in all types 
of motive power for transportation purposes, prompted them to 
sponsor this test in the interest of improved motive-power per- 
formance. 

Summary of Results Obtained. The results obtained on this test 
were such that, if they can be duplicated in road service, make it 
appear possible not only to reduce smoke trailing but also to de- 
crease stack velocities; and at high speeds to effect a reduction in 
wind resistance. The latter would add directly to the drawbar 
horsepower. A decrease in stack velocities would mean a de- 
crease in exhaust pressure which could be utilized to increase the 
drawbar horsepower. 

Full streamlining (considered impractical from a maintenance 
and servicing standpoint) gave less wind resistance than any 
model tested. However, it was not entirely satisfactory from a 
smoke-lifting standpoint. When smoke-lifting deflecting plates 
were applied they helped the smoke lifting, but did not entirely 
prevent smoke trailing. 

The Huet design of streamlining was almost as good as the full 
streamlining from a wind-resistance standpoint. Its perform- 
ance from a smoke-lifting standpoint was remarkable, exceeding 
all other models tested by a wide margin. Even with high loco- 
motive speeds and 1-lb exhaust pressure there was no smoke trail- 
ing, indicating stack velocities might be decreased considerably 
without smoke trailing. 

The locomotive with the special streamlined nose and with 
smoke-lifting deflecting plates showed a small reduction in wind 
resistance. In this regard it ranked third with the five models 
tested. From a smoke-lifting standpoint its performance was 
about equal to that of the bare locomotive with smoke-lifting de- 
flecting plates. With it there was no indication that stack veloci- 
ties could be reduced. 

The orthodox smoke-lifting deflecting plates applied to a bare 
locomotive increased the wind resistance slightly. They were 
quite effective from a smoke-lifting standpoint. However, their 
performance in this respect was not as good as the Huet design of 
streamlining with smoke lifters. 

The bare locomotive gave considerably higher wind resistance 
than any streamlined models tested and showed up poorly as 
compared with the other models from a smoke-lifting stand- 
point. 
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TEstTs 

The test was made with several '/,.-scale models with various 
features of streamlining and smoke-lifting deflecting plates. 
Although a number of models were tested, the five most impor- 
tant are covered by this paper. The same five models used for the 
wind-resistance test were used for the smoke-lifting test. 

Types of Tests. The first series of runs were made to determine, 
by force measurements, the wind resistance. Drag- or wind-re- 
sistance readings were taken with each model at five wind-tunnel 
air velocities between 40 and 100 mph with the models set in the 
tunnel so that the wind was head-on. 
at the same wind velocities with the models set at several angles 
in relation to the direction of the air flow in the tunnel. During 
the drag runs there was no exhaust from the stack. 

The second series of runs were made to determine, by visual 
observation, the effect of the various features of streamlining and 
smoke-lifting deflecting plates, on smoke lifting. These obser- 
vations were recorded by means of motion pictures. 

The smoke-trailing runs were made with each model at wind- 
tunnel air velocities of 30to 90 mph. The tunnel air velocity was 
brought up to 30 mph and each model was slowly rotated until the 
axis of the engine was at an angle of 25 deg to the axis of the wind 
tunnel, or in 25-deg yaw position. It was then rotated slowly 
back to zero yaw. The air velocity was then slowly brought up 
to 60 mph where this rotation was repeated. Finally the air 
velocity was brought up to 90 mph and the same procedure in ro- 
tation was followed. Each model was also tested with several 
different exhaust pressures while being subjected to the foregoing 
wind-tunnel speeds and the series of rotations described. When 
the motion pictures were made each run was labeled with the ex- 
haust pressure simulated. 


DEscrRIPTION Or MODELS 


An existing modern 4-8-4 type steam locomotive with its tender 
was selected as the base for this test. A model of it was built, and 
all streamlining features as well as smoke-lifting deflecting plates, 
were built for application to this‘model. A brief description of 
the features tested is given in Table 1. 


TABLE 1 
Line Shown in 
no. Model features tested gures 
1 Bare modern 4-8-4 type locomotive; no streamlining, no 1 
smoke lifters 
2 Bare modern 4-8-4 type locomotive; no streamlining but 2 and 3 
with orthodox smoke lifters as now used on a number 
of locomotives 
3 Locomotive with a special streamlined nose and with 4 and 5 
smoke lifters 
Locomotive with Huet streamlining and smoke lifters 6 and 7 
5 Locomotive with full streamlining and smoke lifters 8 


The term “bare locomotive’’ is used to indicate that no stream- 
lining was used. In this paper, smoke-lifting deflecting plates 
are not considered streamlining. 

The bare locomotive, or base model, was made of wood. It 
was 9.4 ft long and had a projected cross-sectional area of 0.84 sq 
ft. This model is covered by line 1 of Table 1 and is shown in 
Fig. 1. ; 

The mode] representing the locomotive as actually operated on 
the road, is covered by line 2 of Table 1. It is shown in Figs. 2 
and 3. This model was produced by adding to the bare model, 
smoke-lifting deflecting plates of an orthodox design now in road 
service on a number of locomotives. 

Line 3 in Table 1 covers a locomotive with a special stream- 
lined nose and smoke lifters. It is shown in Figs. 4.and 5. This 
model was produced by removing the bumper, pilot, and head- 
light from the base model and substituting the streamlined nose. 
The smoke-lifting deflecting plates used on this model are the 
same as used on the model described in line 2. 
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Fig. 1 Bare LocomotiveE—No STREAMLINING, No SMOKE LIFTERS 


Fia. 2 


DIAGRAM OF BarRE LocoMoTivE—No STREAMLINING, 
OrtTHODOX SMOKE LIFTERS 


Fie. 3) Bare Locomotive—No STREAMLINING, WITH ORTHODOX 
SMoKeE Lirrers 


be 
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Fig. 4 Dracram or Locomotive WITH STREAMLINED 
AND SMOKE LIFTERS 


Fia. 5 Locomotive SpeciaLt STREAMLINED NOSE AND SMOKE 
LIFTERS 


Line 4 in Table 1 is the base model equipped with a novel de- 
sign of streamlining, as shown in Figs.6and 7. This streamlining 
was designed by André Huet? and has been applied to a num- 
ber of locomotives now in service in Europe. His design includes 
his own type of smoke-lifting deflecting plates. 

Line 5 in Table 1 is the base model equipped with full stream- 
lining. It was obtained by adding a streamlining shroud snd 


2 President and General Director, Compagnie de Surchauffeurs, 
Paris, France. Mem. ASME. 
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Fra. 6 Diagram or Locomotive Wira Huet STREAMLINING AND 
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Locomotive Wire Huet STREAMLINING AND SMOKE LIFTERS 


Fic.8 Locomotive Wits FuLL STREAMLINING AND SMOKE LIFTERS 
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Fic. 9 Front View or Locomotive Wira Huger SrreaMuinina 
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smoke-lifting deflecting plates to the bare locomotive, as shown 
in Fig. 8. As previously stated, this type of streamlining is not 
practical, but it was included to show the optimum obtainable in 
the reduction of wind resistance and to determine the effect of this 
type of streamlining on smoke lifting. Its wind resistance was 
of particular interest because it is similar to the streamlining used 
on Diesel road engines. 

Huet Type of Streamlining. The purpose of the Huet type of 
streamlining is to secure the greatest possible benefits from stream- 
lining, while allowing accessibility to those parts requiring fre- 
quent servicing, and the greatest amount of maintenance. 

The underlying principle of the Huet design is that fluid flowing 
through a properly diverging nozzle will change velocity to pres- 
sure, 

Fig. 9 shows how this principle is utilized by the Huet stream- 
lining. The lower portion of this figure shows a front view of the 
streamlined nose of the locomotive. The upper portion shows a * 
plan view of a section through the streamlined nose. Referring 
to the upper portion, it will be noted that slots 2 and 3 in plates 
F and G are progressively narrower than slot 1 in plate E. Wind 
enters slot 1 as illustrated, and a portion of it passes between 
plates E and F as shown by the arrows. Some of the wind travels 
farther and passes between plates F and G. The divergence of 
these plates, in relation to each other, transforms wind velocity 
into pressure, enveloping the locomotive with a layer of air at a 
pressure higher than would otherwise exist in that proximity, 
thus avoiding the creation of low-pressure zones throughout the 
length of the locomotive. 

The streamlined nose of the Huet design is made in two halves 
being split on line W-W. Each half is hinged to the front of the 
smokebox to provide easy access to the smokebox. 


Test EquiIPpMENT AND MeEtTuops 


Wind Tunnel. The wind tunnel at New York University in 
which the test was conducted is shown diagrammatically in Fig. 
10. The figure shows both a horizontal and vertical section 
through the tunnel which is of the type having a closed working 
section under atmospheric pressure and a double return. The 
working or testing section is 10 ft long with a 7 X 10-ft cross sec- 
tion. The rear portion just past the working section is built into 
the form of a cone and at the maximum diameter houses a 14-ft- 
diam 9-blade propeller, driven by a 250-hp motor. The propeller 
and motor will develop a wind speed of more than 125 mph in the 
working section. Fig. 10 also shows the location of the model in 
the wind tunnel. 

A ground board was built into the tunnel to simulate ground 
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effects. It extended from side to side of the working section, 
which divided the working section approximately in half, forming 
an upper and lower half to the tunnel at this point. The ground 
board was 6 in. thick and approximately 12 ft long, the front edge 
of which was streamlined. 

Fig. 11 shows how the model was placed in the working section 
of the tunnel above the ground board. When the model was set 
in zero-yaw position its nose was 2.23 ft to the rear of the leading 
edge of the ground board. 


AXIS OF 
ROTATION 


OF WIND 


‘Fig. 11 TuNNEL WorKING SECTION 


Drag Force-Measuring Equipment. The model was rigidly 
mounted on a 3-in. pipe which acted as a shaft, by means of which 
it was attached to a T-shaped force-measuring rig. It was also 
used as the axis about which the model was rotated to obtain the 
desired angle of yaw. The shaft was located 3.56 ft to the rear 
of the model nose. . 

The T-shaped rig in which the vertical shaft rotated was pro- 
vided with a clamping arrangement for holding the model rigidly in 
place at any desired yaw angle, while force measurements were 
taken. 

Fig. 12 shows the T-shaped rig containing the beams to which 
were bonded metalectric strain gages for measuring the forces 
on the model. The forces measured by the strain gages were re- 
corded by a Wheatstone-bridge control box. It will be noted that 
the rig was located under the ground board, a section of which was 
removed immediately above the rig to permit the photograph to 
be taken. The rig rested on three ball-bearing supporting col- 
umns, two of which acted as force-measuring beams; the third 
and rear column simply acted as a support. This may be seen 
more clearly in Fig. 13. One of the two strain-measuring and 
supporting beams of the rig had two sections reduced for appli- 
cation of strain gages. The sections were reduced to make them 
more sensitive to the strains imposed on them so that the re- 
corded forces would come within the range of the control box. 
The reduced sections are shown in Fig. 14. The other strain- 
measuring and supporting beam had only one reduced section for 
application of a strain gage. Both strain-measuring beams were 
sectioned so as to record the bending in a direction parallel to the 
center line of the wind tunnel, while one beam only was sectioned 
to give the results of bending in a crosswise direction of the tunnel. 
However, the one with only one reduced section was secured to 
the base in such a manner as to permit it to act as a link with no 
resistance to a crossway force. In this way drag and cross-wind 
forces exerted by the wind on the model could be recorded. 

Calibration of Drag-Measuring Equipment. Before actual testing 
was begun, a static calibration of the strain-gage units was made 
with the model mounted in place by attaching known weights to 
therig. Calibration curves were prepared to indicate the equiva- 
lent forces on the model during the test. Check readings of tare 
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were made before as well as after each individual run, thus ac- 
counting for any residual strains in the force-measuring system. 

As previously stated, wind resistance was measured with a 
head-on wind as well as with the models at yaw angles of 4, 8, 12, 
and 25 deg. 

Runs indicated that because of the lack of symmetry of the two 
halves of the model, or because of the vertical shaft being located 
slightly off center of the model, or both, corrections in the angles 
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when recording data had to be made. This resulted in the fol- 


lowing corrections: 
4° 
5.5° 


0° 
1.5° 


9.5° 


12° 
13.5° 


25° 
26.5° 


Actual angles of yaw 
Corrected angles of yaw 


Although the models were set at the “actual angles of yaw,” all 
data were recorded under the angles shown as ‘‘corrected angles of 
yaw.” 

The 1.5-deg angle as compared with zero angle, has a very 
slight effect on the data in the direction of increasing the drag. 
It is of insufficient magnitude to consider in this discussion and 
the data so obtained are used herein as a head-on wind. Since all 
runs were conducted on the same basis, their results should, for all 
practical purposes, be comparable. 

Basic Data for Smoke-Lifting Runs. Prior to making smoke-lift- 
ing observation tests, every effort was made to duplicate con- 
ditions in road service which would affect smoke lifting. These 
were head-on-wind velocities due to the motion of the locomotive, 
cross or natural winds, and the various mass velocities and den- 
sities of the mixture leaving the stack at different exhaust pres- 
sures, 

To assist observations and record them by motion pictures, also 
to avoid the introduction of moisture into the tunnel, it was desir- 
able to discharge ‘‘smoke only’ from the stack. However, all 
chemicals proposed for smoke-making purposes were ruled out be- 
cause they were considered injurious to health or to the wind 
tunnel, or presented a fire hazard. It was finally decided that 
“steam only” could be used without detriment to the tunnel if 
the runs were not of too long duration before the air in the tunnel 
was changed. 

Basic data shown in Table 2 were assumed for this test. 


The 
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flow was used as existed with the proper mixture of hot gases and 
exhaust steam, the proper smoke pattern would be obtained and 
the results of the tests would be representative. 


Test Data, CALCULATIONS, AND CORRECTIONS 


From the original test data, conversion and corrections were 
made as follows: 


Conversion of drag data from scale-model values to prototype 
values. 

Corrections for static pressure drop in wind tunnel. 

Corrections for scale effect on skin friction. 

Correction of air speed necessitated by the blocking effect of 
ground board and model. 

Corrections to yaw angles because of lack of absolute symmetry 
in models or mounting of models on shaft, previously explained. 


The correction for air-blocking effect was obtained by placing a 
Pitot static tube in the tunnel, with ground board and measuring 
rig shroud only, in place. Applying the law “‘continuity of flow 
per unit time is constant,” the true air speed at the model was 
established. 

Because of the relative sizes of the model and the working sec- 
tion of the wind tunnel, a correction in the tunnel air speed at the 
location of the model, due to the tunnel-wall effect, was found to 
be so small it could be neglected. 

The drag readings for zero yaw were converted to horsepower by 


r 


the formula, horsepower = —-, where D = drag force or wind 


375 
resistance and V = velocity in miles per hour 
Winds. Three types of winds will be referred to in this paper 
and before discussing the test results, it would be well to set up a 


TABLE 2. BASIC DATA USED FOR SMOKE-LIFTING RUNS 
- Data for full size 
Exhaust Steam ’ Exhaust Model 
Total steam Gas Gas to exhaust steam Steam, 
evaporation, temperature, temperature, weight, nozzle, pressure, Ib per 
Ib per hr ¥ F Ib per hr lb per hr psi hr@ 
10,000 212 448 17,000 9,000 1/46 60 
17,000 214 471 29,000 15,000 1 175 
40,000 265 540 66,000 34,000 5 410 
67,000 360 605 105,000 56,500 1! 620 


@ Quantity calculated to give same mass flow at model stack using steam only as for full-size locomotive 


using hot gases and steam for exhaust pressures shown. 


> Steam flow representing 1/4 1b exhaust steam pressure had insufficient volume to be of value in observa- 


tions. 


outlet of the full-size locomotive stack was assumed to be 22 in. 
in diameter and that of the model 1.85 in. Because of the neces- 
sity for discharging from the stack steam only instead of a mixture 
of gases and steam, a column was added to Table 2 to show the 
quantities of steam exhausted from the stack of the models. 

Smoke Pattern for Smoke-Lifting Runs. The well-known aero- 
dynamic formula, drag per unit length = Ca '/2 » Vd, coupled 
with other mathematical concepts on acceleration, scale factors, 
etc., was developed to a point where it indicated that if the ve- 
locity and the density of the mixture leaving the stack and the 
velocity and density of a head-on wind are the same for a full-size 
locomotive and a scale model, the smoke pattern for the model 
should be in proportion to the scale size. 

Preliminary runs were made in a small wind tunnel to demon- 
Strate this was a suitable’ application of the formula. During 
these runs st acks of 0.90-in. diam and of 0.45-in. diam were used. 
The same wind and stack mass velocities were used for each size 
stack. Runs were made with properly proportioned mixtures of 
hot gases and steam, as well as with steam only. A board marked 
off in numbered squares was placed in back of the jet so that the 
smoke pattern for each run could be determined and recorded. 
The results checked very closely with the formula, which proved 
that when operating with steam only if the same mass velocity of 


name for each of them. Fig. 15 shows these winds and their re- 
lationship. One is due to locomotive velocity and will be called 
“locomotive velocity wind.” It is always a head-on wind. A 
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second is called “natural wind” which is due to atmospheric con- 
ditions and may be at any angle in relation to the direction of the 
movement of the locomotive. The third is called a “resultant 
wind” which is the result of combining the two. 

The locomotive velocity wind and the natural wind can be re- 
solved mathematically into a single resultant wind. However, 
since in a wind tunnel there is but one wind available, it will be a 
head-on wind when the model is set in a position with its axis 
parallel to the axis of the tunnel, and will be equal to the speed of 
the locomotive, or equal to an assumed combination of locomotive 
speed and natural head-on wind. When the model is rotated at 
an angle in the tunnel, the tunnel wind velocity acts as a resultant 
wind and drag readings taken during these runs are definitely in 
relation to the resultant wind. For each drag force and resultant 
wind given in the test data, the resultant wind can be resolved 
into two components, one being locomotive speed and the other 
natural-wind velocity. The natural wind can be broken down in- 
to various combinations of velocity and angularity, but each com- 
bination will result in a different locomotive speed and a different 
angle of yaw. 

Fig. 15 shows the model rotated at an angle to the resultant or 
tunnel wind. In this figure the direction of the natural-wind com- 
ponent is shown as 90 deg to the resultant wind. It is shown at 
that angle to make it agree with the direction in which the cross- 
or natural-wind drags were recorded. 

Natural Winds—at Angle to Locomotive Travel. The statement has 
been made in a number of papers written on wind resistance that 
natural winds which may be head-on or at an angle to the di- 
rection of the movement of the locomotive, are of little impor- 
tance and can be omitted from consideration. Lack of supporting 
data indicates the desirability of studying this question suffi- 
ciently to determine its importance. It seems desirable to settle 
this question before going into a complete discussion of the test 
results. 

Data obtained from the U. S. Department of Commerce 
Weather Bureau at Chicago, IIl., showed that the average hourly 
wind velocity in the Chicago district for the year 1946 was 9.4 
mph. Therefore it should not be necessary to consider natural 
winds at any higher velocities. 

The air velocity of the tunnel wind in this test was limited to a 
maximum of 100 mph. For this test, locomotive speeds outside the 
range of 60 to 100 mph were not considered. It has already been 
shown that natural-wind velocities greater than 10 mph should 
not be considered. With these limitations included, calculations 
were made to produce the curves in Fig. 16 and it was found that 
the greatest angle of yaw necessary was 9.1 deg. This is men- 
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tioned because during the drag test the model was rotated to 
maximum yaw angle of 25 deg actual and 26.5 deg corrected. 
This shows that within the limitations set for the test, angles of 
yaw above 9.1 deg are of no value in this discussion. It should 
be kept in mind that the angle of yaw is the angle relationship be- 
tween the longitudinal axis of the locomotive and the direction of 
the resultant wind. Obviously, if the natural wind should start 
as a head wind and change its direction in relation to the axis of 
the locomotive, moving toward the rear of the locomotive, it 
would become an assisting force instead of a retarding force after 
it passes a point where it acts at an angle of 90 deg to the axis of 
the locomotive. The angle of yaw of 9.1 deg referred to occurs 
when the natural wind is at 90 deg to the axis of the locomotive, 
and when the wind direction moves farther to the rear the result- 
ing wind becomes less and the angle of yaw which will produce 
these conditions, becomes less than 9.1 deg. 

Discussion of Results of Test. Fig. 16 shows the influence on 
drag, or wind resistance, due to a natural wind of 10 mph, blowing 
at various angles in relation to the direction of the movement of 
the locomotive. Curves are shown for 60 and 100 mph locomo- 
tive speed. 

The curves, it will be noted, cover a bare locomotive with smoke 
lifters, a bare locomotive without smoke li/ters, a locomotive with 
the Huet streamlining with smoke lifters, and one with full 
streamlining without smoke lifters. 

It will be noted that the angularity of the 10-mph natural wind 
has a greater influence on increasing resistance or drag on a bare 
locomotive than on a locomotive which has been streamlined. 
Apparently, streamlining, regardless of the angle of the wind, re- 
duces the wind resistance to an appreciable degree. 

Since the yearly average of natural winds is less than 10 mph, 
this velocity in itself indicates natural winds are relatively un- 
important. Their importance is further depreciated because of 
the fact that although in various parts of the country they prevail 
in one or another general direction, there still is sufficient varia- 
tion in their direction to be worth consideration in reducing their 
average effect. Since railroads must run trains in both directions, 
these winds can be a retarding force for only approximately one 
half of the time a given locomotive is on the road. This cuts the 
remaining average approximately in half. 

These facts lead to the conclusion that by the time the increase 
in resistance, due to natural winds, shown in Fig. 16, is brought 
down to an average figure, their importance in negligible. In 
view of this, it seems reasonable that angular natural winds be 
omitted from further discussion and that this paper be confined to 
comparison of the performance of various streamlining features 
with head-on winds only. . 

It is interesting to note that most of these curves show that the 
greatest resistance is found when the wind is on the forward quar- 
ter at an angle of approximately 60 deg to the axis of the locomo- 
tive. The location of this point of greatest resistance coincides 
with that reported in an earlier paper (1). This fact seems to 
support the statement frequently made by locomotive engineers, 
that a forward-quarter wind affects the locomotive speed more 
than a head-on or side wind. 

Wind Resistance. The curves in Fig. 17 give the. drag in 
pounds obtained with each of the models tested. 

It is interesting to note that the drag coefficient, obtained in this 
test checked closely with that in a previous paper (2). The loco- 
motive reported on was also a !/\-size model of a 4-8-4 type 
locomotive and tender. It was a model of a Canadian National 
6200 Class locomotive. 

The following shows the drag coefficient and how it is obtained: 


3 Numbers in parentheses refer to the Bibliography at the end of 
the paper. 
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R = aAV? 
where R = resistance, lb 
a = drag coefficient 
A = locomotive sectional area, sq ft 


V = speed, mph 


For a bare locomotive without smoke lifters the following were 
obtained: 


Previous test a = 0.3308 
This test a = 0.3541 


The difference in the drag coefficient for the previous test and 
this test is only about 6'/, per cent. 

In addition to front-end wind resistance, there are two ad- 
ditional retarding forces. One is a partial vacuum at the rear of 
the tender and the other is skin friction; therefore the drag read- 
ings shown in Fig. 17 cannot be considered as entirely due to 
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Since all five models were the same 
size and had the same tender, it is reasonable to assume that the 
drag, because of these factors, would be practically the same for 
all models under the same conditions of operation. In view of 
this, and the fact that the data are used for comparing the perform- 
ance of the models, one with the other, the difference in drag of 
one compared with another can be used as front-end wind resis- 
tance. 

Fig. 18 shows the drag readings from the curves in Fig. 17 con- 
verted to horsepower. 

Fig. 19 shows how the drags in Fig. 18 change the locomotive 
drawbar-horsepower curve. The base of this figure is curve 1 
which is a bare locomotive with smoke-lifting deflecting plates. 
This curve is taken from published data for an existing modern 
4-8-4 type locomotive. Since this test included a model of a bare 
locomotive with smoke lifters and another model without smoke 
lifters, the difference in drag between the two was due to the 
smoke lifters. This difference was added to curve 1, thus pro- 
ducing curve 2. Curve 3 was produced by finding the difference 
in drag between the bare locomotive and the locomotive covered 
by curve 3, and adding this difference to curve 2. This same 
method was carried out with the remaining two curves. 

A typical drawbar-horsepower curve drops off after a certain 
speed is reached. The base curve 1 follows this trend after reach- 
ing a speed of 60 mph. Without studying the indicator cards it 
might be assumed this is due to cylinder performance, but Fig. 19 
indicates an important part of the drop is caused by front-end 
wind resistance. 

Curve 5 shows the best performance with the greatest reduction 


front-end wind resistance. 
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LINING 
TABLE 3 
-———- Horsepower 
-——-60 mph—~ —100 mph—~ 
Total Total 
draw- draw- 
bar . bar 
Hp hp Hp hp 
drag of drag of 
Line from loco- from loco- 
no. Locomotive features test motive test motive 
1 Bare modern 4-8-4 type, no 196 4866 945 4220 
smoke lifters 
2 Bare modern 4-8-4 type, with 212 4850 1005 4160 
smoke lifters 
3 Locomotive with special stream- 169 4893 832 4331 
line nose and smoke lifters 
4 Locomotive with Huet streamline 131 4931 628 4537 
and smoke lifters : 
5 Locomotive with full streamline 133 4929 562 4603 


and smoke lifters 


in wind resistance. This is the full-streamlined locomotive and 
as previously pointed out, has streamlining similar to that used 
on a Diesel road locomotive. This curve shows the advantage 
this type of streamlining gives the Diesel locomotive. 

Front-end wind resistance is only of interest on locomotives 
when traveling at fairly high speeds; therefore Table 3 was pre- 
pared to show the relative locomotive drawbar horsepower at 60 
and 100 mph. This tabulation is based upon the data shown in 
Fig. 19 and again the existing modern 4-8-4 type locomotive is 
used as a base. Its total drawbar horsepower is shown on line 
2 as 4850 at 60 mph and 4160 at 100 mph. The remaining lines 
in this tabulation were prepared in the same manner as the curves 
in Fig. 19. 
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TABLE 4 ANALYSIS OF TABLE 3 
60 mph 100 mph 
Line Hp 16 60 
A Cost in hp due to applica- Per cent of 
tion of smoke lifters, line total loco- 
2 vs. line 1 of Table 3 motive 
drawbar hp 0.3 1.4 
Hp 27 111 
B Saving in hp due to use of Per cent of 
special streamline nose, total loco- 
line 3 vs. line 1 of Table 3* motive 
drawbar hp 0.6 2.6 
Hp 65 317 
Cc Saving in hp due to use of Per cent of 
Huet streamlining, line 4 total  loco- 
vs. line 1 of Table 3* motive 
drawbar hp 1.3 7.5 
Hp 63 383 
D Saving in hp due to use of Per cent of 
full streamlining, line 5 total loco- 
vs. line 1 of Table 3* motive 
drawbar hp 1.3 9.1 


* Drag used in these calculations includes that due to smoke lifters be- 
cause test indicated they were essential to prevent smoke trailers. 


Table 4 gives an analysis of the data in Table 3, and shows there 
is a small cost in drawbar horsepower due to the application of 
smoke lifters. As might be expected, it also shows that all types 
of streamlining tested gave a saving in horsepower. The saving 
shown by the Huet streamlining is particularly interesting since 
it approaches that which might be considered the optimum ob- 
tainable by using full streamlining. This Huet manages to 
accomplish without sacrificing accessibility to the moving parts 
of the locomotive for servicing and repairs. 

The percentages in Table 4 are based on a locomotive develop- 
ing almost 5000 drawbar horsepower. These percentages would 
be greater for a locomotive of less drawbar horsepower. 

Smoke-Lifting Observations. During observations of smoke 
lifting, it was noted that smoke-lifting deflecting plates as ap- 
plied to the bare locomotive were of distinct value in assisting 
smoke lifting; however, there was no indication that their use 
would permit any reduction in stack velocities; in fact, some 
smoke trailing was noted. 

The locomotive equipped with full streamlining and smoke- 
lifting deflecting plates did a better job in lifting the smoke 
than the bare locomotive with smoke lifters, but its performance 
in this respect was not as good as the Huet design. 

The Huet design was outstanding in its performance as re- 
gards smoke lifting. It held the smoke above the cab at high 
engine speeds with as low as 1 lb exhaust pressure, whereas the 
bare locomotive without smoke-lifting deflecting plates could not 
accomplish this with 15 lb exhaust pressure. The Huet design 
performed better with 1 lb exhaust pressure than the bare engine 
with smoke-lifting deflecting plates did at 15 lb exhaust pressure. 

This indicates that with suitable streamlining and smoke lift- 
ers, it might be possible to decrease stack velocities to a cousidera- 
ble degree. If so, the stack diameter could be increased, which 
should permit a proportional increase in the exhaust tip. 

Reduction in Exhaust Pressure. To get some idea of how this 
would work out, take a hypothetical case and see what a small 
increase, such as 10 per cent in stack and exhaust-tip diameters 
would mean in reducing exhaust pressures. This would result 
in an increase of 21 per cent in their areas which would reduce 
the exhaust pressures as follows: 


P = exhaust pressure, psig, with original diam of exhaust 


nozzle 


P, = exhaust pressure, psig, with increased diam of ex- 
haust nozzle 
P 
1.46 
Therefore, when P = 20, P, = 13.7 psi 
P = 10, = 6.9 psi 
P= 5, Pi = 3.4 psi 
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Although the foregoing figures give an indication of how much 
the exhaust pressure can be reduced by a slight increase in area 
of the exhaust tip, the following will give some idea of what the 
stack performance should be: 

Saving in Drafting Energy. A discussion (3) of an earlier paper 
(4) furnishes some very interesting information on the subject 
of the energy consumed in the drafting of a locomotive, and how 
this energy is consumed. The curves in Figs. 20 and 21 were 
reproduced from the discussion (3) and relabeled to suit the pres- 
ent paper. Referring to Fig. 20, the upper curve shows the 
total horsepower consumed in the drafting of the locomotive. 
The lower curve shows the horsepower utilized in moving the 
gases of combustion through the boiler and smokebox and out 
of the stack against the differential between the pressure of 
the smokebox and the atmosphere. The difference between the 
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upper and lower curves represents the kinetic horsepower in the 
mixture of gases and steam as they leave the stack. The kinetic 
energy in the mixture leaving the stack is that required to lift the 
mixture to a sufficient height above the locomotive to keep it 
clear of the influence of the eddy currents and low-pressure points 
immediately adjacent to the upper portion of the locomotive. 
If the velocity does not lift the mixture from the stack sufficiently, 
it will flow to the low-pressure points and result in smoke trailing. 

At a rate of 90,000 lb of steam per hr being exhausted from 
the stack, a total of 850 hp was used for drafting the locomotive. 
Of this only 290 hp was used to move the gases of combustion out 
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of the boiler, and the remainder, 560 hp, or 66 per cent of the 
total was used in imparting velocity to the mixture. 

Fig. 21 shows in terms of Btu the energy per pound of exhaust 
steam available for drafting purposes, plotted against the energy 
utilized for this purpose. . In the discussion (3) it was pointed out 
from these curves, that at a high rate of operation 810 hp was 
utilized for drafting at an efficiency of 30 per cent which repre- 
sents 2700 hp which had to be made available in the form of ex- 
haust steam for drafting purposes. 
a substantial exhaust pressure had to be maintained’ to provide 
this energy for drafting, and therefore its energy was not availa- 
ble for work in the cylinders. 

Returning to the present paper regarding increasing the stack 
and exhaust-tip diameters, assume the stack is increased 10 per 
cent in diameter. This will give a decreased velocity equal to 


This of course means that 


[21 with a resulting decrease in kinetic energy of steam and 


1.21 


1 
gases equal to is Fig. 21 shows that with 100 Btu available 


per pound of steam, 19.4 Btu are utilized for kinetic energy. 
Dividing by 1.46 gives 13.3 Btu, a saving of 6.1 Btu per pound 
of steam. 

The cylinder efficiency varies with all conditions of operation, 
but a steam rate of 16 lb per ihp-hr is considered reasonably 
good. This corresponds to a heat drop of 159 Btu in the eylin- 
ders. Based on this figure, if 6.1 Btu diverted from the draft 
are utilized in the cylinder, we secure an increase of 3.8 per cent 
in cylinder horsepower. This, converted into additional drawbar 
horsepower, may be added to that saved by the reduction in 
front-end wind resistance. 

It may be possible to increase the stack and exhaust-tip 
diameters considerably more than 10 per cent. If so, the bene- 
fits will increase accordingly. 

A great amount of effort has been expended to improve front- 
end drafting and considerable progress has been made in that 
direction. Many who have made a study of this subject have 
come to the conclusion that the drafting arrangement within 
the smokebox requires less exhaust pressure for the flow of gases 
through the boiler, smokebox, and stack, than is used in actual 
road service, the excess being provided solely for the purpose of 
smoke lifting. The discussion (3) previously mentioned, and 
two other papers (5, 6) have all brought out this point. In the 
discussion (3) it was further stated that the use of a ‘‘windshield 
or special streamlining’ would greatly improve this condition 
and permit a reduction in stack velocities. The observations on 
the present test seem to bear out this contention, and all indica- 
tions are that for the present the problem is outside. of the smoke- 
box and will continue to be, until stack velocities are reduced to 
the point where they become too low to supply sufficient air to 
support combustion. 


CONCLUSIONS 

The wind-tunnel test results show that full streamlining on a 
modern locomotive gave the best performance from a wind- 
resistance standpoint. It shows that if applied to a locomotive 
having a drawbar horsepower of approximately 5000 it would 
increase its drawbar horsepower by 1.3 per cent ‘at 60 mph and 
9.1 per cent at 100 mph. 

This streamlining being similar to that used on a Diesel loco- 
motive indicates the advantage the Diesel enjoys because it can 
use this type of streamlining. With a Diesel of dne or two units 
these percentages would be much higher because the. drawbar 
horsepower would be lower and the wind resistance would remain 
the same. 

From a smdke-lifting standpoint, this type of streamlining, 
even when equipped with smoke-lifting deflecting plates, was 
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only second best of the models tested. Even if it were satis- 
factory from a smoke-lifting standpoint it would not be con- 
sidered practical from a maintenance and servicing standpoint 
and there was no indication that stack velocities could be reduced 
by its use. 

The Huet design with smoke-lifting deflecting plates gave the 
next best performance from a wind-resistance standpoint. It re- 
duced wind resistance almost as much as did the full streamlining 
with smoke-lifting deflecting plates. The test indicated that 
with the Huet design the drawbar horsepower would be increased 
by 1.3 per cent at 60 mph and 7.5 per cent at 100 mph. Perhaps 
more important is the fact that it was the best of all models 
tested from a smoke-lifting standpoint. Regardless of exhaust 
pressure, or engine speed, it did not trail smoke around the cab 
within the limits of average operating conditions. By this is 
meant, smoke did curl over the side of the locomotive when a 
cross or natural wind of high velocity occurred but it was very 
slight when this wind was 10 mph or less, and while the locomotive 
was at zero to 9.1 deg angle of yaw. The Huet design accomp- 
lished this without sacrificing accessibility to those parts of the 
locomotive requiring servicing and the greatest amount of main- 
tenance. 

The locomotive with the streamlined nose, Figs. 4 and 5, and 
with smoke-lifting deflecting plates, increased the drawbar horse- 
power 0.6 per cent at 60 mph and 2.6 per cent at 100 mph. AIl- 
though the usual benefit from a smoke-lifting standpoint was ob- 
tained by the use of the smoke-lifting deflecting plates, there was 
no indication that stack velocities could be reduced. 

The bare locomotive with smoke-lifting deflecting plates (no 
streamlining) showed that the addition of the smoke-lifting 
deflect ing plates decreased the drawbar horsepower to a negligible 
degree. The plates did help considerably in lifting the smoke 
but there was no indication that stack velocities could be re- 
duced. 

The bare locomotive had slightly less wind resistance than the 
bare locomotive with smoke-lifting deflecting plates. Its per- 
formance from a smoke-lifting standpoint was noticeably poor 
after viewing the performance of other models. 

Indications from this test are that the problem of smoke lifting 
is located outside of the smokebox. If the application of suita- 
ble streamlining and smoke-lifting deflecting plates will, in road 
service, reduce or prevent smoke trailing with low exhaust pres- 
sures it may lead the way to improved locomotive performance. 

With present-day improved front-end arrangements, exhaust 
pressures are frequently increased solely for smoke-lifting pur- 
poses and not for the purpose of handling the gases of combustion 
through the boiler, smokebox, and stack. It appears possible 
that the Huet design of streamlining may permit drastic reduc- 
tions in stack velocities which means larger stacks and propor- 
tionately larger exhaust tips. This should result in an appre- 
ciable reduction in exhaust pressures and an increase in drawbar 
horsepower. 

It is hoped that the presentation of this data may contribute 
in some small measure to an improvement in the performance of 
the steam locomotive. 
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Discussion 


C. E. Sperry.‘ The author, his co-workers, and his employers 
should be highly commended for reducing some of the theories on 
atmospheric frictional drag and smoke lifting to definite test re- 
sults. It is gratifying to see the dramatic way in which the Huet 
design with smoke lifter contributes so convincingly to the safety 
of high-speed operations by lifting the smoke from the engine- 
man’s cab at speeds of 90 mph. 

Unfortunately, these improvements do not solve the problem in 
high-speed passenger service, since the smoke will apparently 
still trail and envelop a 14-car passenger train running into a head 
wind or at small angles of yaw. The effect on many passengers is 
all too similar to ftying through a cloud bank, and they generally 
do not know that the engineman is not encountering the same 
annoyance. Passenger acceptance is heavily against the reliable 
old steam locomotive, due to many factors such as black smoke 
and finely divided slate, slag, and earth which has been waste- 
fully heated to 2800 F in the locomotive firebox and then indis- 
criminately showered over the countryside, but due more par- 
ticularly to nation-wide advertising in consumer publications 
*y Diesel locomotive builders. 


4 Lieut. Col., Ordnance Reserve, U. S. A., Seaside Park, N. J. 
Mem. ASME. 


However, it does appear altogether probable that the applica- 
tion of streamlining and smoke lifting to high-speed freight loco- 
motives will contribute to the safety and economy of railroad 
operations. Increase in stack and exhaust passages, perhaps up 
to 10 per cent, is perfectly sound engineering, but railroad ex- 
perience of many trials and errors raises the question of a more 
conservative increase in these openings. If this more conserva- 
tive increase is made in conjunction with controlled admission 
of air to the ashpans, it’may result in some over-all definite 
fuel savingsper 1000 gross ton-miles per train-hour. The results 
of these wind-tunnel tests add significantly to the mass of reliable 
data on which mechanical engineers may base future draft im- 
provement for successful operation at the modern high sustained 
locomotive operating speeds. 


Lawrorp H. Fry.5 The research project described by the 
author represents an important contribution made by the 
Superheater Company to steam-locomotive engineering. It not 
only adds to our knowledge of locomotive wind resistance, but 
provides definite information as to the mechanism of smoke 
trailing and smoke lifting. 

It is to be hoped that Mr. Griffin’s paper will not be treated as 
just another paper on streamlining, to be noted and filed. 

The Huet method of streamlining offers two important ad- 
vantages. In the first place it uses the forward motion of the 
locomotive to lift the smoke clear of the cab and thus enables the 
back pressure against the pistons to be reduced so as to give 
increased drawbar pull with no increase in steam consumption. 
In the second place the special streamlining reduces the locomo- 
tive resistance so that the gain in effective power is double. 

AvuTHOR’s CLOSURE 

The points raised by Mr. Sperry are indeed interesting. Even 
if the addition of the Huet streamlining does not have any apprecia- 
ble effect in preventing smoke from trailing around passenger 
cars it will have a distinct advantage of providing greater safety 
in locomotive operation. This will be true both on passenger 
and freight locomotives.- The example used to show the effect 
of increasing the stack and exhaust tip by 10 per cent was in- 
tended merely as an illustration. Just how far this can be 
carried can only be determined by trial. 

Mr. Fry’s comments, I know, are based upon a wide knowledge 
of the subject, and it is hoped that this paper and Mr. Fry’s 
discussion of Mr. Sanford’s paper will serve to bring about 
greater efforts to utilize the benefits of streamlining to increase 
exhaust tips and stack diameters. 


5 Director of Research, Steam Locomotive Research Institute, 
Inc., New York, N.Y. Fellow ASME. 
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Frequency-Response Measurements of 
a Hydraulic Power Unit 


By M. R. HANNAH,' GREAT NECK, N. Y. 


Hydraulic power units continue to find important ap- 
plications in a wide variety of servomechanisms wherein 
high-performance power sources are required. In such 
applications the servo designer is concerned with the 
fidelity of the power unit in responding to the controlling 
signals, and this information is often obtained or cor- 
roborated by means of experimental data. This report 
outlines an investigation into the dynamic response of a 
typical hydraulic power unit comprising a transmission 
and associated stroke control. The well-known tool of 
frequency analysis has been employed to investigate the 
effects of certain system parameters on the performance 
of the several components of the power unit. The results 
have been evaluated with a view toward effecting im- 
provement in the response of the power unit as a whole. 


INTRODUCTION 


NE of the essential components of every servomecha- 
() nism is a source of power whose output to a controlled 
member is a time-varying function of some initiating 
signal. The latter occurs frequently at an extremely low energy 
level, so that, in general, some form of amplification is required 
prior to the final transfer of energy from the power source to the 
load. Each stage of energy amplification contributes something 
to the total time lag with which the power source responds to a 
signal, and it is often necessary to determine the magnitude not 
only of the total time lag but also of the individual lags occur- 
ring in each of the components of the servomechanism. 

One of the most eonvenient methods for determining these 
response characteristics is that of alternating-current analysis, or 
frequency analysis, whereby the response of the servosystem, 
or of any of its components, to sinusoidal inputs is determined 
as a function of input frequency. While the theory of alternat- 
ing-current analysis as applied to servomechanisms has been 
much discussed (1, 2, 3),? the actual techniques of measurement 
of frequenecy-response characteristics have not been widely pub- 
lished. The purpose of this paper is to present the procedures 
and results of a typical investigation into the dynamic behavior 
of a particular hydraulic power unit. The basic measuring 
techniques to be described were first acquired by the author in 
the Automatic Control Laboratory of the Department of Elec- 
trical Engineering at the Massachusetts Institute of Technology 
where considerable attention has been devoted to the study of 
hydraulic servomechanisms. 


OBJECT OF THE INVESTIGATION 


The primary object of the investigation was to measure the 
dynamic response of a Vickers model AA-16850 aircraft duplex 


‘Armament Engineering Division, Sperry Gyroscope Company. 

? Numbers in parentheses refer to the Bibliography at the end of the 
paper, 

Contributed by the Industrial Instruments and Regulators Division 
and presented at the Annual Meeting, Atlantic City, N. J., December 
1-5, 1947, of Toe AMERICAN SocteTY OF MECHANICAL ENGINEERS. 

Note: Statements and opinions advanced in papers are to be 
understood as individual expressions of their authors and not those 
of the Society. Paper No. 47—A-70. 


hydraulic power unit, each half of which consists essentially of a 
fixed-displacement axial-piston hydraulic motor (0.378 cu in. per 
revolution), supplied in either direction with oil under pressure 
from a variable-displacement axial-piston pump (0.319 maximum 
cu in. per revolution). The nominal rating of the transmission 
is approximately 4 hp. The displacement of the pump is con- 
trolled by a small hydraulic amplifier of which the pilot or 
control valve is positioned by means of a differential solenoid. 

It was desired to measure the response not only of the power 
unit as a whole but also of each of the elements making up the 
complete power unit. These elements were divided into the 
following components: 

(a) The control solenoid, together with the pilot valve and 
associated linkage, as well as the power-amplifier stage which 
supplied the differential current to the solenoid windings. The 
motion (X,) of the pilot valve in response to an input voltage 
(E£;) applied to the power amplifier is represented by the func- 
tion 


where s represents the operator d/ (dt). 


(6) The hydraulic amplifier, with the power piston attached 
to the pump yoke. The motion (X,) of the power piston in re- 
sponse to motion of the pilot valve is represented by the func- 
tion 


(c) The hydraulic transmission, comprising the pump, or 
A-end, the motor, or B-end, and connecting conduit, with the 
B-end subject only to inertia and viscous-friction loads. The B- 
end velocity (wo) in response to motion of the power piston is 
represented by the function 


Fig. 1 shows a block diagram of the system elements as de- 
fined. 


MEASUREMENT OF PERFORMANCE 


The performance of each of the various elements of the power 
unit was assessed on the basis of its response to a constant- 
amplitude, variable-frequency, sinusoidal, signal voltage applied 
to the grids of the power-amplifier stage. No quantitative infor- 
mation was sought regarding the response of the elements to 
transient signals. 


Scope or INVESTIGATION 


? An analysis of the performance of the transmission alone had 
been made previously (4). In the present investigation it was 
desired: 


(a) To corroborate the transmission performance as _pre- 
dicted by the foregoing or similar (see Appendix) analysis. 
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(6) To determine the variation in performance with each 
of several controlled parameters such as B-end load inertia, 
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stiffness and inertia of solenoid and linkage, replenishing pres- 
sure and amplitude of input signal. 


(c) To employ the results of item (b) in choosing the most 
promising avenue of approach to the problem of improving the 
over-all response of the transmission and stroke control. 


(d) To develop response equations which would approxi- 
mate the observed response of the transmission and of the stroke 
control. These equations would be of value in any analytical 
representation of the hydraulic power unit as a servocomponent 
and would also indicate to some extent, by comparison with the 
observed response, the linearity of the system elements. 


TECHNIQUE OF MEASUREMENT 

The methods employed for the measurement. of the desired 
quantities are summarized in Fig. 2. The most difficult measure- 
ment was that of the quantity XY, (pilot-valve motion). A simple 
photoelectric pick-off was developed which performed well and 
added very little mass or friction to the moving system of the 
pilot valve and solenoid linkage. A diagrammatic sketch of the 
pick-off is shown in Fig. 3. 

The motion of the power piston was measured by means of a 
very small selsyn unit geared to a rack which was fixed to the 
lower end of the piston rod. The selsyn excitation was obtained 
from another similar selsyn which afforded a convenient means 
of adjusting the neutral position of the pick-off selsyn. 

The output speed was measured by means of an alternating- 
current tachometer using 400-cycle excitation. The use of a 
direct-current generator for fhis measurement was avoided only 
because a good direct-current tachometer with high ripple fre- 
quency was not readily available. The frequency response of 
each of the measuring circuits, as well as that of the reference 
voltage circuit, was obtained in order to correct for their effects 
upon the measured quantities. 

The phase and amplitude measurements were made by means 
of a cathode-ray oscillograph having a long-persistence screen. 
The measured voltages were taken directly to the direct-current 
section of the vertical amplifier, while a synchronized reference 
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voltage was applied to the direct-current input of the horizontal 
amplifier. 
The signal generator consisted of a specially designed com- 
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position potentiometer, rocked sinusoidally by means of a 
synchronous motor and gear train, the latter being designed to 


_ permit signal frequencies of 1 to 60 cycles per sec to be obtained 


in unit steps. An auxiliary direct-current motor provided fre- 
quencies as low as 0.01 cycles per sec for “zero-frequency”’ cali- 
bration. 


ReEsutts or Tests 


Breakdown of Dynamic Response. Fig. 4 shows the response 
of the solenoid and linkage, i.e., from the signal voltage F, to 
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the motion of the pilot valve X,. The phase shift from input 
voltage to solenoid current is also shown, and is seen to account 
for relatively little of the total phase shift of the solenoid-linkage 
element. The amplitude characteristic of the solenoid current 
response is not shown because it was negligibly affected by fre- 
quency in the range below 60 cycles per sec. 

The response of the hydraulic amplifier is shown in Fig. 5. 
The response functions for the hydraulic amplifier alone were 
obtained by dividing the response of the stroke control K,G,(s), 
see Fig. 1, by the response up to the pilot valve, KiG,(s). Simi- 
larly in Fig. 6 the response of the transmission was obtained 
by dividing the over-all response of the transmission and stroke 
control by that of the stroke control alone. The resulting 
amplitude and phase functions of the transmission response 
correspond to a particular value of output load inertia 
(13.3 in%Ib), 
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Fic. 7 Response or SOLENOID AND LINKAGE AS A FUNCTION OF 
PrLot-VALvE CoERCION 
(K/M = 3.8 X 104 sec~?.) 


Coercive Reaction{U pon Pilot Valve. In Fig. 7 curves A indi- 
cate the frequency response of the solenoid, linkage, and pilot 
valve, where the pilot valve has been removed from its sleeve 
and is freely suspended from the linkage. These curves are, in 
general, quite similar to those which represent any simple mass- 
spring viscously damped system with a relatively smal] damping 
ratio, and they indicate that the system could be represented by 
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means of a second-order linear differential equation. Curves B 
show the response of the same system but with the addition of 
the friction existing between pilot valve and sleeve. Curves C 
show the same system when subjected also to the hydraulic reac- 
tion forces on the pilot valve, resulting from the porting of oil 
to the hydraulic amplifier. 

Fig. 7 shows conclusively that the hydraulic reaction upon the 
pilot valve results in severe damping of the valve motion. Ob- 
viously, the effect of this reaction could be lessened by increasing 
the stiffness of the moving system but this would in turn call for 
larger forces to be supplied by the solenoid. 

Amplitude of Stroke. In order to gage the effect of the ratio 
of dead space to maximum valve travel upon the measured re- 
sponse of the solenoid-linkage system, the stroke amplitude was 
made a variable quantity. Strokes of 10, 15, and 20 per cent 
(zero frequency values) were employed but little variation was 
noted in the response up to 48 cycles per sec. The term “per 
cent stroke”’ refers to the ratio of the peak value of pilot-valve 
travel during any half-cycle of its motion (measured at 0.01 
cycle per sec) to the travel required to raise the B-end speed from 
zero to maximum. Since it requires nearly 0.10 in. of travel to 
produce full stroke (i.e., full B-end speed), the value of per cent 
stroke also indicates the actual pilot-valve peak travel in thou- 
sandths of an inch. 

Mass and Stiffness of Solenoid and Linkage. Fig. 8 shows the 
results obtained by decreasing the mass M, of the moving sys- 
tem and increasing the stiffness A, of the recentering springs. 
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Fic.8 RESPONSE OF SOLENOID AND LINKAGE AS A FUNCTION OF THE 
Mass-StirFness Ratio K/M 


The response of the solenoid and linkage when A/M was raised 
to 11.5 X 104 sec~? is contrasted with the response obtained with 
K/M = 3.8 X 10‘ sec~*. The results indicate that very worth- 
while improvements can be effected in the response of the stroke 
control by the use of a stiffer and lighter solenoid-linkage sys- 
tem. However, an increase in K is worth more than a decrease 
in M, since a stiffer system would be less affected by hydraulic 
reaction upon the pilot valve. 

Replenishing Pressure. In view of the pronounced effect of the 
hydraulic coercion upon the pilot valve, as exhibited in Fig. 7, 
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it was considered advisable to investigate the magnitude of the 
effect with different values of replenishing pressure, P,. The 
results are shown in Fig. 9 where the response of the solenoid and 
linkage system is plotted for replenishing pressures of 25, 65, and 
95 psi. The most pronounced effect appears in the amplitude 
function where, as would be expected, the lowest pressure re- 
sulted in the least coercion of the pilot valve and hence the least 
attenuation of motion. The phase function shows a smaller 
per cent variation and is less consistent throughout the fre- 
quency spectrum, 
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Fic. 9 RESPONSE 


Magnitude of Inertia Load. The dynamic response of each oi 
the three main elements was measured as a function of inertia 
load on the B-end shaft. It was apparent that the response of 
both the solenoid-linkage system and the hydraulic amplifier 
was relatively independent of output-load inertia. The effect 
of the inertia-load parameter upon the response of the transmis- 
sion is shown in Fig. 10. Loads of 1.0, 4.9, 7.7, and 13.3 in®-lb 
were employed (these values include the inertia of the hydraulic 
motor and tachometer). 

It can be shown that if the B-end viscous damping is very low, 
then the natural frequency of the hydraulic transmission is given 
by the relation 


di, 
V JeV 
where 

d,, = motor displacement per radian of revolution 

e = coefficient of compressibility of the oil 

V = volume of oil in high-pressure side of transmission 

J = B-end load inertia, including that of motor 


Then, substituting rated values of d,, = 0.06 cu in./rad, and e = 
4 X 10~* in*-Ib and the measured value of V = 2.44 in.’, with 


3 Appendix, Equation [39]. 
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Fic. 10 Response or HypRAvULIC TRANSMISSION AS A FUNCTION OF 


INerTIA LOAD 


inertia loadingfofJ13.3, 7.7, 4.9, and 1.0 in®-lb, the following 
results are obtained: 


Calculated Observed 
Load inertia, natural frequency, natural frequency, Error, 
in*-lb cycles per sec cycles per sec per cent 
13.3 17.5 16.0 8.6 
21.7 21.2 2.3 
4.9 37.2 26.0 4.4 
1.0 60.4 49.6 18. 


While the agreement of these results is well within reason, it 
is perhaps a fairer test of the theory to put f, = C/VJ and to 
evaluate C from observed data for one load condition, say, 
13.3 in™lb. Then, using this value of C to find the natural 
frequency for the other load conditions, there results the follow- 
ing: 


Calculated Observed 
Load inertia, natural frequency, natural frequency, Error, 
in*-lb cycles per sec cycles per sec per cent 
7.7 21.2 71.2 0 
4.9 26.3 26.0 
1.0 58.4 49.6 17 


From either point of view the agreement of calculated with ob- 
served results is quite good (for all but the minimum-load case), 
particularly in view of the approximations made in reducing the 
expression for f, to the simple relationship used. 

Over-All Response. Fig. 11 shows the over-all response of the 
transmission and stroke control obtained with 10 per cent stroke 
and a mass-stiffness ratio K/M = 11.5 X 10‘ sec~? in the sole- 
noid-linkage system. The variable parameter was inertia load, 
values of 13.3, 7.7, and 4.9 in*lb being used. 


ANALYTIC APPROXIMATIONS 


Stroke Control. On a basis of the maximum phase shift en- 
countered throughout the spectrum of test frequencies, it was 
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Fic. 11 Over-ALt Response oF TRANSMISSION AND STROKE Con- 


TROL 
(Input K/M = 11.5 X 104 sec~?.) 


apparent in Figs. 5 and 8 that the predominant characteristic 
of the response of the solenoid and linkage system was that of a 
second-order linear differential equation, while the response of 
the hydraulic amplifier was essentially that of a simple time-lag 
device. Consequently it was decided to approximate the re- 
sponse of the complete stroke control by means of a third-order 
characteristic equation. 

Evaluating the coefficients of this equation by means of the 
stroke-control phase function, the calculated response was then 
plotted as shown in Fig. 12, for comparison with the observed 
response. The agreement in amplitude is quite good while the 
phase agreement is exceptionally good up to 50 cycles per sec. 
The response equation thus obtained was 


1 
= 592 10-75? + 6.40 X 4 3.72 X 10s 
[5] 
This equation factors into 
G,(s) = 
(0.033 s + 1) (s + 98.5 = 7 341) 


Now the right-hand side of Equation [6] can be expressed in 
the generai form 


6.4) 
(Ts + 1) (s? + 2fw,8 + wp?) 


ec 


where 7 represents a single-order time lag, while ¢ and w, repre- 
sent, respectively, the damping ratio and the undamped natural 
frequency of the quadratic factor. Thus by the equality of 
Equations [6] and [7], the stroke control is the equivalent of a 
simple time lag of 0.033 sec in cascade with a two-energy-storage 
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(Input K/M = 11.5 X 104 sec~?.) 


system having a damping ratio of 0.28 and an undamped natural 
frequency of 56.5 cycles per sec. 

Transmission. The transmission response was approximated 
(for the Jo = 13.3 in*lb condition) by means of a quadratic 
function. Fig. 13 shows the comparison of the calculated with 
the observed response. Here, too, the amplitude agreement is 
quite good, and the phase agreement very good. The response 
equation was 

1 


1.20 X 10~‘s? + 5.35 X 10-33 + 1 


= 


which yields a damping ratio of 0.25, and an undamped natural 
frequency of 14.5 cycles per sec. 
Over-All Response. The response equations for the stroke 
control and transmission were multiplied together to yield 
1 
3.38 X + 9.18 10-%s4 + 5.09 XK 10-6 33 
+ 3.82 X 10-48? + 4.25 X 10-28 +1... .[9] 


G(s) = 


The comparison of calculated and observed over-all response ap- 
pears in Fig. 11 where it can be seen that the calculated response 
is somewhat optimistic in amplitude up to 16 cycles per sec but 
very close thereafter, while the phase-function agreement is 
reasonably good up to 18 cycles per sec and optimistic there- 
after. 

The general agreement in phase and amplitude is surprisingly 
good in view of the simplifications made in the representation 
of the physical systems by means of the low-order constant- 
coefficient equations used. 


EVALUATION OF RESULTS 
Stroke Control. - Referring to Fig. 11, the useful frequency 
range of the combined transmission and stroke control for Jo = 
13.3 in*lb might arbitrarily be stated to be approximately 16 
cycles per sec since the amplitude up to this frequency is greater 
than 0.5 and falls off rapidly thereafter. During the first two 


Fic. 13 QuapRaTIC APPROXIMATION OF TRANSMISSION RESPONSE 
(Jo = 13.3 in*lb.) 


thirds of this range the major contributions to over-all attenua- 
tion and phase shift are made by the stroke control. At 8 cycles 
per sec, for example, the phase shift in the stroke control is nearly 
77 per cent of the total. In view of this fact the generalization 
may be made that a worth-while improvement in over-all re- 
sponse may best be obtained through the medium of an improved 
stroke control. It is apparent from Fig. 8 that some improve- 
ment can be obtained by increasing still further the stiffness-to- 
mass ratio of the solenoid-linkage system. Such a procedure 
would require a solenoid (or other electromechanical conversion 
device) having a higher force-to-mass ratio than that of the 
solenoid used here. Efforts have already been expended to ob- 
tain an improved solenoid or torque motor for use in stroke- 
control systems (5). 

However, the major improvement needs to be effected in the 
hydraulic amplifier itself. At 8 cycles per sec, the amplifier 
contributes about two thirds of the stroke-control phase shift 
(see Figs. 8 and 12). Now it ‘may be shown (Appendix, Equation 
[25]) that the response of the amplifier can be expressed approxi- 
mately by the relation 


2AKX, = Fol. + AP, L 


+ (Lf +4495 +2KRA 


where 


A = area of smaller face of power piston 

K = flow rate of pilot valve per unit displacement 

Fy = reaction of pump upon yoke 

L = coefficient of leakage of metered oil 

P, = replenishing pressure 

M = mass of power piston, linkage, yoke, and sleeve 
f = coefficient of viscous friction 

R = ratio of sleeve motion to power-piston motion 


This equation indicates that the hydraulic amplifier should have 
an undamped natural angular frequency of 


Re 
} 
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and a damping ratio equal to 


fL + 4A? 
V8LMKRA 
The constants f, L, R, and M offer little promise for improvement. 
The valve rate K might be increased a limited amount but is ef- 
fective only to the '/, power. It would appear then that the 
most promising approach would be to decrease the piston area 
which is effective to the 3/2 power in the damping term. The ex- 
tent to which this course might be carried would be limited by 
the allowable corresponding increase in the value of the replen- 
ishing pressure. It should be possible to raise P, by a factor of 
2 to 3 (65 psi is normal) without seriously increasing the coercive 
effects upon the pilot valve. Hence the area could be reduced 
by a factor of one half to one third. 
If the leakage be neglected, the amplifier-response equation 
reduces to 
X, 1 


x, = R (2A/RK)s + 1 [11] 


That this simplification is still a close approximation to the ob- 
served response is evident in Fig. 12 wherein the third-order 
characteristic equation includes the amplifier as a simple time lag. 
Now the time constant 24 /(RK) can be cut in half by the use of a 
four-way valve, together with a power piston having equal areas 
(4) on both sides. However, the gain here is offset by the fact 
that the hydraulic reaction upon the pilot valve is approximately 
double that experienced by a three-way valve of the same diame- 
ter. In other words, a given solenoid will allow a larger K to be 
empleyed with the three-way vaive, so that an evaluation of 
the net effect upon the time constant occasioned by the use of a 
four-way valve requires a more extensive investigation into the 
matter of pilot-valve coercion than has been attempted here. 

A further possibility in the matter of increasing the effective 
value of K lies in an improvement of the pressure regulation of 
the replenishing system. The gage value of P, was observed to 
fall more than 50 per cent with step-function inputs to the pilot 
valve. Such a pressure drop results in a lower rate of flow of oil 
through the valve, i.e., a drop in the value of K. 

Transmission. The outlook for the transmission must be 
evaluated on the basis of its response equation (Appendix, Equa- 
tion [36] ) 


(dy) max’, 
Nn din 
X JeVv JL fal 
e me m *<¢ 


where 


N,, = speed of B-end (motor) 


N, = speed of A-end (pump) 
X = per unit stroke of A-end 
d, = displacement of pump per radian of revolution 


L, = coefficient of total leakage of pump and motor 
= viscous friction of motor and load 


(Remaining symbols as previously defined) 
The characteristic system equation yields an undamped 
natural angular frequency 
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and a damping ratio 


+J L, 
2V JeV + 


If the viscous-friction term is relatively small (as is generally 
true) then these expressions reduce to 


d 
Undamped natural frequency, w, = [15] 
e 


L,WVI 


Thus for a given transmission and load inertia the adjustable 
parameters can be merely V and L,, and of these only V affects 
both terms by useful amounts. The leakage coefficient L, 
could be used to control the damping ratio but would have an 
adverse effect upon the “torque stiffness” of the transmission 
from an open-cycle viewpoint. Consequently it appears that 
improvement in transmission response may be obtained readily 
only by reducing the high-pressure oil volume, which implies 
keeping the conduit distance between pump and motor as short as 
possible. 

It should be noted that any expansion of the conduit under 
pressure constitutes in effect an increase in the compressibility 
of the oil and hence should be held to a minimum by the use of 
relatively strong conduit material because, since both the natural 
frequency and the damping ratio vary approximately as the in- 
verse of the square root of the compressibility factor (if the vis- 
cous-friction load is small), very desirable increases in both terms 
can be achieved by minimizing the expansion as well as the volume 
of the conduit. 


Damping ratio, ¢ = [16] 


Notes on PROCEDURE 


Equipment Required. Although the scheme of measurement 
as outlined in Fig. 2 required a considerable amount of labora- 
tory equipment, extensive use was made of standard laboratory 
electronic and mechanical components (6) with attendant savings 
in labor and time. Views of the signal generator and the hy- 
draulic power unit appear in Figs. 14 and 15, respectively. In 
Fig. 15 can be seen the photoelectric pick-off with its adjustable 
mounting, the latter feature being necessary in order to make the 
zero-signal position of the pick-off shutter coincide with the neu- 
tral position of the pilot valve. The latter position was made an 
arbitrary value, rather than that which resulted in zero output 
speed at the B-end. Such a procedure is an artifice which avoids 
or at least minimizes the undesired effects of the dead space oc- 
curring at the neutral-stroke position. The neutral position 
actually employed for the pilot valve was that which yielded an 
output speed approximately one half of maximum, namely, 
1500 rpm. The output voltage (£;) from the signal generator 
then served merely to vary the output speed sinusoidally about 
this mean or neutral value. Consequently the output voltage 
from the alternating-current tachometer geared to the B-end had 
a steady component (i.e., a 400-cycle carrier) with a sinusoidal 
modulation of small amplitude. It was then necessary to remove 
this steafly component from the tachometer signal by means of an 
alternating-current bias voltage of controlled phase and ampli- 
tude in order that the modulation alone might, be amplified and 
demodulated prior to measurement on the oscillograph. 

In order to minimize the effects of entrfined gas upon the com- 
pressibility of the oil and of temperature upon the oil viscosity, 
the oil for the transmission and hydraulic amplifier was drawn 
continuously from a large external sump wherein the oil tempera- 
ture was maintained at 60 = I deg C by means of thermostati- 
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cally controlled electric heaters. The oil used was AN-VVO-366 
hydraulic fluid. 

Method of Operation. With all measuring components and 
bias voltages adjusted for zero output with zero signal, the 
signal generator was driven at approximately 0.02 cycle per 
sec (referred to as ‘“‘zero frequency’’) with sufficient output volt- 
age to achieve the desired stroke amplitude. The gain in each 
measuring circuit was then adjusted to provide suitable vertical 
deflections of the oscillograph beam (i.e., full-scale deflection for 
the quantities X, and wo, half-scale or less for X, to enable the 
resonant peak to be read). The phase-angle dial (@ in Fig. 2), 
was then adjusted to cause the beam to cross the neutral axis 
at the same point after each half cycle, or in other words, to pro- 
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duce the nearest approach to a straight-line trace on the screen. 
In this objective the use of a long-persistence screen proved very 
helpful. 

Then with the signal generator operating at each of several suita- 
ble speeds throughout the useful frequency spectrum, the phase 
and amplitude functions of the quantities XY,, X,, and wo were 
measured in quick succession. The amplitude in each case 
was the over-all vertical height of the trace on the screen (ex- 
pressed as a fraction of the zero-frequency height), while the 
phase angle was the difference between the zero-frequency read- 
ing of the phase dial and that reading which resulted when the 
phase dial was rotated sufficiently to obtain a straight-line trace 
or the closest approximation. Coulomb friction and other ef- 
fects caused the optimum trace to assume an elongated and ir- 
regular figure-eight shape, in which case the criterion for adjus- 
ment was to obtain equal loop areas. By means of this proce- 
dure the average phase-shift reading could be repeated to within 
2 per cent over the range of interest. 

Difficulties Encountered. The measuring technique outlined 
in Fig. 2 proved generally satisfactory, although certain dif- 
ficulties were encountered. The major problems were those of 
shielding and filtering in order to minimize the 60-cycle and 


. 400-cycle pick-up. Such noise in any of the signal voltages ob- 


scured the reading of signal amplitudes (i.e., the vertical deflec- 
tions) on the oscillograph screen, while ripple in the reference 
voltage (horizontal deflection) increased the difficulty of applying 
a consistent criterion for phase adjustment. 

On the other hand, the filtering-out of noise had to be held to a 
minimum in order to maintain a satisfactory frequency response 
in the measuring circuits. This was particularly important in the 
matter of the amplitude functions, since the attenuation of the 
signals in the measuring circuits narrowed the frequency range 
over which reliable amplitude measurements could be made. 

Coulomb friction effects in the solenoid and linkage systém re- 
sulted in nonsinusoidal wave form in the motion of the pilot 
valve which in turn obscured the phase adjustment as previously 
mentioned. This difficulty was considerably lessened with the 
use of stiffer recentering springs and stronger input signals. The 
photoelettric pick-off proved highly satisfactory after prelimin- 
ary difficulty in making it linear. The nearly perfect frequency 
response of this pick-off avoided some of the labor required to 
correct observed data for nonperfect response in the measuring 
circuits. 

Noise in the B-end tachometer signal was particularly trouble- 
some, even with the use of an alternating-current tachometer. 
This noise appeared fo be a function of A-end displacement and 
consequently varied in amplitude with that of the output signal. 
The most prominent noise frequency was in the neighborhood of 
30 cycles per sec, and the fact that this lay within the range of 
signal frequencies made adequate filtering impossible. 

Curve Fitting. The linear equations approximating the re- 
sponse of the stroke control and the transmission were obtained 
by fitting curves to the observed phase-shift functions in each 
case. This procedure was adopted because it was felt that the 
accuracy of phase measurement exceeded that of the amplitude 
ratio. Further, the arithmetic involved was somewhat less 
laborious in fitting to the phase-shift curves, particularly in the 
case of equations of order higher than second. 

The method, briefly, consists in first choosing the order of the 
approximating equation, based upon the number of quadrants 
swept through by the phase function before approaching an 
asymptote. Then the equation thus chosen is converted into its 
phase component, and the coefficients of the latter are evaluated 
by substituting the necessary number of points from the ob- 
served phase-shift curve. The-success of the approximation 
of course lies in the choice of points, care being taken to select 
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points which appear most in accordance with the probable trend 
of an equation of the order chosen. In the case of cubics_or 
higher, the choice of points will usually be indicated by signifi- 
cant convolutions in the amplitude function. More precise 
methods of curve fitting exist but the foregoing trial-and-error 
approach is simple and relatively fast and is generally con- 
sistent with the accuracy of the observed data. 

A simple example is the approximation of the transmission 
response. Since the phase-shift curve approaches 180 deg asymp- 
totically, the equation must be second order. Then the form 
of the response equation is 


G(s) = - 


or, for a sinusoidal, varying-frequency driving function where 
$ = jw, the frequency response becomes 


[18} 
(ju) = 
(1 — aw?) + jhw V (1 — dw*)? + (bw)? 

where 
bw 
@ = — tan-? (19] 
1 — aw? 


Since there are two unknown coefficients, two points on the ob- 
served response curve will suffice. In the case in question the 
points chosen (on the J = 13.3 in*-lb phase curve, Figs. 10 and 
13), were at frequencies of 7 and 19 cycles per sec approximately. 
Then substituting each of these values of w and the tangent of 
its corresponding phase angle into the expression for 6, the coef- 
ficients a and 6 are evaluated, enabling the phase and amplitude 
functions to be calculated. One or more successive trials using 
other points may be required so that the best average fit (or the 
best fit over a range of particular interest) may be chosen. 


CONCLUSION 


The scope of this investigation has by no means been exhaus- 


tive. Inevitable compromise has left much useful information 
still to be desired. In such a category might be listed the follow- 
ing: 


1 The effect of conduit length and diameter upon trans- 
mission response, from the standpoint of fluid friction. 

2 The nature of the hydraulic reaction of the A-end upon the 
yoke linkage as a function of pressure and stroke amplitude. 

3 The magnitude of the stroking forces as a function of fre- 
quency and of stroke amplitude. 

4 The effectiveness of a suitable feedback network from the 
power-piston signal to the input circuit for the purpose of im- 
proving the response of the stroke control. 

5 The nature of the transient pressure occurring in the con- 
duits as a result of impulse loads. 


Nevertheless, it has been shown that the over-all response 
of the transmission and stroke control can be represented by a 
linear constant-coefficient differential equation of relatively low 
order. Further, the response of the various elements in the power 
unit has been measured and compared in order to assess the mer- 
its of these elements in a servoloop and to provide a basis for 
the design of power amplifiers to be used to stroke larger trans- 
missions. In addition, certain evidence has been established 
concerning the magnitudes of the effects of various parameters 
upon the dynamic behavior of the several elements in the power 
unit. 

The evolution and refinement of measuring techniques inci- 
dental to the progress of this investigation can be expected to 
bear fruit in any similar work subsequently undertaken. 
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Appendix 
ANALYsIS OF HyDRAULIC AMPLIFIER (7) 


The hydraulic amplifier may be represented diagrammatically 
as shown in Fig. 16. The following nomenclature will be used in 
the Appendix: 


N) PRESSURE =Pp 
TO SUMP. <}-MASS=M 
Z PRESSURE =Pr 
SLEEVE 
x 
R 
Fig. 16 DiaGramMMatic REPRESENTATION OF HypRAULIC AMPLIFIER 


M = mass of power piston and yoke 

f = viscous friction in moving system 
X, = position of pilot valve relative to its neutral position 
X,, = position of power piston relative to its neutral position 


P,, = pressure abové power piston 
P, = replenishing or control pressure 
A = area of smaller face of power piston 


L = coefficient of leakage past power piston 
R = ratio of sleeve travel to power-piston travel 
Fy = reaction of A-end upon yoke linkage ° 


Assume that the leakage is proportional to pressure difference. 
Assume that the oil flow from the pilot valve is proportional to 
the travel of the pilot valve relative to that of the sleeve. Then 
valve flow rate = K(X, — RX,), and leakage flow rate = L(P, 
— P,). Therefore, neglecting the compressibility of the oil, 
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the total flow rate into the cylinder = UP, — P,) + 3 Ack,, 
where s represents the operator d/(dt). Then 
K(X, — BX,) = L(P, — + 2 AckX,....... [20] 
or 
Foree on piston = 2 AP, — AP, ............00005: [22] 
Reaction force on piston = (Ms? + fs)X, *Fo..... [23] 
Equating [22] and [23] 
From Equations [21] and [24] 
xX, = [25] 
MLs? + (Lf + 4A*)s + 2KRA 
If the leakage be neglected 
x, 
RK s+1 


ANALYSIS OF HyDRAULIC TRANSMISSION 
Referring to Fig. 17, let 


Q,,, (Q,) be rate of flow of oil through motor (pump) 

Quim, (Qi) be direct leakage from motor (pump) to sump 

Qrm:, (Qi) be differential leakage across motor (pump) 

P,,, (P,’) be inlet pressure at motor (outlet pressure at pump) 
P,, be replenishing pressure 


Assume leakage is proportional to pressure difference and that 


HIGH PRESSURE LINE 


Q Lpl 
DIRECT LEAKAGE 


on| 


DIFFERENTIAL 
LEAKAGE 
LOW PRESSURE LINE 
Pr 
Fic. 17 Scuematic REPRESENTATION OF TRANSMISSION 


leakage may be lumped from the high-pressure side so that 


+ Qty: = = L,(P,'— P,)........ [27] 
and 
Qtnt + Qim2 = Qum = Ln(Pu— Pr),....... [28] 
Hence 
Let 
k 4@,,, (d,) be displacement of motor (pump) per radian of revolu- 


‘ tion 
N.», (Np) be speed of motor (pump) 
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Then 


The theoretical motor torque is equal to the delivered torque 
plus the loss due to viscous friction in the motor, that is 


From Equations [29] and [30] 
—L,{P,’—P,) —L,(P.— P,) = [32] 


Neglect pressure drop in conduit, i.e., 
= 
Assume that 
Volume of oil compression = (P,, — PJeV 
where 


e = coefficient of compressibility 
V = volume of oil in high-pressure line + r(d,, + d,) 


Then 
dN, = (L, + (P.— P,) +4,.Nq + — P,eV... . [33] 


Assume that the delivered torque is equal to a load torque 7’, 
plus an inertia reaction torque, i.e., 7 = T> + JsN,,, where J is 
the total inertia of load and motor. From Equation [31] 


1 
(Pa P,) = = [To (34] 


Let 


From Equations [33], [34] 
d,d,N, = + seV) + N,, JeVs? + (LJ + f,eV)s 
Let X be a per unit pump stroke so that 
X(d,)max = dy 


Then, letting 7, be zero, the response of the transmission becomes 


(d,) max 
(36] 


From Equation [36] the characteristic natural angular fre- 
quency is 


L,+d 
TeV [37] 
and the corresponding damping ratio is 
[38] 


2VJeV fal, + dy?) 


If the viscous-friction term f,, is relatively small then the natural 
frequency and damping terms reduce to 


and 


L; +L, = L 
. 
=. 
Ete 
= 39 
JeV 
L,VJ 
* 
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Discussion 


H. T. Marcy.‘ The author is to be complimented on this 
report of a very comprehensive series of tests. In particular, 
the completeness with which the functions of cascade elements 
have been separated is a noteworthy feat. There are, however, 
a few omissions of data and references which constitute the sub- 
ject of this discussion. 

In the description of the hydraulic amplifier it.is not made 
clear what type of oil ports are in the sliding pilot-valve sleeve. 
From the appearance of the data, showing rapid phase shifts at 
very low frequencies, it would seem that the ports are circular 
holes. Such a circumstance results in a nonlinear functional 
relationship between port area and valve opening with less port 
area per unit valve travel for small openings than for large. It 
would also be interesting to know whether the author considered 
the use of dither as a means of reducing pilot-valve coercion on 
solenoid and linkage. 

The author reports much better agreement between theoretical 
and measured transmission characteristics than other experi- 
menters.5** He has considered, however, only the natural fre- 
quency and neglected the damping. In the following table 
the writer has used the measured values of the natural frequency 
and degree of resonance given by the author and has computed 
the value of the leakage coefficient L;, which would make a 
proper theoretical prediction of the damping ratio: 


Observed 
natural 
frequency, Observed Equivalent Calculated 
Loadinertia cycles per sec, resonant damping leakage coef.¢ 
in*-lb, wn peak ratio Lt, cu in./sec/psi 
13.3 16.0 2.2 0.23 4.8 X 10-4 
ys 21.2 2.3 0.22 6.0 K 10-4 
4.9 26.0 3.1 0.16 5.6 X 10-4 
25 dm? 


It is at once apparent that there is good consistency in the three 
leakage factors shown which ideally would be the same. Mr. 
Newton previously has given a value of the total leakage of the 
pump and motor of this same model transmission as 0.44 X 107%. 
Thus by Equation [40] of the paper, the theoretical damping 
ratio is 92 per cent of the measured value for an inertia of 13.3 
in*-lb. It is 72.5 per cent and 78 per cent of the measured values 
for inertias of 7.9 and 4.9 in*-lb, respectively. 

The agreement between theory and measurement reported by 
the author is markedly better than that reported by other ob- 
servers,®* although the tendency is the same, to predict too 
high natural frequencies and too low damping ratios. Mr. New- 
ton in particular reports an observed resonant frequency of 11 
cycles per sec as opposed to a 19 cycle per sec theoretical value 
for 6.4 in*%-lb of inertia with the same type transmission as used 
by the present author. 

The observed differences between theory and practice are 
mutually incompatible with possible experimental errors in 
determining load inertia, oil compressibility, or leakage. Conse- 
quently the writer is of the opinion that there is something as yet 
unaccounted for in the theory. On the other hand, the existing 
theory does give very accurate results for a particular transmis- 
sion in indicating the change which should be expected when 
parameters such as load inertia are varied, thus reducing the 
number of experiments that must be made and preserving the 


‘ Research Engineer, The M. W. Kellogg Company, Special Proj- 
ects Department, New York, N. Y. 
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value of theory. Messrs. Steinhauer and Payson* have shown 
this for a radial-type unit manufactured by the Oilgear Company. 
They also observed the same amplitude attenuation at low fre- 
quencies with its corresponding greater than theoretical phase 
shift as appears in the data of the paper. From network theory, 
this could indicate some sort of a time lag not indicated by 
theory. 


G. C. Newron.? This paper will be particularly useful to 
university teachers in the field of applied dynamics and auto- 
matic control. For those uninitiated in the art of frequency- 
response measurements for complex electromechanical systems, 
it is a source of information on techniques as well as an example 
of the detailed results of such measurements and their use. Suf- 
ficient information is provided so that extensive and practical 
home problems can be constructed from it. This is an acid test 
of the quality of a paper in the writer’s opinion. To be consid- 
ered “good,’”’ a technical paper of this class should include suf- 
ficient quantititative inforfnation to permit a reader to cross- 
check the author’s conclusions and to make calculations of his own 
using the data presented as a basis. This paper meets this re- 
quirement to a greater degree than most. 

Even with this paper, however, there are a few points which 
may have been omitted in the interest of conciseness but which 
the writer would like the author to clarify in his closure. 


1 Dither. The writer finds no reference made to dither in the 
hydraulic amplifier. It is common practice to introduce a rela- 
tively high-frequency vibratory motion called dither, between 
the pilot valve and its sleeve in order to reduce the effects of valve 
overlap, valve friction, and transmission ‘softness’ near neutral 
stroke. These effects generally show up as low-frequency os- 
cillation of output displacement when the power unit is incor- 
porated in a closed-loop system. In this particular apparatus, 
dither might be introduced at the fulcrum of the lever connect- 
ing the power piston and sleeve( see Fig. 16 of the paper). The 
writer asks the following specific questions: 

(a) Was dither used during the frequency-response tests? 
If so, what were the amplitude and frequency? 

(b) Is dither to be used in contemplated closed-loop applica- 
tions of the power unit? If so, what are the amplitude and 
frequency? 

(c) If no dither was used during the frequency-response tests, 
and if dither is to be used in closed-loop applications of the power 
unit, what is the justification for omitting dither in the fre- 
quency-response tests? In answering this, superposition argu- 
ments probably cannot be used because of the inherent non- 
linearities of the system. (Dither, in fact, is supposed to com- 
pensate partially for certain of these nonlinearities.) 


2 Auziliary Information Necessary for Proper Interpretation 
of Frequency-Response Data. In general, frequency-response 
data alone are insufficient to specify the behavior of a dynamical 
system. If the system were linear, it is true that the frequency- 
response data (presumably amplitude and phase versus fre- 
quency over a finite frequency interval) would characterize the 
system’s behavior completely. However, the systems we deal 
with in practice are never linear in the mathematical sense; 
they are, at best, only “approximately linear.” The response of a 
nonlinear system to a sinusoidally varying excitation is not a 
sinusoid and a frequency response generally cannot be readily 


defined. 


If the degree of nonlinearity over the range of variation (in 
frequency, amplitude, and bias) of the excitation variable is 
small, then the deviation of the response from a sinusoidal motion 
is generally small. Under these conditions a frequency re- 
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sponse can be defined by comparing the fundamental of the 
response and the excitation. A change in the range of variation 
of the excitation variable generally changes both the devia- 
tjon of the response from a sinusoidal motion and the frequency 
response. However, the change in frequency response is usually 
more readily detected than the change in the deviation of the 
response from a sinusoidal motion. Furthermore, certain non- 
linearities aré directly measurable by making a number of fre- 
quency-response measurements for different ranges of the excita- 
tion variable. 

Thus it is apparent- that precautions must be exercised in 
making frequency-response tests on practical systems, particu- 
larly in the matter of the choice of ranges of excitation variation. 
If complete tests are not contemplated (and seldom can they be 
for economic reasons), then the engineer should choose ranges of 
variation of the excitation variable which correspond as closely 
as possible to the conditions expected in the situation for which 
the data are to be used. For example, if the data are to be 
used for studies of system stability to small disturbances, then 
the frequency-response runs should be made at as small amplitude 
as possible with static bias corresponding to the operating point 
for which stability is to be determined. (The limit on smallness 
is usually set by observation difficulties.) On the other hand, 
if the data are to be used for calculation of performance with 
large excitation, then correspondingly large amplitudes should be 
used. 

It should be recognized that the amplitude of the excitation 
variable should not necessarily be the one controlled during a 
frequency-response run. Rather, the amplitudes of variables 
associated with the most nonlinear elements should be controlled. 
In the power unit under discussion, the most nonlinear elements 
would seem to be the hydraulic amplifier and the transmission. 
The nonlinearity of the stroke control is most likely associated 
with some function of its output if pilot-valve overlap effects are 
negligible. (Such effects generally must be negligible for the 
satisfactory closed-loop operation of a system incorporating this 
power unit.) The transmission nonlinearity is probably as- 
sociated with pressure and hence B-end acceleration, a, for 
the pure inertia loading of these tests. At low frequencies the 
B-end acceleration is directly related to the velocity of the stroke 
control output (X p): Therefore it would seem more appropriate 
to control the amplitude of B-end acceleration rather than the 
input voltage to the power amplifier, Z;. By ‘‘control’’ the writer 
does not mean to make constant but to make conform to a pre- 
scribed function of such yariables as are indicated by purposes of 
the tests. This amplitude-control function may or may not be a 
constant. 

To summarize, frequency-response data for practical systems 
(i.e., systems which exhibit nonlinearity) should be accompanied 
by auxiliary information including the following: 


(a) The purpose of the data in view of the nonlinearities 
present. 

(b) Statements of the controlled-amplitude variable, the 
amplitude-control function, and reasons for these selections. 

(c) Disclosures of actual amplitudes applying to each fre- 
quency-response run (or the equivalent) when not given else- 
where, e.g., these disclosures are necessary when amplitudes are 
concealed in per unit scales. 


(d) Statements of the biases of all pertinent variables so that’ 


the operating point for which the data are supposed to apply is 
disclosed. 
(e) Estimates of precision or repeatability of data. 


This list does not include items such as equipment description, 
test method, and the like, which are normally presented with any 
test result. 
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The last item is included without prior discussion, on the basis 
that all scientific and engineering test results should include such 
information. In frequency-response tests, repeatability can be 
presented as a graph of phase and amplitude uncertainties versus 
frequency. Separate information for instrument and equipment 
uncertainties should be given if possible. Such estimates are 
recognized as being generally subject to large errors, but crude 
estimates are better than none. The experimentalist always 
interprets his data against a background of such estimates but 
often fails to convey them with his other results. 

Finally, estimates or data describing the nonlinearities of the 
equipment are highly desirable. These may be in the form of 
static curves such as torque-speed curves and the like. Such in- 
formation is not essential to the characterization of a particular 
frequency response but is convenient to have if the frequency-re- 
sponse data are to be used for estimating performance at operat- 
ing points different from their own. | 

The author has explicitly disclosed part of the auxiliary in- 
formation listed. In his paper he states, pertaining to the respec- 
tive items: 


(a) Nothing 

(b) That the input voltage £;, amplitude was held constant 
during runs and that the zero-frequency amplitudes of valve 
travel used were approximately 0.010, 0.015, 0.020 in. (see see- 
tion ‘Amplitude of Stroke’). 

(c) Nothing. 

(d) That 1500 rpm output speed (wo) and zero-load torque 
biases were used. 

(e) Nothing. 


He probably discloses implicitly much additional auxiliary 
information through conventions used among people ‘skilled 
in the art”? which assign exact meanings to omissions in explicit 
disclosures. But those not skilled in the art will appreciate any 
clarification he may care to make in his closure. 

To show the need for clarification, suppose one tries to esti- 
mate, on the basis of the explicitly disclosed facts, the working 
range of transmission pressure difference (one of the linearity 
determining variables of the transmission) corresponding to the 
data of Fig. 11 of the paper. ,To do so, it is necessary to make 
assumptions regarding which zero-frequency stroke amplitude 
was used and what the zero-frequency B-end speed for full stroke 
is. Assuming 10 per cent stroke and 3600 rpm, the writer’s rough 
calculations indicate that pressure amplitudes vary from zero to 
roughly 1000 psi. The maximum rated pressure of the transmis- 
sion is probably in the vicinity of 1000 psi. The writer can only 
conclude that one of the nonlinear elements has probably been 
worked over a very large range indeed. 

Effect of Dynamic Variation an Replenishing Pressure. In the 
last paragraph of the section, ‘‘Evaluation of Results,” the author 
mentions a possibility of decreasing the effective time constant of 
the hydraulic amplifier by better regulation of the supply pres- 
sure. Such improvement would undoubtedly occur but the over- 
all performance of the stroke control probably would not change 
appreciably, in the writer’s opinion, because the device acts to a 
considerable degree as a force balance in which the solenoid force 
is halanced against the coercion force. The coercion force is 
closely related to the flow of oil through the valve and tends to 
increase with increasing flow, regardless of the actual magnitude 
of the supply pressure. Reduction of supply pressure tends 
merely to allow the valve to have a wider opening for the samo 
coercion force. 

In concluding, the writer again states that he believes the 
author has written an excellent paper and that the comments and 
queries contained herein are not to be construed as criticism in- 
tended to point out flaws but rather as providing opportunities 
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for the author to add to his paper through the medium of his 
closure. 


N. B. anp E. H. By employing exist- 
ing knowledge of linear servotheory, the performance and stabil- 
ity of the over-all servo can be calculated readily if the char- 
acteristics of each element in the servo are known accurately 
enough. Therefore if servos are to be designed by analytical 
methods, a fundamental knowledge of each element and its 
limitations is necessary before the designer can proceed to build a 
servo to fit a specific need. Also, improvements in servo design 
result either from the development of new elements or the re- 
arrangement of elements; in either case, a fairly detailed knowl- 
edge of the dynamic characteristics of each element is necessary. 

In his paper the author discusses experimental techniques for 
obtaining dynamic information about each element in a hy- 
draulic power unit and follows this with a method for obtaining 
an approximating analytical transfer function from the experi- 
mental data, namely, constant-coefficient differential equations 
of low order. It is felt that the paper is timely and an important 
contribution to the literature of automatic control. 

By using frequency-response methods, the author has done 
what appears to be a careful job of determining transfer func- 
tions experimentally. It is noted that he seeks to improve each 
element by examining the approximating analytical expression 
and then by recommending design changes which will increase 
the band pass of the element, that is, extend the cutoff frequency 
toa higher value. It should be pointed out that for a given servo- 
application, it may be that, when a compensating or equalizing 
network is introduced in the servoloop to obtain a desired per- 
formance characteristic, its introduction will void any advantage 
of a higher cutoff frequency for the hydraulic amplifier. _ How- 
ever, it still seems desirable to make the hydraulic amplifier as 
fast as possible since it increases the flexibility of application and 
improves performance when the amplifier characteristic does be- 
come of importance. 

The method used to obtain approximating equations appears 
convenient if an accurate and easy method of measuring phase 
angle is available. For those cases where phase-angle measure- 
ment is more difficult than amplitude-ratio measurement, a 
plot of amplitude ratio in decibels versus the logarithm of the 
radian frequency permits an easy method of determining the 
same data. The phase angle neéd.be checked only at a few 
points since asymptotic intersections on the decibel-log frequency 
plot afford a very simple method of calculating phase angle. 
In fact, the phase-angle measurement can be eliminated entirely 
if previous experience indicates that the element is nearly linear 
and not of a nonminimum phase type. 


K. I. Posrex.'® It is indeed a pleasure for the designer of the 
transmission studied to have an opportunity to comment on the 
paper. At the outset it seems in order to state, not so much in 
defense as by way of explanation, that the unit was designed at a 
time when static performance and weight economy were the 
principal. considerations, and serious attention was not given 
to its application as a servounit until more recently. 

The author states that the most promising approach to im- 
provement of the dynamic performance would be to decrease 
the piston area in the hydraulic amplifier. It is interesting that 
we had arrived at the same conclusion independently, and that 
comparative tests made with a piston of one half the area show 
some improvement. The amount of improvement, however, is 
moderate because the differential pressure available to force 
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the oil over the opening of the pilot valve is the difference be- 
tween the control-pressure source and the value required to move 
the piston against the work. The result is that the reduced vol- 
ume of oil to be ported has also less effective pressure to force it 
across the orifice. 

The poor regulation of the control pressure under varying 
demand was a factor that had been overlooked by us, but one 
which offered a simple means of improvement. 

Experimental work had been under way for some time in an 
endeavor to increase the pulling effort of the solenoid, but new 
impetus was tendered the project when the amount that could 
be realized was made evident by the data shown graphically in 
the author’s Fig. 8. The higher stiffness-to-mass ratio for which 
results are shown in Fig. 8 was almost exactly 3 times that of the 
standard solenoid. An entirely different type of solenoid has 
been developed in which the maximum effective effort available 
for moving the pilot valve to signal position is more than double 
that of the solenoid used in the subject report, with approxi- 
mately the same power input. Though we were not able to 
keep the mass of the armature down to the value which would 
also result in a stiffness-to-mass ratio double the former, we con- 
cur in the opinion of the author that an increase in stiffness is 
worth more than a decrease in mass because the stiffer system 
will be better able to overcome the hydraulic reaction of the 
pilot valve. 

In view of the number of times mention is made, of the B-end 
operating under viscous friction, it might be of interest to con- 
sider the nature of the actual friction losses. An equation which 
closely approximates the experimental results is 


Tr = T; + bP+ cN? 


where 
T; = total equivalent torque loss, lb-in. 
7; = torque required to idle unit at a low speed, lb-in. 
P = sum of pressures in both ports, psi 


N = speed of rotation, rpm 
and ¢ are constants 


In this equation the term 7; covers the idling friction of bear- 
ings and rubbing surfaces, the term bP accounts for the increase 
in friction as pressure is applied, and the term c.V? is an equivalent 
torque representing the pressure drop encountered within the 
motor as the speed is increased. For the B-end used in the 
transmission tested, the friction will be closely represented by 


T, = 0.8 + 0.002P + 0.00000023N? 


We regard the paper as comprehensive and competent. 


H. I. Tarptey.'! The author has used several methods to 
advantage in his experimental analysis of the complete Vickers 
Model AA-16850 power unit, namely, electrical as well as optical 
methods. Too little has appeared in the literature upon the 
measuring techniques associated with the frequency-analysis 
method. More details would be of interest concerning the 
photocell pick-off and its associated amplifier for the measurement 
of very small pilot-valve displacements, since optical pick-offs 
add little coercion to small moving parts. 

The results on the hydraulic amplifier are very interesting 
in that this particular amplifier may be approximated by a single 
time-lag function, whereas frequently they may be approximated 
only as a quadratic function. Does this not mean that, in this 
particular amplifier, the second time constant is small compared to 
the first time constant? It would be of value to find this second 
time constant. It is interesting that Equation [11] of the 


11 Professor of Electrical Engineering, The Pennsylvania State 
College, State College, Pa. 


at 
4 
N 
| 
#2, 


538 


paper for this amplifier is the equation of the ideal hydraulic 
amplifier. This may be shown in the following way: 
Ideally the valve flow equals the flow into the power cylinder, 
hence 
KXa = ASX, 
where 


valve opening 

valve flow constant 
area of power piston 
d 


dt 
displacement of power piston 


K/A 


Therefore the power piston is an ideal integrator. 
The whole amplifier with its feedback sleeve linkage may be 
as represented in the block diagram, Fig. 18 of this discussion. 
In Fig. 18- 


Xo 
x 


K/A Xp 
S$ 


Fig. 18 


R = sleeve lever multiplication ratio 
X, = displacement of pilot valve 

go = displacement of sleeve. 

X, = X.—q = X,— RX, 


1 


1 
RA 
+} 


This last equation is identical to the author’s Equation [11], 
except the area of the power piston appears as 2 A; the writer 


has defined the power-piston area as A. 
Equation [11] of the paper may be written 
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1 


1 
KR 
where 

K, = K/A = velocity constant of the amplifier, since the 
amplifier time delay = 1/(K,R), the problem is one of increasing 
the velocity constant to as large a value as possible in dealing 
with the ideal hydraulic amplifier. 

The writer believes it would be unwise to attempt a redesign 
of a hydraulic amplifier by considering only its largest time 
constant since such a procedure might lead to an increase in the 
second time constant and cause no over-all improvement in the 
amplifier itself. As wider frequency bands are considered, we 
should not ignore fluid leakage, fluid compressibility, and the 
interaction of system elements in order to oversimplify the prob- 
lem. In his conclusions the author outlines future studies 
which are aptly chosen, particularly the nature of the reaction of 
the A-end upon the yoke linkage as a function of the pressure and 
stroke of the A-end. 

Attention should be called to the fact that a solenoid linkage 
and pilot-valve assembly driving a hydraulic amplifier, which in 
turn strokes a hydraulic transmission, is inherently a cascade of 
interacting elements and may have to be so considered in order to 
avoid oversimplification. In analyzing a cascade of elements, 
it is permissible to derive the over-all system function by rou- 
tine multiplication of the element functions only for the case 
where there is no coercion between the elements. There is 
serious doubt that this is ever approximated in a complete hy- 
draulic servosystem. Quantitative investigations for improve- 
ment of any element of a system may soon not ignore this fact 
even though nonlinear mathematics may be involved. 


AuTHOR’s CLOSURE 


Mr. Marcy is correct in his surmise that the amplifier valve- 
sleeve ports are circular holes. The inherent nonlinearity of 
circular ports helps to assure a stable (nonoscillatory) amplifier, 
although rectangular ports have been used with complete suc- 
cess. The matter of dither will be discussed later. Regarding 
the contention that the transmission response theory may be 
incomplete the author inclines to the view that the discrepancies 
between predicted and obseryed performance can be attributed 
largely to lack of constancy of the leakage coefficient LZ, Even 
though efforts are made to maintain the sump oil at a constant 
temperature the work done on the oil during compression within 
the transmission varies with frequency and stroke amplitude. 
Thus the temperature, viscosity, and the leakage coefficient of 
the oil in the transmission will vary even during one test with 
supposedly constant parameters. , 

In addition to the temperature variation, gradual wear or 
sudden scoring of mating surfaces will cause gradual or sudden 
changes in the leakage coefficient. Furthermore the continual 
shearing to which the oil is subjected results in a gradual breaking 
down of the molecular structure of some of the additives in the 
hydraulic fluid, thereby causing a gradual change in the viscosity 
and hence in the leakage coefficient (admittedly a second-order 
effect). Similarly the compressibility coefficient is a function 
of both the temperature and the pressure of the oil (and, in effect, 
of the expansion of the conduits), and therefore varies during any 
response measurements. These and other variables assumed in 
the theory to be constant lessen the likelihood of complete agree- 
ment between theory and experiment. 

Mr. Newton’s queries regarding the use of dither in the hy- 
draulic amplifier may be answered as follows: (a) no; (b) yes, 
approximately 0.005 in. amplitude and 70 cycles per sec in terms 
of sleeve motion; (c) dither is required in order to maintain the 
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linearity of the amplifier in responding to very small signals (i.e., 
to minimize the effects of coulomb friction and dead space). The 
minimum amplitude employed in the tests described in the paper 
was 10 per cent of maximum stroke and this value was still within 
the linear range of the system. Table I compares the over-all 
response of the power unit with and without dither as a function 
of input amplitude (about the 50 per cent stroke bias) with a 
signal frequency of 10 cycles per second. Approximately similar 
agreement was obtained at 2 cycles per sec. Table 1 indicates 
the importance of dither for small input signals but suggests 
that for 10 per cent or larger signals the dither may be discarded 
without serious error. It was highly desirable to omit the dither 
in order that the various measured quantities might be free from 
dither noise which obscured the reading of phase and amplitude. 
The measurement of pilot valve motion was particularly difficult 
when dither was employed because of the transfer of dither 
motion from the sleeve to the pilot valve. 


TABLE 1 
-——Amplitude ratio-—— Phase angle——-——. 
Per cent With ithout Percent With Without Per cent 

stroke dither dither difference dither dither difference 
5 0.34 0.11 68 105 150 43 
10 0.31 0.30 3 95 96 1 
20 0.35 0.34 3 83 5 
20 0.33 0.33 0 92 94 2 
40 0.25 0.23 8 110 114 4 


Mr. Newton’s second point is well made and the author agrees 
that his listed “auxiliary information” is highly desirable (where 
space permits). Elaborating upon his summary of the paper’s 
auxiliary information it may be said that: 

(a) The purpose of the data was to achieve the maximum cor- 
relation between the derived response equations and the meas- 
ured response. For this purpose it was, and is, felt that the use 
of 10 per cent stroke amplitude without dither yielded the most 
useful data. 

(b) It is true that variables other than the excitation variable 
must not be allowed to assume large nonlinearities if a correla- 
tion of observed resfionse with calculated response is to be at- 
tempted. However, if one employs the smallest constant ex- 
citation amplitude consistent with reasonable freedom from the 
effects of coulomb friction, dead spate, and noise, then it would 
appear that an element must be hopelessly nonlinear if such a 
procedure could not be expected to yield usable data. The mere 
fact that a transmission whose relief valves are set at 1250 psi is 
subjected to pressures in the neighborhood of 1000 psi does not 
seem reason enough to go to the trouble of determining for each 
signal frequency just what the input amplitude should be in order 
to keep the transmission pressure or other variable within some 
arbitrary limit. It is not apparent to the author that the re- 
sponse data obtained with other than constant excitation ampli- 
tudes could be as readily transcribed into equation coefficients 
unless linear superposition is assumed. The linearity of both 
the stroke control and the transmission as demonstrated in Figs. 
12 and 13 certainly justifies the use of a small, constant, excita- 
tion amplitude. 

(c) Allof the plotted data were obtained with 10 per centstrokes 
except those of Fig. 7 for which unity amplitude ratio corresponds 
to 15 per cent stroke. 

(d) Nocomment. 


(e) It was stated in the text that the phase angle data were 
employed to evaluate the coefficients of the response equations 
and that the phase-angle readings could be repeated to within two 
per cent over the range of interest. The latter condition was 
intended to imply that this accuracy was not maintained at 
the upper end of the frequency spectrum where the output am- 
plitude in most instances would have fallen too low to permit 
precise phase-angle adjustments. 

Messrs. Nichols and Woodhull make the timely comment that 
efforts to increase the bandpass of an element in a servomechanism 
may be nullified by the use of certain desirable compensating 
networks. This of course is very true, and moreover it should 
be remembered that a servo can be made too fast in some instances 
where the input data contains noise of disturbing magnitude and 
frequency. Such a condition has been discussed by R. E. Graham 
in his paper “Linear Servo Theory” in the Bell System Technical 
Journal, October, 1946. However, the primary application of 
the power unit in question was that of driving an aircraft gun 
turret, the successful stabilization of which required that the 
power unit have a relatively high natural frequency, hence the 
interest in widening its band-pass characteristic. 

The db-log frequency techniques of response representation 
are unquestionably convenient for systems involving a cascade 
of simple time lags. Where coulomb friction, distributed and 
nonconstant parameters are encountered, the author would pre- 
fer to have a phase-angle plot before evaluating an approximating 
equation. The phase-angle measuring technique described in the 
paper requires more equipment than does the measurement of 
amplitude alone but once assembled it can be used with a wide 
variety of servosystems and it proved to be faster and more 
accurate than the corresponding amplitude measurements. 

Mr. Postel’s comments regarding the improvement in am- 
plifier response which he obtained by reducing the power piston 
area suggest that possibly he maintained the same control pres- 
sure with the reduced as with the original piston. It is the 
author’s view, however, that the amplifier time constant can be 
materially reduced if the control pressure is raised in the same 
ratio as the piston area is reduced so that the same energy is dis- 
sipated by a smaller volume of oil. : 

Professor Tarpley’s comments regarding single-order versus 
quadratic approximations of hydraulic amplifier response suggest 
that one should make a distinction between low-pressure ampli- 
fiers, wherein the leakage and compressibility effects are small, 
and high-pressure amplifiers wherein these effects might be 
significant. To account for both leakage and compressibility a 
third-order response equation would be required. The author is 
completely in agreement with Professor Tarpley in his contention 
that one should not ignore the interaction of cascaded elements. 
This is particularly true in the case of the hydraulic reaction upon 
the pilot valve and control solenoid, which phenomenon assumes 
increasing importance as one attempts to decrease the amplifier 
time constant. 

The author wishes to thank all those who have contributed to 
the discussion of this paper. Their constructive criticisms and 
additional information are indeed welcome. In particular the 
author would like to thank Dr. Walter T. White of the Sperry 
Gyroscope Co. for his valued assistance and encouragement in 
the preparation of this paper. 
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Power Turbines for Natural-Gas Expansion 


By STEPHEN BENCZE,' JEANNETTE, PA. 


Natural-gas expansion turbines are driven by gas in the 
same way that steam drives steam turbines. These gas- 
expansion turbines are supplied with energy in the form 
of heat energy in the gas, and they convert this into useful 
mechanical energy. Turbines of this type are not to be 
confused with the combustion type of gas turbine in which 
the fuel is burned and the resultant gases allowed to ex- 
pand, generating power, then exhausted and thrown 
away. Ina natural-gas turbine, the gas is allowed to ex- 
pand and is exhausted into subsequent processes and may 
be used for combustion or chemical reduction. The gas 
undergoes only a change in pressure and temperature and 
undergoes no chemical change in passing through the tur- 
bine. Thus the conversion of power can be considered a 
“‘by-product”’ to the normal uses of the gas. 


APPLICATIONS 
expansion turbines have become an ex- 


ceedingly important source of power in our gas and oil 

fields. These units are driving generators, pumps, fans, 
blowers, and other equipment. They are rapidly replacing re- 
ciprocating gas engines, mainly because of the relative low initial 
cost and maintenance, as well as the improved over-all efficiency 
and physical size. It should also be noted that in an engine the 
gas used is burned, while in a turbine the gas is only expanded 
and can be further used. Thus in a turbine, the generated power 
is obtained at no expense for gas. Many installations have also 
been made for dual operation, on either steam or gas, so that if 
gas supply is not available or is interrupted, the turbine can be 
operated on steam. Units may also be geared for low-speed 
applications to allow for turbine operation at higher speeds, which 
results in better energy conversion, and also for physical size 
reduction of the turbine. 

Turbines of this type will operate on any type of gas (natural, 
producer, casing head, etc.) or hot air, provided sufficient energy 
is available in the gas to warrant expansion. Thus design limi- 
tations! of the turbines are governed by the gas used as well as 
the driven equipment. Many of the gases used contain hydrogen 
sulphide, mercaptans, sulphur compounds, and other acid-form- 
ing constituents which present many problems in design and 
operation and which have been overcome satisfactorily. Because 
gases available are generally at a relatively low pressure and tem- 
perature, gas-expansion turbines are generally of the single-stage 
type or are limited to few stages. 


GENERAL DESIGN 


The general design of gas-expansion turbines does not differ 
materially from the conventional steam turbine. Standard 
single-stage steam turbines are generally used for these “gas” 
applications. Design and operating problems because of high 
pressures and temperatures do not generally exist, except in 
applications where the gas is preheated to a considerable degree 
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before passing through the turbine. Here the use of high- 
temperature materials is limited. Design of casings, valves, bear- 
ings, and other basic components is the same as for steam units. 
Fig, 1 shows the cross section of a typical single-impulse-stage 
velocity-compounded mechanical-drive-type turbine, operated 
on natural gas. 

The material problem for certain applications is of major im- 
portance, particularly where operating with “‘sour gases” con- 
taining hydrogen sulphide or other acid-forming constituents. 
Sour gas is especially corrosive in the presence of moisture, 
hence operation with these gases without first preheating or 
expanding to the dew point of the gas may become quite serious. 
Ordinary run of sour gases contains approximately 75 units 
of hydrogen sulphide. This is typical of the West Texas and 
New Mexico fields. Experience has shown that under favorable 
operating conditions and using sour gas, standard turbine ma- 
terials as used for standard steam turbines, i.e., stainless or mone] 
governor valves, stainless buckets, carbon-steel wheels and 
shafts, have held up satisfactorily. 

One of the major problems which must be considered in de- 
signing and building a gas turbine is that of leakage. Gas 
leaks not only may be obnoxious, but may actually endanger 
life and property. All casing joints must be carefully made and 
tested at pressures well above the operating pressure of the unit. 
Special attention must also be paid to leakage past the rotating 
turbine shaft. There are many types of gas seals available for this 
application which would give entirely satisfactory results. As a 
general rule, carbon-type packing rings are used for sealing the 
turbine casing around the rotating shaft. Closer carbon-ring 
clearances are used on gas turbines than are used on steam tur- 
bines because of the lower temperature of the gas and also be- 
cause of the low shaft temperatures which are present when the 
unit is running and the shaft shrinks away from the rings. 

An effective seal arrangement is shown in Fig. 2. Here an 
ejector, with necessary valves and piping, is used to create a 
slight vacuum between the inner and outer carbon rings. By 
creating this vacuum, a slight amount of air is drawn in past the 
shaft under the outer ring. In effect, an air wall is set up be- 
tween the two outer rings, preventing leakage. The ejector 
discharge is generally piped into the turbine exhaust if the inlet 
pressure is sufficiently high to allow the ejector to discharge 
against the exhaust pressure. If the exhaust pressure is too high, 
the ejector is piped to a low-pressure gas line. 

Fig. 3 shows a simple way of sealing the shaft for relatively 
low gas pressures in the turbine casing. The inner seal rings are 
of the segmental carbon type with segments retained by a garter 
spring. The two outer rings are split micarta rings. Grease is 
packed between these two micarta rings, forming a grease seal. 
The leak-off from the inner rings is carried off to a suitable low- 
pressure line or to the outside atmosphere. 

The problem of speed control and regulation of gas-expansion 
turbines does not differ from that encountered in steam-turbine 
units. Conventional governor devices of the centrifugal and 
hydraulic types have operated over long periods of time with 
assured accuracy and reliability. 


TypicaL PERFORMANCE 


The mechanical performance, from the standpoint of safety and 
reliability is well proved by the hundreds of units which have been 
in continuous operation for many years. There is no reason why 
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a gas-expansion turbine will not be the same dependable source 
of power as a steam turbine. Thermodynamic efficiencies com- 
parable to those attained with steam turbines can readily be 
realized. Just as in the case of steam turbines, the thermody- 
namic performance of gas-expansion turbines is dependent upon 
the available energy in the gas for expansion, the speed and size 
of the unit, the design of the nozzles and buckets, as well as the 
inlet and exhaust flow passages. The available energy in the 
gas is dependent upon the turbine-inlet pressure and temperature 
and the exhaust pressure, as well as upon the chemical composi- 
tion of the gas. 

Fig. 4 shows the performance of a typical single-impulse-stage 
type of turbine driving a pump. The turbine is operated on 100 
psig inlet pressure, 100 F inlet temperature, and 30 psig exhaust 
pressure with gas having a specific gravity of 0.650. Pump and 
turbine speed at rated horsepower is 2750 rpm. 

Fig. 5 shows an interesting comparison of performance of single- 
impulse-stage-type turbines operated on natural gas and on 
steam, at the same inlet pressures and temperatures, speeds, and 


Fig. TurBINE 


exhaust pressures. This curve gives approximate ratios of gas 
rate and steam rate per horsepower-hour at various turbine 
speeds and various specific gravities of the gas. Turbine-whee! 
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dimensions, nozzle and bucket efficiencies, as well as over-all 
mechanical efficiencies are assumed to be the same for gas and 
for steam. It is seen that gas rates for comparable conditions 
are higher than steam rates, and this is due mainly to the differ- 
ence in available energy in the gas and steam. Another factor 
contributing to the difference in rates for gas and steam operation 
is the difference in windage created by the turbine disks and buck- 
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ets because of the difference in gas and steam densities and vis- 
casities. 


CALCULATION OF THERMODYNAMIC PERFORMANCE 


Calculating the gas consumption and changes in conditions 
of the gas in a turbine is somewhat more complicated than calcu- 
lating the steam consumption and steam conditions in a turbine, 
as the equivalent of a Mollier diagram for the many compositions 
of gas is not available. Table 1 gives physical constants of 
various constituents making up the gases usually encountered in 
the operation of gas-expansion turbines. These physical con- 
stants apply with good accuracy in the low-temperature range 
encountered in these units, and are useful in calculating thermo- 
dynamic properties and changes in various gas mixtures. 

Since the usual “natural gases” are mixtures of so-called perma- 
nent gases and behave according to Dalton’s law, the gas mixture 
may be treated as a single gas with the appropriate physical 
constants. This concept simplifies calculations and applies ac- 
curately to all permanent gases and to all but the heaviest vapors. 
The necessary values for these physical constants may be found 


from the general gas equation 


where V denotes the total mixture volume; 
weights of the gas constituents; R,, Re, Rs, ete., corresponding 
gas constants and R,, the equivalent gas constant for the mix- 
ture, and 7 the absolute temperature deg F of the mixture. The 
partial pressures of the constituents of the gas when occupying the 
total volume V at a temperature J’ are expressed as 


Wi, We, W3, etc., the 


wi 


The total pressure p of the gas mixture is the sum of the partial 
pressures or 


+ pt pst 


The total weight of the mixture is 


w= 


+ + + 


From Equation [1] 


pV = wR,T 
or 


where subscript 7 denotes an individual constituent of the gas 
mixture, 
In a similar manner, the equivalent specific heats (c, and c,) 
of the gas mixture can be determined 
= 


Then denoting the volumes that would be occupied by the con- 
stituents of the mixture at pressure p and temperature 7’ by Vi, 
V2, Vs, ete. (these are given by the volume composition of the 

gas) 


and the equivalent molecular weight m,, of the mixture is 


Min 


The foregoing equivalent constants for a mixture of gases are 


TABLE 1 PHYSICAL CONSTANTS OF COMMON GASES 
Specific Gas 
Atomic Molecular gravity? Specific heat of vapor* constant 
Name formula weight (Air = 1.00) cp cu Cp/ce R 

Methane............ CHa 16.042 0.554 0.530 0.405 1.309 96.31 
30.068 1.038 0.415 0.346 1.198 51.39 
CiHs 44.094 1.522 0.376 0.324 1.161 35.03 
Iso-butane.......... Calo 58.120 2.006 0.357 0.312 1.144 26.59 
58.120 2.006 0.357 0.312 1.144 26.59 
Iso-pentane......... CsHie 72.146 2.491 ee 0.309 1.121 21.40 
N-pentane.......... CsHie 72.146 2.491 0.347 0.309 1.121 21.40 
CeHu 86.172 2.975 0.339 0.305 1.113 17 .92 
N-heptane.......... 7 His 100.198 3.459 0.335 0.302 1.109 15.41 
Cs His 114.220 3.944 0.330 0.311 1.060 13.51 
ee ee Hoo 128.2 4.428 0.325 0.310 1.050 12.04 
N-decane........... Cio Hee 142.276 4.912 0.321 0.309 1.040 10.85 
CoH, 28.052 0.985 0.363 0.292 1.240 55.08 
Acetylene...+....... 26 .036 0.899 0.350 0.270 1.280 59.34 
Carbon monoxide.... CO 28.010 0.967 0.248 0.177 1.402 55.14 
Carbon dioxide... .. . CO: 44.010 1.519 0.197 0.151 1.305 35.09 
Hydrogen sulphide... HS 34.076 1.176 0.253 0.192 1.320 45.30 
Sulphur dioxide...... SOr 64.064 2.264 0.154 0.123 1.250 24.10 
17 .032 0.597 0.523 0.399 1.310 90.50 

28.966 1.000 0.241 O.171 1.400 53.34 
Hydrogen He 2.016 0.069 3.389 2.403 1.409 765.86 
es O: 32.000 1.105 0.217 0.155 1.401 48.25 
pe eee 28.016 0.967 0.248 0.177 1.404 54.99 


@ 760 mm 60 deg F. 
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in effect but weighted averages of the constants of the constituent 
gases. 

Generally, gas mixtures are analyzed on a volumetric basis 
(composition by volume) instead of the weight basis (composi- 
tion by weight). Weight composition can be very readily calcu- 
lated from the volume composition by using the “mol’’ concept. 
(A mol is a volume measure and is equal to a quantity of gas 
having a weight equal to the molecular weight of the gas.) 


This relationship will give the weight composition of a mixture in 
terms of the volume composition. 

The equivalent ratio of specific heats of the gas mixture can 
be determined from Equations [3] and [4] as 


n = ¢,/c, 


Once the equivalent physical constants and polytropic exponent 
of the gas mixture is determined, calculations are simply made by 
the usual gas equations. 

As the gas is expanded in the turbine, low temperature may 
be encountered in the exhaust due to the expansion and, when 
there are vapors in the gas mixture, as is usually the case, ex- 
pansion may result in vapor condensation and also possible 
freezing. The theoretical temperature resulting from expansion 
may be determined from 


n—1 
T. = T, H [7] 
Pa 


7, = absolute temperature at start of expansion, deg F 
T: = absolute temperature at end of expansion, deg F 
p. = absolute pressure at start of expansion 

p2 = absolute pressure at end of expansion 

n = equfvalent ratio of specific heats 


Fig. 6 gives a convenient curve for determining the theoreti- 
cal temperature at the end of expansion. 

It should be noted that a temperature, very close to the cal- 
culated theoretical temperature at the end of the expansion, may 
exist at the exit of the nozzles of the turbine. However, as the 
gas expands in the turbine and passes through the rotating 
and stationary buckets and finally through the exhaust outlet 
of the turbine, the heat equivalent of the losses in the turbine 
raises the temperature of the gas to a value well above the cal- 
culated theoretical temperature. The problem of low turbine- 
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exhaust temperatures becomes serious only with units of high- 
pressure-ratio design or low initial temperatures, or a combination 
of both. 

When gas pressures and temperatures at the turbine inlet are 
such that the exhaust temperature drops below 40 F, it is advisa- 
ble to preheat or raise the temperature of the gas at the turbine 
inlet. This preheating has been accomplished in many ways. 
A simple steam jacket around the gas-inlet main has been used 
in cases where the required degree of preheat is small. In other 
cases, heat exchangers or natural-gas-fired superheaters have been 
used. 

When water vapor is present in the gas mixture, as the gas is 
expanded in the turbine, the temperature at the end of the ex- 
pansion may reach or go below the dew-point temperature. The 
temperature at which condensation of the vapor content of the gas 
mixture starts is known as the dew-point temperature, and the 
gas mixture in that condition is said to be saturated with vapor. 
The partial pressure exerted by the vapor present in the gas 
mixture may be calculated readily using Dalton’s law of partial 
pressures. The dew point then is the saturation temperature 
corresponding to this partial pressure of the vapor. Thus if the 
expansion of the gas is carried to this dew point or below it, the 
vapor in the gas will condense out. 

The following simple calculation illustrates the method of com- 
puting the dew point of a gas mixture. Consider a gas mixture 
with the following weight composition to be expanded from 30 
psig and 100 F to atmospheric pressure: 


Molecular 


Weight composition weight Mol 
CH, = 0.7113 divide by 16.042 = 0.04435 
CaHe = 0.0649 30.068 = 0.00147 
C3Hs = 0.0384 44.094 = 0.00087 
Ne = 0.1753 28.016 = 0.00491 
H30 = 0.0101 18.016 = 0.00056 

1.0000 0.05216 
0.00056 


Then there is = 0.0107 mol of water vapor per mol of 


0.05216 
gas mixture. The partial pressure exerted by the water vapor 
is 0.0107 (14.696) = 0.157 psia. From “Steam Tables,” a pres- 
sure of 0.157 corresponds to a saturation temperature or dew point 
of 47 F, which is the lowest temperature to which the moist gas 
mixture can be expanded and cooled without condensation. 

From the phenomena of supersaturation, it is known that when 
the gas mixture containing water vapor is expanded and the ex- 
pansion crosses the saturation limit, condensation does not occur 
immediately but an undercooling or supersaturation up to a cer- 
tain limit takes place. The vapor is cooler than the saturation 
temperature corresponding to the saturation pressure before 
condensation actually occurs. Thus before actual condensation 
is realized, the expansion can be carried somewhat below the 
dew point. 

The available energy for power conversion in the turbine, re- 
sulting from the expansion of the gas, is determined from the 
Saint Venant relation as 


778 n—1 
where 
Ah = available energy, Btu per lb 
R,, = equivalent gas constant for gas mixture 
n = equivalent ratio of specific heats for gas mixture 
T, = absolute temperature at start of expansion, deg F 
P, = pressure at start of expansion, psia 
P, = pressure at end of expansion, psia 
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Fig. 6 can be used to simplify calculation of this equation, 
recognizing that the 


n—1l 


Reciprocal of (pi / ps) "= (pz/pr) 


The energy available for conversion in the turbine is that 
released during expansion from the ring pressure (pressure just 
before the nozzles) to the exhaust pressure and not from the 
throttle or inlet pressure to the exhaust pressure. Thus the 
available energy, as given by Equation [8], should be calculated 
accordingly. To arrive at the nozzle-ring pressure from the 
throttle or inlet pressure, the throttling effect through the inlet 
chest, governor valves, ete., ahead of the turbine-nozzle ring 
must be considered. The pressure drop from the throttle or inlet 
to the nozzle ring is fixed by the design and is known. From this 
pressure drop and the inlet pressure and temperature of the gas, 
the pressure and temperature of the gas at the nozzle ring can be 
determined from the Joule-Thomson principle of throttling effect. 

The efficiency of conversion in the turbine of the available 
energy is a function of the nozzle and bucket design, that is, the 
design of the flow passages. This efficiency can be determined 
readily by tests. Letting 7 = efficiency of conversion, then 

2545 
Theoretical gas rate (Ib per hp-hr) = TGR = ae: [9] 
n 


The theoretical gas rate gives the necessary weight of gas flow 
through the turbine to realize 1 hp of converted available energy. 
It should be realized that the full converted power in the tur- 
. bine cannot be realized at the turbine shaft because of mechanical 
losses, such as bearings, and also because of windage and fric- 
tion losses of the turbine disks, buckets, and shrouds. The 
actual weight of gas flow W, to the turbine, to produce a fixed 
power (hp), can be determined from 


h losses 
W = lb per br = TGR [10} 


The cubic-foot gas consumption of the turbine is readily deter- 
mined from this weight flow. 

The relationships given by Equations [9] and [10] can also be 
used to determine the approximate horsepower which can be de- 
rived from the expansion of a quantity of gas of known chemical 
composition, and known pressure and temperature. 

The nozzle proportions for a single-stage expansion turbine 
can also be determined readily. From Saint Venant’s equation, 
the velocity in feet per second that is realized from an expansion, 
can be expressed as 


n—1 


where g = acceleration due to gravity (= 32.16 ft per sec?), 
substituting Equation [8], this may be written as 


If Ah is taken from nozzle-ring pressure to exhaust pressure, then 
¢c is equal to the gas velocity at the nozzle-tip cross section, as- 
suming no loss during expansion in the nozzle. The flow through 
the nozzle cannot be considered without losses, thus the actual 
velocity at the nozzle-tip cross section will be less than that cal- 
culated by Equation [12] and can be expressed as 


where K = nozzle velocity coefficient which is determined by 


test. From the work of Zeuner (1),? the pressure at the minimum 
cross section of the nozzle (throat) can be expressed in terms of 
the nozzle-ring pressure as 


E n—i 


and the velocity at the minimum cross section can be expressed as 


Since the flow past the minimum and tip cross sections of the 
nozzle is constant, then 


A, v2 
As  % 
where 
Az = nozzle cross-section area at tip 
A,, = nozzle cross-section area at throat 
v, = specific volume of gas mixture at nozzle tip 


Um = specific volume of gas mixture at nozzle throat 
From the basic gas-expansion relation 


Piti® = = = const 


l/n 
Ve P2 


Substituting in Equation [16], we get an éxpression for the ratio 
of nozzle cross-section areas at the throat and tip as 


1/n 
A: Cm { Pm 


This area ratio is known as the nozzle-expansion ratio and gives 
the nozzle proportions that are required to handle the gas ex- 
pansion from the nozzle-ring pressure to the exhaust pressure. 


we get 
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Discussion 


G. F. Gaver.’ The author covered the subject thoroughly, 
both in its thermodynamic and practical aspects. No occasion 
for criticism could be found. However, some interest may at- 
tach to the following description of gas leakage disposing ap- 
paratus which differs from the ones described by the author. 

On our single-valve mechanical-drive turbines, where the leak- 


? Numbers in parentheses refer to the Bibliography at the end 
of the paper. 

3 Chief Engineer, Westinghouse Electric Corporation, Sunnyvale, 
Calif. Mem. ASME. 
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Fic. 7 CENTRIFUGE IMPELLER 


age along the shaft is the principal one with which we have to 
contend, our practice is to use centrifugal impellers of the type 
shown in Fig. 7 of this discussion. These impellers installed on 
the outer end of the carbon glands create vacuum at their suction, 
which causes air to enter the outer end of the gland case and pre- 
vents gas from leaving it, both air and leaking gas being piped to 
the atmosphere outside the building. The slight gas leakage 
from two valve stems is also discharged through this sys- 
tem. 

On multistage generator-drive turbines, where leakages along 
the governor-valve stem, throttle-valve stem, auxiliary oil-pump 
drive-turbine shaft, pressure-regulator stem have to be disposed 
of in addition to the leakage along the main turbine shaft, ejec- 
tors were used in a way described by the author, except that two 
ejectors were installed, one being used, with the other serving as 
a stand-by. Either ejector can be isolated from the system by 
closing proper valves. A vacuum of 5 in. of mercury was ob- 
tained with one ejector in the leak-off line. In case the vacuum 
fell to about 2 in. of mercury, a specially provided vacuum switch 
would operate an alarm bell, giving the operators an opportunity 
to switch to the other of the two ejectors and make necessary re- 
pairs of the first one. If in spite of this the vacuum drops to 1 
in. of mercury, a hydraulic low-vacuum trip will trip the main 
throttle valve, thus shutting down the unit. The system is ar- 
ranged so that the normal vacuum must be established before 
the throttle valve can be opened. Thus the operating personne} 


is protected from gas leakage resulting either from mishap to the 
gas-disposal apparatus or from improper operating procedure. 


AuTHOR’s CLOSURE 


The sealing arrangement described by Mr. Gayer is note- 
worthy and apparently has been used quite extensively by his 
company. This is another method of sealing that has been used 
for gas-expansion turbines and that has proved a very satis- 
factory arrangement. The sealing arrangements described in 
this paper are by no means the only satisfactory methods that 
have been used. Many other arrangements have been tried and 
have proved quite satisfactory. 

It should be noted, however, that in Mr. Gayer’s arrangement, 
the gas leakage is mixed with air and discharged and lost to the 
atmosphere. In the seal arrangement described in the paper and 
shown in Fig. 2, the gas leakage is piped into the turbine ex- 
haust or into a low-pressure gas line. Thus there is a minimum 
gas loss in the system. 

The leakage arrangement-for multistage generator-drive tur- 
bines described by Mr. Gayer illustrates a system designed for 
maximum reliability and maximum protection. Such an arrange- 
ment has been used with great success in specific installations 
where the utmost of protection is necessary. The dual ejector 
system, the low-vacuum trip control of the main throttle valve 
and the low-vacuum-throttle interlock are protective arrange- 
ments accepted as quite standard for gas-expansion applications. 
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Performance Characteristics of Tight 


White-Oak Laminated-Stave 
and Solid-Stave Barrels 


By R. S. KURTENACKER! anv D. L. PATRICK? 


The glued laminated wooden arch, which in the last 
10 years has found popular acceptance in the building 
industry, has recently found application in the construc- 
tion of barrels. This is, perhaps, one of the most drastic 
changes made in barrel design in many decades. Although 
great progress has been made in developing and improving 
mechanical devices for fabricating barrels, the general 
features of construction have remained unchanged. The 
use of laminated staves, together with plywood heads, 
results in an entirely new style of construction for which 
certain advantages are claimed. Such barrels, as well as 
barrels made of solid-wood staves and heads, were the 
subject of a study at the Forest Products Laboratory. 
The investigation was made in co-operation with the 
General Plywood Corporation. The purpose of the in- 
vestigation was to study the performance characteristics 
of tight barrels of two constructions. One consisted of 
laminated staves and plywood heads, while the other 
was of solid staves and multiple-piece heads. All the 
barrels used in this study were supplied by the co-operator. 


FABRICATION OF LAMINATED-STAVE BARRELS 


N conventional cooperage a period of about 6 months elapses 
between the cutting of the tree and the completion of the bar- 
rel. This time is reduced considerably in the laminated proc- 

ess because of the short time needed for drying the veneer. The 
manufacture of this patented laminated barrel may be separated 
into five steps as follows: 


1 Manufacture of the veneer. 
Fabrication of head and staves. 
Fabrication of hoops. 

Final machining of head and staves. 
Assembly of the barrel. 


Manufacture of Veneer. The manufacture of the veneer from 
which the heads and staves are made follows closely the standard 
practice of rotary-cut veneer manufacture. From the lathe, the ve- 
heer goes to the clipper, where the defects are cut out and the 
veneer is cut to the required width. After it is clipped, the veneer 
is kiln-dried to a moisture content between 8 and 11 per cent. 

Fabrication of Heads and Staves. Fabrication of the heads and 
staves is begun by the application of resin adhesive through the 
use of a glue spreader. The glue is then dried until it loses its 
tackiness. The veneers are graded so that the best material may 


oe 


be put on the inside of the barrel. The stave material is then ° 


made up into books, consisting of four layers of veneer, and 


1 Engineer, Forest Products Laboratory, Madison, Wis. 
= Chemical Engineer, General Plywood Corporation, Louisville, 

y. 

Contributed by the Wood Industries Division and presented at the 
Annual Meeting, Atlantic City, N. J., December 1-5, 1947, of Tue 
American Society oF MECHANICAL ENGINEERS. 

Nore: Statements and opinions advanced in papers are to be un- 
derstood as individual expressions of their authors and not those of 
the Society. Paper No. 47—A-127. 


pressed under a pressure of 200 psi. Application of proper heat 
causes polymerization of the resin bonding agent and the staves 
are ready for final machining. 

In making the heads, polymerization of the bonding agent is 
accomplished by the use of a steam-heated hydraulic press oper- 
ating at a temperature of 300 F and a pressure of 250 psi. 

Fabrication of Hoops. The steel hoops, which are received cut 
to length, are punched to receive the rivets, rolled into a circular 
shape, riveted, and flared to the proper shape. 

Final Machining of Staves and Heads. The final maghining of 
the staves and heads is accomplished by mass-production meth- 
ods. This is possible because of uniform-size staves, which are 
held in the shape they will have in the barrel when they are 
jointed. The heads are cut into circular shape and are beveled 
properly in a machine called a head rounder. 

Assembly of Barrel. The assembly of the laminated-stave bar- 
rel is similar to standard cooperage with one important exception. 
These barrels use molded laminated staves and are assembled dry 
without steaming. Since no moisture has been added at this 
point, none must be removed later as is necessary in the usual 
manufacture of barrels. This tends to eliminate loosening of the 
hoops, which sometimes results from later shrinkage of the staves., 


GENERAL DESCRIPTION OF BARRELS TESTED 


All barrels used in this study were white oak unlined and un- 
charred and had a rated capacity of 50 gal. The barrels were as- 
sembled with six steel hoops, each of which was assembled with 
two rivets. All bungholes were approximately 2 in. diam and were 
tapered with the small diameter on the inside of the barrel. All 
bungs were manufactured of yellow poplar. 

Solid-Stave Barrels. The solid-stave barrels, which were ob- 
tained by the co-operator through purchase on the open market, 
were made of white oak. The staves varied in number from 30 to 
36 per barrel and averaged 34*/,. in. in length. The thickness of 
the staves was */, to °5/sy in., while the width of the staves meas- 
ured at the bilge varied between a minimum of 15/;. in. and a maxi- 
mum of 5%/;.in. The bilge circumference was approximately 79 
in. All bung staves (the stave containing the bunghole) were 
more than 3!/, in. wide. 

The heads, which were of multiple-piece solid white-oak con- 
struction, were so located in the croze that the chime extended 
approximately '/;5 to 1/,. in. beyond the outside head surface. 
All solid-stave barrels had heads that were !3/,. in. thick and were 
fabricated of at least six pieces but not more than eight pieces. 
The headpieces were assembled with two hickory dowels, 5/,. in, 
diam, to each head joint and located at about one third of the ~ 
length of the joint from its ends. 

Laminated-Stave Barrels. The laminated-stave barrels, which 
were fabricated at the Container Division of General Plywood 
Corporation, New Albany, Ind., were made of white-oak veneer. 
The laminated staves were made of four layers of */,.-in-thick 


3 For more complete details of the production procedure, see “Roll 
Out the Barrels,”’ by C. W. Hill, Cosgréves Magazine, July, 1947. 
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Fig. LaminatTep-STave PLywoop-Heap BarREL RIGHT AND 
Souip-Stave, Soiip-Woov-Heap BarrREL, LEFT, 
SHOWING WIDE VARIATION OF STAVE WIDTHS IN SoOLip-STAvE Bar- 
REL AND ©@niIFORM WIDTH OF STAVES IN LAMINATED-STAVE BARREL 


(The chime designs in the two barrels which are apparent here are also 
shown in cross section in Fig. 2.) 


rotary-cut white-oak veneer laminated together with a phenol- 
resin glue. The finished staves were approximately */, in. thick. 
The length of the staves averaged 347/; in. All except six of the 
laminated-stave barrels had 14 staves of bdvesielll iden. These six 
barrels had 12 “full-size staves’ and three “two-thirds-size 
staves.” All full-size laminated staves were approximately 5 9/1. 
in. wide at the bilge, while the two-thirds-size laminated staves 
were approximately 3°/, in. wide at the bilge. The bilge circum- 
ference was approximately 78 in. 

The heads of these barrels were plywood construction fabri- 
cated of five plies of */,.-in-thick rotary-cut white-oak veneer 
bonded together with a phenol-resin glue. These heads were !5/1. 
in. thick and were so located in the croze that the chime extended 
approximately 1!/;., in. beyond the outside surface of the barrel. 
Some of the construction details of the two kinds of barrels are 
pictured in Figs. 1 and 2. 


METHOD oF TESTING 


All tests in this study were conducted with the barrels filled 
with water. A separate group of five barrels with laminated 
staves and five barrels of solid staves was subjected to each of the 
following five tests: 


(a) Compression test on bilge. 

(b) Compression test on edge. 

(c) Internal hydrostatic-pressure test. 

(d) Drop test on bilge. 

(e) Diagonal drop test on chime. 

Compression Test on Bilge. For the compression test on bilge a 
25,000-lb-capacity universal testing machine was used. The bar- 
rels were placed between the upper and lower machine platens so 
that the vertical axis of the barrel (head to head) was parallel to 


the testing-machine platens. The barrel was then filled with © 


water and bunged. In order to apply a concentrated load at the 
bilge, steel blocks (15 in. long X 7 in. wide X 45/, in. thick) were 
placed between the top and bottom machine platens and the bar- 
rel. These were placed with the length of the block crosswise of 
the barrel, and the point of initial contact centered on the blocks, 
Fig. 3. By the use of metal drainage pans and a platform scale, 
the amount of water which leaked from the barrel under test 
could be recorded. The compression load was applied by the top 
platen moving downward at a constant rate of speed of 0.2 ipm. 
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Compression Test on Edge. For the compression test on edge, 
the same testing machine and arrangement of equipment, except 
for the load-concentration blocks which were omitted, were em- 


. ployed as in the compression test on the bilge. The sequence of 


operations differed in that the barrels were loaded and bunged be- 
fore placing them in the testing machine. The barrels were sup- 
ported upon one contact point of the bottom chime and the load 
was applied by the tep machine platen moving downward on the 
top chime at a contact point. A diagonal line through the barrel 
from contact point to contact point was perpendicular to the 
machine platens. 

Internal Hydrostatic-Pressure Test. Each barrel was supported 
in a horizontal position for the internal hydrostatic-pressure test. 
Again the platform scale and drainage pans were used to record 
water leakage. The barrel to be tested was fitted with a threaded 
metal bung plug securely screwed into the bung hole until a tight 
seal was made. Through the center of the bung plug was a 
threaded hole. By means of pipe and pipe fittings, there was at- 
tached to this plug a water inlet valve, a bleeder valve, and a 60-lb 
pressure gage reading in '/,-lb increments. The water inlet valve 
was attached to the city water supply, and by means of the bleeder 
valve the barrel and connecting pipes were filled with water so as 
to exclude as much air as possible. 

By the use of the inlet valve, the test was started by raising the 
pressure to 2 psi and holding it there for 2 min. The amount of 
water leakage, if any, was recorded after the 2-min interval. The 
pressure was then raised to 4 psi and held for 2 min. This process 
was continued, increasing the pressure 2 psi each time and holding 
it for a period of 2 min, until failure, or until leakage from the 
barrel was in excess of 1 lb per min: 

It is recognized that this internal hydrostatic-pressure test does 
not represent a condition that would actually be met in use. Un- 
der normal conditions the barrels are not filled to the extent that 
all air is expelled. Instead, adequate space is left to compensate 
for the expansion of the contents. To study the performance of 
the barrels without prolonged observations, however, the hydro- 
static-pressure test as described was used. 

Drop Test on Bilge. The barrels for the drop test on the bilge 
were filled, bunged, and weighed before dropping. They were 
then supported at the top and bottom chime with a set of metal 
grab hooks so that the lengthwise axis of the barrel was parallel 
to a metal plate resting on a concrete floor. The barrels were 
lifted by means of a hoist and were dropped by actuating a trip- 
ping device located between hoist load hook and grab hooks. 

For the first drop the barrel was raised to a height of 3 in. and * 
dropped. The height of the next drop was 6 in., and the succeed- 
ing drops were increased by height increments of 3 in. per drop. 
All drops for any one barrel were upon the same point on the 
bilge. After each drop there was a 3-min waiting period after 
which the barrel was weighed to determine the outage, if any. 
This was continued until the barrel had lost at least one half of 
its contents. 

Diagonal Drop Test on Chime. The test procedure for the diago- 
nal drop test on the chime was identical to that of the drop test on 
the bilge, except that the barrel was supported by the grab hooks 
in such a way that the barrel was tilted so that the force of the 
drop impact was received by a point on the bottom chime. Each 
drop was upon the same point of the bottom chime. 


OssERVATRONS, Test Resutts, AND Discussions 


Observations Made Prior to Scheduled Tests. During the filling 
of the barrels with water it was noticed that the solid-stave bar- 
rels had small leaks caused by wormholes that had to be plugged. 
There were also other wormholes that had been plugged previ- 
ously. The laminated-stave barrels were tighter in this respect 
and did not contain any wormholes that had to be plugged. 
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There was some seepage around the croze of the solid-stave 
barrels. After the barrels had had a chance to swell, this seep- 


age was usually eliminated. The laminated-stave barrels showed , 


no seepage around the croze nor between staves while being filled. 

Subsequent to testing and during the testing program, the dif- 
ference in the design of the chime and croze of the solid-stave bar- 
rel and laminated-stave barrel became evident. The difference 
in the two designs of chime and croze is shown by the cross- 
sectional illustration, Fig. 2. 

Under a pressure or force applied to a small portion of the 
chime arc, it was observed that the wood structure of the solid- 
stave chime became indented and compressed the wood fibers 
while, under the same conditions, the wood structure of the lami- 
nated-stave chime became fractured by splitting or breaking 
across the grain at the croze. 

The better performance of the solid-stave chime under these 
conditions and during subsequent testing could be partially ex- 
plained by considering obvious differences in chime and croze 
design. The cross-sectional print shows that the chime for the 
laminated stave is approximately '/, in. higher (or longer) than 
the chime for the solid stave when measured from the same rela- 
tive point in the croze. Also the solid stave is thicker at the croze 
than is the laminated stave. It can be shown that a greater unit 
stress will occur at the croze of the laminated stave than at the 
croze of the solid stave if an equal force is applied to the end of 
each type of chime. 

The tendency of the chime and croze to break across the grain 
of the stave did not seem to affect seriously the ability of the lami- 
nated-stave barrel to resist leakage at that point. The perform- 
ance of the laminated-stave chime can be improved by a slight 
change in design. 

Compression Test on Bilge. The results of the compression 
test on the bilge showed that the laminated-stave barrels, by sus- 
taining an average maximum load of 10,292 lb at an average com- 
pression of 3.05 in., withstood greater compressive loads with less 
deformation than the solid-stave barrels, which withstood an aver- 
age maximum load of 9275 lb at average compression of 4.06 in. 

The test results also indicated that the laminated-stave barrels 
with an approximate average outage of only 6.5 lb of water just 
prior to maximum load appeared to be tighter than the solid- 
stave barrels tested, which had an average outage of 62 lb just 
prior to maximum load. 

A typical failure of the solid-stave barrels was usually a split- 
ting of the staves parallel to the grain or a breaking across the 
grain of the stave. 

The laminated staves had some slight splitting parallel to the 
grain and near the edge of the stave. This was apparently caused 


Fie. 3. LamMINATED-Stave PLywoop-Heap BarRREL ARRANGED IN 
25,000-Ls TrestiInc MacHINE FOR CoMPRESSION TEST ON BILGE 


by the loading block being pushed into the barrel with the result 
that the staves were splintered at the edges near adjacent staves. 
There was also some splitting and fracturing of outer laminations. 

Compression Test on Edge. In the compression tests on edge, 
the laminated-stave barrels reached an average maximum load of 
21,446 lb at an average compression of 3.64 in., as compared to an 
average maximum load for the solid-stave barrels of 19,141 lb at an 
average compression of 5.04in. This test also provided informa- 
tion on the relative tightness of the barrels tested. When the 
maximum load was reached, the average outage of the five lami- 
nated-stave barrels was 1.6 lb of water, as compared to the aver- 
age outage for the five solid-stave barrels of 122 lb of water. It 
may be of interest to note that two of the solid-stave barrels had 
lost more than one half of their water contents at maximum load, 
while at the same point in the tests, two of the laminated-stave 
barrels had not lost a sufficient amount of their water contents to 
register on the scale. 

The typical failure of the laminated-stave barrels when tested 
in diagonal compression usually developed in the following se- 
quence: (a) Top and bottom chime crushed at points of contact; 
(b) top and bottom chime split near glue line of laminations from 
the croze and broke off at the croze without serious leakage; (c) 
individual staves slipped past each other longitudinally, causing 
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the top head to buckle; (d) the staves continued to slide past 
each other until the stress created at the top croze caused the top 
head to slip out of the croze. 

The final failure of the solid-stave barrel usually developed in 
the following manner: (a) Crushing of top and bottom chimes 
at points of contact; (b) staves slipping past each other longitu- 
dinally; (c) top and bottom headpieces slipping past each other 
parallel to the grain; (d) top or bottom head or both starting to 
buckle; (e) top or bottom head failing at point of inflection of 
buckling. 

In the compression test on edge, as well as in the previously dis- 
cussed compression test on the bilge, the solid-stave barrels 
showed more slippage of their staves and headpieces than the 
laminated-stave barrels. This increased slippage in the solid- 
stave barrels undoubtedly accounted in part at least for their 
lower resistance to distortion. Any longitudinal movement of 
the staves of the barrels would create bending stresses in the bar- 
rel heads because the croze was forced out of line. The multiple- 
piece solid-wood heads, which apparently were not assembled with 
adhesive, only had the two hickory dowels in each joint as the 
principal means of resisting any tendency for movement of one 
headpiece past the adjacent headpiece. On the other hand, the 
plywood head, owing to the inherent characteristics of its one- 
piece construction, presented a better means of resisting the 
stresses created in the barrel head by the longitudinal movement 
of the staves tending to force the croze out of line. This charac- 
teristic of the plywood heads to resist the tendency for the 
croze to be forced out of line might very well have been an impor- 
tant factor contributing to the over-all stiffness qualities of the 
laminated-stave barrel. 

Internal Hydrostatic-Pressure Test. In the internal hydrosta- 
tic-pressure tests, the principal failures for both the laminated- 
stave barrel and the solid-stave barrel occurred in the heads. 

The laminated-stave barrels withstood greater internal pres- 
sures and also exhibited greater tightness than the solid-stave 
barrels. The laminated-stave barrels with plywood heads failed 
at an average of 29 psi, while the solid-stave barrel with multiple- 
piece head failed at an average pressure of 15 psi. In the lami- 
nated-stave barrels a leakage of 1 lb of water did not occur until 
an average pressure of 27.6 psi was attained, while the solid-stave 
barrels had a leakage of 1 lb at an average pressure of only 5.6 psi. 

In the multiple-piece head, the reed flagging was forced from 
between the joints in the head, and the barrel leaked so that pres- 
sure could not be maintained. In two instances, an individual 
piece in a head broke across the grain. In the plywood-headed 
barrel, the failures were first apparent by a breaking across the 
grain or split parallel to the grain of the outer plies, but there was 
no leakage through the heads until the break was completely 
through the entire head. Sometimes part of the head that failed 
pulled from the croze, but other times it remained tight in the 
croze. 

In considering the results of the tests where the final failure was 
breaking of the heads, it is difficult to analyze all the factors in- 
fluencing the resistance of the heads of these barrels to the forces 
set up by the internal pressure of the hydrostatic-pressure test or 
to the surge of water resulting from the drop tests (to be discussed 
‘later). Although the plywood heads were '/s in. thicker than 
the solid-wood heads, it is felt that perhaps this did not affect the 
performance of the plywood heads so much as the fact that 
the plywood heads were of one-piece construction, as compared to 
the multiple-piece solid-wood heads. 

Drop Test on Bilge. In the drop test on bilge, the laminated- 
stave barrels gave better performance than the solid-stave barrels 
that were tested. The approximate cumulative amount of work 
absorbed at an outage of 1 lb of water was 5932 ft-lb for the lami- 
nated-stave barrels against 1793 ft-lb for the solid-stave barrels. 
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At final failure, the approximate cumulative amount of work 
absorbed was 17,293 ft-lb for the laminated-stave barrels. The 
comparable figure for the solid-stave barrels was 5246 ft-lb, or 
only about one third of the value obtained for the laminated- 
stave barrels. 

Cumulative work absorbed was determined by taking the sum- 
mation of the products obtained by multiplying the individual 
height of drops, in feet, by the gross weight of the barrel before 
the drop. 

The laminated-stave barrels withstood average maximum drop 
heights of approximately 48 to 51 in., while the solid-stave barrels 
withstood average maximum drop heights of 24 to 27 in. 

When the solid-stave barrels were dropped, the staves receiving 
the impact tended to flatten out, thus moving past the other 
staves and setting up a stress in the heads near the croze. This, 
coupled with the surge of the water contents, finally resulted in 
the heads slipping out of the croze, and the breaking across grain 
of individual headpieces. These breaks generally occurred at the 
point where the dowels were located. 

When the laminated-stave barrels were dropped, the staves re- 
ceiving the contact also tended to flatten out and in so doing 
caused the head hoops to loosen and to start slipping off the end 
of the barrel. When this happened, leaks developed at the croze. 

The laminated-stave barrels bounced after the initial impact on 
the bilge and on the return impact the chime received an addi- 
tional partial blow and eventually became broken off at the croze. 
As a result, the heads were forced out of the croze because they 
had to absorb the inertia or liquid surge of the water contents 
when the barrel was dropped. 

Diagonal Drop Test on Chime. In the diagonal drop test on the 
chime, which is a severe test of the ability of a barrel to absorb 
shock and resist distortion, the laminated-stave barrels again 
withstood more drops than the solid-stave barrels even though 
the chime of the laminated-stave barrel was usually damaged on 
the first drop (3 in. height). During the following drops, the 
chime of the laminated-stave barrel at the point of contact con- 
tinued to crush, break, and split at the croze. There was no se- 
rious leakage from this point of contact until the head slipped out 
of the croze or fractured from arresting the inertia of the water 
contents. The head also fractured at the point of drop contact. 
Failure always occurred in the bottom head and developed when 
it broke across the grain or slipped out of the croze. 

The approximate cumulative amount of work absorbed at an 
outage of 1 lb of water was 4349 ft-lb for the laminated-stave bar- 
rels, against 1976 ft-lb for the solid-stave barrels. At final failure, 
the comparable figures were 5940 ft-lb for the laminated-stave 
barrel against 2532 ft-lb for the solid-stave barrel or less than one 
half of the value obtained for the laminated-stave barrel. The 
laminated-stave barrels withstood average maximum drop heights 
of approximately 27 to 30 in., while the solid-stave barrels with- 
stood average maximum drop heights of 24 to 27 in. 

In the solid-stave barrels, the chime receiving the impact with- 
stood the impacts better than the chimes of the laminated-stave 
barrels. While the edges of the solid-stave chimes were crushed 
at the point of contact, they did not fracture nor shear off as did 
the chimes of the laminated staves. The bottom head of the sol- 
id-stave barrels broke across the grain at the location of the dow- 
els or else slipped out of the croze. 


CONCLUSIONS 


Although it is apparent from this study that the barrels manu- 
factured with laminated staves and plywood heads gave better 
performance in the laboratory tests than the barrels manufac- 
tured with solid staves and multiple-piece solid-wood heads, it 
should be remembered that this conclusion, as well as those which 
follow, refers specifically to the two groups of barrels provided for 
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the investigation. In the solid-stave barrels, the width of the 
staves varied greatly, and the number of staves was about double 
the number used in the laminated-stave barrels. Similar labora- 
tory tests of solid-wood barrels having staves comparable in size 
and number to those of the laminated-stave barrels might easily 
yield entirely different results. 

The Jaminated-stave barrels tested sustained greater average 
maximum loads and with less distortion than the solid-stave bar- 
rels in both the compression test on bilge and the diagonal com- 
pression test on edge. 

The solid-stave barrels were more susceptible to loss of liquid 
contents during filling and during testing than were the laminated- 
stave barrels. The solid-stave barrels leaked and failed structur- 
ally at lower internal hydrostatic pressures, and they suffered 
greater outage during the other tests than the laminated-stave 
barrels. 

The laminated-stave barrels withstood more drops and from 
greater heights than the solid-stave barrels before serious struc- 
tural failures occurred. 

The solid-stave barrels were lighter in weight and suffered less 
damage to the chime than the laminated-stave barrels. The tend- 
ency for the laminated-stave chime to break or split readily at 
the croze during the edgewise drop and compression tests did not 
seriously affect its resistance to leakage. It appears possible to 
improve the performance of the laminated-stave chime by a slight 
change in its design. 

This study did not provide information regarding the ability of 
the barrels to resist. leakage under storage conditions conducive to 
alternate shrinking and swelling of the wood, nor did it indicate 
their adaptability for aging of alcoholic beverages. 


Discussion 


E. G. Stern.‘ This report on the performance characteristics 
of tight white-oak barrels brings to light outstanding test data in 
favor of the laminated-stave plywood-head barrel. 

Both the solid and the laminated staves of the tested barrels 
were */, in. thick. The laminated stave had a chime of 1'/j¢ in., 


. and the solid stave had a chime of !"/;. to !*/;sin. This difference 


in the length of chimes may be an explanation for failure of the 
laminated-stave chime in the edge-compression test, since the 
larger chime of the laminated stave provided a larger lever of the 
eccentrically loaded barrel edge. Thus splitting or breaking 
across the grain failures occurred, while the shorter lever in the 
shorter chime of the solid stave did not result in excessive internal 


stresses. The reported deficiency of the laminated stave may be * 


attributed to the particular design of the chime and not be inher- 
ent to the laminated construction. 

The staves under observation were solid or parallel-laminated 
with four layers of */;.-in-thick veneers. It is believed that a 
cross-laminated stave with three parallel-laminated veneers and 
with one cross-laminated veneer, that is, the second veneer from 
the inside having grain perpendicular to the other three veneers, 


_* Research Professor and Head, Department of Wood Construc- 
tion, Director, Wood Research Laboratory, Virginia Polytechnic In- 
stitute, Blacksburg, Virginia. Mem. ASME. 


would have certain merits worthy of investigation. Contrary to 
the need for balancing veneers of flat panels, an unbalanced com- 
pound-shaped stave is entirely feasible. Such cross-laminated 
construction would result in a greater dimensional stability: (1) 
allowing final machining of croze, howel, and chime in a single 
operation before assembly of the staves; (2) with complete inter- 
changeability of machined staves during replacement of staves in 
finished barrels; (3) with more permanently tight barrels; (4) 
with continuously tight hoops; (5) preventing lengthwise split- 
ting of staves, reported to be a serious limitation in the perform- 
ance tests. It is evident that replacement of a parallel-laminated 


‘veneer with a cross-laminated layer also would result in certain 


property decreases. Should this weakening be too critical, it may 
be justified to increase the four layers of veneers by one, although 
it is possible that increased production cost and time may out- 
weigh the advantages attained. 

An explanation would be desirable why the laminated staves 
are not of uniform width, that is, why twelve ‘‘full-size” and three 
“two-third-size’’ staves are used. 

It would also be of interest to learn what patent claims were 
granted for the discussed type of construction. 

Is it advantageous to mold rotary-cut veneers in their natural 
curvature in order to prevent splitting of veneers during molding, 
or is it feasible to mold veneers in disregard of such a possible ad- 
vantage? 

The statement is made that the laminated-stave plywood-head 
barrel is lighter than the solid barrel. Data on the test weights of 
both types of barrels would be welcome. 


AutTHors’ CLOSURE 


It appears that Mr. Stern has thoroughly studied and con- 
sidered the paper and has realized some of the problems it pre- 
sents. His analysis of the failure of the laminated-stave chime 
parallels quite closely our own explanation of this problem. 

The suggestion made about a possible cross-laminated stave 
appears to be feasible. Mr. Stern has given considerable 
thought to this idea and he has not lost sight of the fact that even 
though a cross-ply might create certain advantages, it might at 
the same time result in certain property reductions. 

The use of the “two-thirds-size”’ stave is purely for the purpose 
of economy. By the use of staves of this size, veneer material 
may be utilized which has had some slight defect removed to 
make the veneer of proper quality but not of sufficient width to 
make a “‘full-size’’ stave. 

As to the patent claims, it is understood that T. D. Perry, an 
engineer with Resinous Products and Chemical Company, Phila- 
delphia, Pa., has the history of the patent rights of the laminated- 
stave barrel. 

If the statement is made in this paper that the laminated- 
stave barrels tested were lighter in weight than the solid-stave 
barrels tested, it is an error and the authors are sorry that such 
was the impression. The following table gives some average de- 
scriptive data for the barrels tested. 


Laminated-stave: Solid-stave 
barrel barrel 


Bilge, circumference, in............ 78 79 
Barrel height, average, in.......... 347/s 341/s 
50 to 55 50 to 55 
Weight, average, Ib............ wks 75.1 70.6 
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An Investigation of the Variation in Heat 


Absorption in a Pulverized-Coal-Fired 
Water-Cooled Steam-Boiler Furnace 


I—Variations in Heat Absorption as Shown by Measurement of Surface 
- Temperature of Exposed Side of Furnace Tubes 


By L. B. SCHUELER,' NEW YORK, N. Y. 


This report is one of several current formal reports (1)? 
covering the activities of the ASME Special Research Com- 
mittee on Furnace Performance Factors. These investi- 
gations were undertaken early in 1945, as one of the direct 
contributions of the Committee to the fundamental 
knowledge of heat-transfer processes in water-cooled 
boiler furnaces. The present investigation is still under 
way and this report is an introduction to and description 
of the project along with a presentation of significant data 
procured and analyzed up to December, 1946. The in- 
vestigation is being carried out on boiler No. 11] at the Tidd 
Plant of The Ohio Power Company, Brilliant, Ohio. Di- 
rectly co-operating with the Committee in the installation 
of apparatus, testing, and analysis of data are the Ameri- 
can Gas and Electric Service Corporation, Combustion 
Engineering Company, and U. S. Bureau of Mines, Pitts- 
burgh Experiment Station. It was at the initial sugges- 
tion and invitation of Mr. Philip Sporn, a member of the 
main Committee, that a comprehensive investigation of 
furnace-heat absorption on a full-scale unit was held de- 
sirable, and one of the Tidd Plant boilers was made avail- 
able to the Committee for such an undertaking. 


INTRODUCTION 


HIS report covers the results of tests conducted under 

the auspices of the ASME Special Research Committee 

on Furnace Performance Factors to investigate the varia- 
tion and distribution of heat absorption in a specifie water-cooled 
boiler furnace under various conditions of operation. The use 
of a multiplicity of thermocouples installed in furnace-wall 
tubes of a large central-station boiler provides the first compre- 
hensive picture of the heat-absorption pattern in such a furnace. 
The heat-absorption rate is involved indirectly in that the fur- 
nace-wall-tube skin temperatures are measured with thermo- 
couples, and the absorption rate is known to be related directly 
thereto as a function of the tube-temperature elevation above 
boiler-wat@ saturation temperature. A similar method of 
measuring heat absorption has been used for some time, as 


_ } Assistant Mechanical Engineer, American Gas and Electric Serv- 
ice Corporation. Mem. ASME. 

* Numbers in parentheses refer to the Bibliography at the end of 
the paper. 

Contributed by the Special Research Committee on Furnace Per- 
formance Factors in co-operation with the Fuels, Power, and Heat 
Transfer Divisions and presented at the Semi-Annual Meeting, Chi- 
cago, Ill., June 16-19, 1947, of Taz AMprRICAN Society or MEcHANI- 
CAL ENGINEERS. 
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understood as individual expressions of their authors and not those 
of the Society. 


553 


reported by E. G. Bailey (2), amd involves the use of thermo- 
couples embedded in wall blocks at various depths to deter- 
mine the temperature gradient. 

The provision of a vertical tilting mechanism for the burners 
permitted producing wide variations in tube temperatures, and 
corresponding heat-absorption rates, as desired. 

Three series of tests comprising 14 complete individual tests 
have been run and analyzed and are reported herein. The tests 
cover measurements of temperatures of 135 furnace-wall tube- 
face thermocouples and 4 cold-side tube thermocouples to 
measure base saturation temperature, along with all supporting 
operating data and notes. All thermocouples are wired to a 
single 7-bank 21-point potentiometer recorder which records 
thermocouple temperatures consecutively and continuously 
throughout the testing period. The tests are designed to develop 
the influence of some of the more basic operating variables such 
as rating, excess air, burner position, and furnace-wall cleanli- 
ness. The wall cleanliness was under some degree of control as 
produced by use of wall soot-blowing elements in the upper 
portion of the furnace. Other influences, such as variation 
of wall-tube cleanliness (or conversely, permanent dirtiness or 
“aging’’) and flame distribution were also sought. 

The AT (furnace-tube temperature minus saturation tem- 
perature) values have been averaged for each thermocouple and 
subjected to analytical treatment to determine the relation be- 
tween them and the better-known design and operating variables. 
These AT values have also been plotted as isotherms to provide 
a convenient “picture” of the relative heat-absorption pattern 
in the furnace for each test. Several analyses of variation in AT 
values during a given test have been made, and these illustrate 
the cyclic fluctuation in tube temperature as caused by variable 
ash coverage. Photographs of furnace walls, taken during one 
of the testing periods, are shown and can be related reasonably to 
the wall-tube AT patterns in a number of cases. 

Other analyses indicate the substantial vertical gradient in 
furnace heat absorption, and the pronounced effect of tilting the 
burner nozzles both on local and over-all heat-absorption levels. 
An empirical constant is presented to permit direct conversion 
of the over-all average furnace AT’ into equivalent total heat 
absorption. This constant is subject to critical checking and is 
not firmly substantiated but is offered to stimulate possible fur- 
ther analysis of the data by others. 


OF INVESTIGATION 


The object of that portion of an extensive boiler-furnace-per- 
formance investigation reported herein is to measure the relative 
heat-absorption rate at the various selected points of a water- 
cooled steam-boiler furnace under various operating conditions. 
The means of measurement of heat-absorption rate are indirect, 
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that is, tube furnace-face surface temperatures are measured by 
means of thermocouples, and the relative absorption rate is as- 
sumed to be directly proportional to the elevation of tube-surface 
temperature above boiler-water saturation temperature. This 
temperature difference A7’, is assumed to be closely proportional 
to the heat-absorption rate at the point of measurement, but is 
not intended to be an accurate index of the absolute heat-ab- 
sorption rate at that point, although some estimates of this latter 
item will be given as a matter of general interest. By successive 
testing periods it is believed that some general trends in the 
characteristics of furnace absorption and their variation with 
time, cleanliness, rating, and other factors can be established. 
In this way a more detailed understanding of the process of heat 
absorption in a furnace will be made available to supplement the 
present limited knowledge which is restricted more or less to 
over-all effects. 
Appar4tus 

The boiler on which the tests are being carried out is a con- 
ventional three-drum bent-tube unit with a dry-ash-removal 
hopper-bottom furnace and with pulverized-coal firing through 
corner burners into the completely water-cooled furnace. The 
general arrangement of the unit is shown in Fig. 1. The furnace- 
wall tubes on all four sides are bare 3-in-OD tubing on 3!/;-in. 
centers and are backed by vertical steel sealing strips between 
tubes. The furnace-roof tubes are 3-in-OD tubing with 1-in- 


Fig. 1 ARRANGEMENT OF BoILerR No. 11 
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wide fins on the center line and arranged on 6-in. centers. The 
boiler screen consists of 4 rows of 3-in-OD tubes, on 12!/2-in. 
centers, laterally. The unit is designed for 1525 psi pressure, 
and design operating conditions are 1375 psi and 925 F steam at 
the superheater outlet at 475,000 lb per hr maximum continuous 
output. The burners fire tangentially from each corner to a 
2-ft 6-in-diam center-firing circle and are provided with ver- 
tically adjustable coal and air nozzles which have an adjustment 
range of 30 deg tilt up or down from the normal horizontal posi- 
tion. This feature permits considerable variation in distribu- 
tion of furnace heat release, and corresponding absorption, to be 
produced as desired, and has been extensively explored during the 
test. program here reported. 

The thermocouples which measure temperatures of the outer tube 
surface are installed substantially as described by Humphreys 
(3), and consist of chromel-alumel No. 22 gage glass insulated 
duplex wire which passes through a '/s-in-diam hole in the sealing 
strip between the wall tubes and then through the groove in the 
guard ring which is welded to the tube. The hot junction is 
made at the furnace face center line, or tangent, of the tube in all 
cases. The location arrangement and installation details of 
thermocouples are shown in Fig. 2, which is a development of the 
furnace walls and roof. Also shown are furnace inspection 
doors, furnace-wall soot blowers and burner-nozzle center lines 
for the four corners. No thermocouples are installed in the ex-: 
tension of the rear wall tubes which form the boiler front screen 
due to difficulty in carrying leads out of the hot gas zone. The 
thermocouple designation numbers are given in Fig. 2 and will 
be referred to as such in all subsequent data and curves. It 
should be noted that this diagram represents thermocouple 
location as viewed from “outside” the furnace. 
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There are a total of 135 furnace-tube center-line thermocouples 
and 4 furnace cold-face saturation base thermocouples installed, 
and each of these is carried outside the wall into a 3-in. pipe 
nipple which is welded to the outer furnace casing. A cap is 
fitted on the end of each to minimize air leakage into the furnace. 
The wires come out of the pipe nipple through a '/,-in. hole and 
pass into a ‘‘Wiremold” conduit system which picks up all wires 
and carries them to the recording instrument. This provides 
substantial protection for the extended testing program in- 
volved. The thermocouple wires are brazed to chromel-alumel 
lead wires directly at the entrance to the Wiremold channel. 
This channel has a readily removable cover over its entire length 
so that access for inspection or repair is facilitated. All thermo- 
couple lead wires are carried to a single 140-point Leeds & North- 
rup potentiometer-recorder which consecutively records the 
temperature of all thermocouples, or any preselected group, or 
individual ones. 

The instrument is a conventional 21-point high-speed Micro- 
max unit supplemented by a switching unit which has 7 groups of 
21 contacts which are switched on and off automatically and in 
sequence in any preselected manner. Thermocouples are identi- 
fied by numbering from 1 to 21 for all of the 7 groups and are 
further identified by a group-bank identification number which 
is one of the 21 points and prints at the upper extremity of the 
chart range to identify the group being recorded. 

Normal operating time is approximately 12 sec for each point 
so that a complete cycle of 139 temperatures and 7 identification 
numbers are recorded in about 30 min. This represents a reasona- 
ble compromise between extremely high-speed recording, which 
gives a more detailed record of rapid fluctuations in temperatures 
but involves an impracticality in the volume of data to be ana- 
lyzed, and a conventional slow-speed instrument which does not 
reveal many of the significant variations in temperature over 
shorter time intervals. The instrument is mounted near the 
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boiler, and is shown in Fig. 3 which is a photograph of the actual 
installation. During testing periods the instrument is operated 
continuously and requires only infrequent attention in the way 
of checking galvanometer balance for evidence that it is func- 
tioning properly. The saving in man power during tests by use 
of this instrument is very considerable, and it has proved itself a 
very worth-while investment. 

General operating data are provided by the existing boiler- 
unit instrumentation and include all necessary flowmeters, tem- 
perature and pressure recorders, and a flue-gas oxygen analyzer. 
Coal scales weigh all coal fed to the boiler under test, and 
samples can be taken readily for analysis. A generous and 
well-located quota of furnace inspection doors is provided for 
visual observation of furnace-wall and flame conditions during 
testing periods. The furnace-wall soot blowers permit means for 
establishing a basic “clean” condition at the start of tests when- 
ever desired. The wall soot-blower installation, as shown in 
Fig. 2, does not permit cleaning all portions of the walls but only 
that above the burners. The surface below approximately 
elevation 690 ft is not affected appreciably by the operation of 
blowers. 


Report ON Tests 


There have been three® series of complete tests run and ana- 
lyzed amd these are reported herein. The essential operating 
data, along with several supporting items derived from the data, 
are givenin Table 1. The first series of tests (Nos. 1, 2, 3, and 4) 
were carried out about 3 months after initial operation of the 
boiler. During this’ period operation was quite steady at about 
400,000 lb of steam per hr output. The soot-blower installa- 
tion had not been completed so that the furnace walls had con- 
siderable ash covering which was not disturbed during this first 
series of tests. This series was considered more as a ‘‘shake- 
down” run for the apparatus as well as the test crew, but the 
data are none the less complete and as accurate and well taken 
as for any of the later tests, and are interesting in that they 
represent “uncontrolled’”’ conditions as to furnace-wall cleanli- 
ness. The full range of burner-nozzle tilting was explored during 
this first series. These tests and all others reported in Table 1 
were carried out in conjunction with and simultaneous with other 
tests reported elsewhere (1). The duration of the tests was es- 
tablished by the requirements of these other investigations. 

The second series of tests (Nos. 10, 11, 13, 14, and 15 in Table 1) 
somewhat paralleled those of the first series although a higher 
rating was planned but could not be reached due to limitation 
of pulverizer capacity by the high-moisture coal at that time. 
The soot blowers were in operation and were used to clean the 
furnace walls prior to each test, except No. 10 which was run 
with ‘dirty walls” to provide a basis for comparison with data of 
the first series of tests. The remainder of this series substan- 
tially duplicated runs of the first series except for wall cleaning 
and for the intermediate tilt position of test No. 14, where only 
lower burners were tilted downward. A small number of ther- 
mocouples which had failed or showed inconsistent readings dur- 
ing or after the first series of tests were renewed prior to this 
second series so that an almost complete quota of points was 
used. 

The third series of tests (Nos. 17, 18, 19, 20, and 21) were con- 
ducted with the view of exploring the effect of two other varia- 
bles not previously covered, namely (a) variable load, and (6) 
variable excess air. All these tests were preceded by the usual 
wall-cleaning process so as to establish what was considered a 
normal uniform basis of wall cleanliness in so far as was possible 


3 A fourth series of tests were subsequently run, and the operating 
data and some of the analytical data are reported in the accompany- 
ing Appendix. 
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with such equipment. Burners were maintained horizontal in all 
tests so as not to obscure the effect of the other variables. A high 
rating of 503,000 lb per hr (feedwater flow) was carried on test 
No. 18, although the fuel input for this test corresponds closely 
to that of normal maximum design output of 475,000 lb and 925 F 
steam temperature, the test steam temperature being considera- 
bly lower due to the combined effect of clean walls and hori- 
zontal burner position. 

The behavior of thermocouples was checked on several oceca- 
sions when the boiler was being taken out of service. The record 
of temperatures at such times indicated proper calibration of 
all satisfactory couples as following the saturation temperature 
characteristic. The few cases of abnormal readings for some 
couples indicated immediate replacement for these. 


Discussion OF DaTa 


The test data given in Table 1 are averages of the data taken 
periodically during each test run. Operating conditions were 
maintained reasonably uniform for the entire period of each test 
so that arithmetic averaging, as it is being done, is probably quite 
acceptable and representative. 

Referring further to Table 1, the following additional com- 
ments are made to amplify and clarify the data reported: 


(a) Theitem of “Furnace condition” represents a statement as 
to whether the walls are “dirty’’ from previous operation and 
without cleaning prior to testing, or whether they have been 
“cleaned” by blowing the wall soot blowers just prior to starting 
the test. 

(b) It is well known that the boiler-output level indicated by 
“Feedwater flow’’ is reasonably accurate, particularly at higher 
ratings. 

(c) The fuel and ash data are from composited samples taken 
frequently during the test period, and all proximate analyses 
and ash-softening temperature data are by the U. S. Bureau of 
Mines., A more detailed account of these items is given in an- 
other paper (1). 

(d) The item “Excess air at economizer outlet” is by a Bailey 
oxygen recorder which is carefully checked prior to and during 
each test. It represents analysis of gas from a single sampling 
point at the center of the gas flue leaving the economizer. A 
traverse of the entire flue at this level shows slightly higher aver- 
age excess air, as would be expected. 

(e) The item “Exeess air at furnace outlet” is by water- 
cooled sampling-tube traverse and Bailey oxygen recorder and is 
described more fully elsewhere (1). It is given here merely to 
indieate fairly reasonable agreement and consistency in data 
from the two locations. 

(f) The item ‘Average furnace-exit-gas temperature” is by 
water-cooled single-shield exposed-junction high-velocity thermo- 
couple traverse and is described more fully elsewhere (1). It is 
given here and referred to later to indicate comparison of over-all 
furnace absorption by exit-gas temperature and by wall-tube 
temperature. 

(g) The derived quantities “Heat input in fuel” and “Heat 
available to furnace” are given to provide a more fundamental 
basis of establishing furnace heat release. In both cases, quan- 
tities are heat-released above 80 F. “Input in fuel’ is the 
product of fuel fired and calorific value, while “Heat available’’ 
is the net sensible heat to the furnace. 

(h) The item “Average furnace wall 77C — AT” is obtained 
by arithmetic averaging of all furnace-wall temperatures recorded 
during a specific test period, and subtracting the boiler satura- 
tion temperature for that period, as determined from the average 
of all saturation thermocouple readings. No correction is made 
for slight variation in saturation temperature due to variable 
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hydrostatic head at the particular elevation or average elevation 
considered. 

In addition to the physical and analytical data reported in 
Table 1, there were certain ‘visual’ data which were acquired 
and some of which are reported here. This involves the actual 
inspection of furnace conditions by observers throughout the 
tests and the recording of these observations. The complete 
record of these cannot be given here, due to their length, but 
short excerpts will be quoted to indicate their nature, as follows: 


Test No. 19 (refer to Fig. 17 for photographic record). 

Front Wall—Elev. 679’—0” [Fig. 17 (e) and (f) |: 

A.M.—The front wall was approximately 75 per cent covered 
with '/,-in-thick sponge ash beginning at the center half about 1 
foot above the operating floor and increasing in width up to 
the burner level. Most of the tubes appear to have a thin 
clean strip on the side opposite the direction of burner rotation. 

P.M.—The same general type of deposit was on this wall as 
previously noted, except that it appeared to have grown slightly 
thicker and several large strips had peeled off the center. 

Right Wall—Elev. 689’-0” [Fig. 17 (d)]: 

A.M.—From the front, it appears that two thirds of the right 
wall was from 80 per cent to 90 per cent covered withasheet of semi- 
fused slag approximately !/2 in. thick. From the rear it could be 
seen that practically all of these deposits were heavy strips lo- 
cated on the center and side of each tube toward which the 
firing was directed. 

P.M.—The condition of this wall was similar to that pre- 
viously noted except that the covering extended back slightly 
farther and many of the strips had increased in thickness up to 1 
inch and extended over to the adjacent strip forming almost con- 
tinuous coverage. 

Left Wall—Elev. 689’-0”" [Fig. 17 (e) |: 

A.M.—The front two thirds of the wall was covered with a 
deposit similar to that noted for the right wall. 

P.M.—Deposits on the front two thirds of the wall had in- 
creased similarly to that noted for the right wall. 

A complete summary of test average AT values for all thermo- 
couples is given in Table 2. It will be noted that there are occa- 
sional blank spots which indicate data to be lacking owing to 
faulty or failed thermocouple conditions. The points 6-19, 
6-20, 7-18, and 7-19 are the saturation-base couples, which are 
averaged to establish the basic zero AT. The data given in this 
table are used in all subsequent analyses in this report where 
averages for the total test period are used. 


ANALYSIS AND INTERPRETATION OF DaTA 


An examination of the wall-tube AZ’ values, as determined 
from successive recorder readings of specific couples, is of interest, 
particularly where these couples are in zones of high heat release 
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TABLE 2 CENTER-LINE THERMOCOUPLE AVERAGE TEMPERATURE DIFFERENTIALS FOR ALL COMPLETE TESTS 


Test 41 2 3 4 10 11 13 44 15 87 18 149 20 21 


1 2 3 4 19 13 14 15 17 198 19 20 21 


F Te 

4-20 | 37 17 78 32 23 20 12 39 St 25 33 22 22 22 4-11 | 67 49 5@ 60 62 70 78 62 46 63 83 69 95 59 
1-2 15 9% 35 20 20 6 45 61 27 36 24 24 24 412 | 48 31 54 55 46 64 86 72 69 60 62 69 55 
1-3 | 40 15 80 31 21 20 Y 47 70 27 37 28 30 23 4-13 | 48 36 80 49 61 42 41 52 82 90 65 25 33 
-4 | 31 15 16 29 «19 9 3 19 4-14 | 47 61 63 56 49° 71 70 74 87 85 16 173 66 
+5 | 23 15 45 28 18 17 7 45 45 817 30 28 30 16 4-15 | 66 67 67 67 67 70 67 70 99 173 74 57 
1-6 | 51 20 60 52 33 22 48 50 35 50 39 42 4-16 | 55 64 37 51 77 70 87 49 43 66 76 68 69 
1-7 | 54 21 30 37 40 44 24 3 64 37 60 23 32 30 4-17 66 76 91% 48 43 70 83 76 84 58 
1-8 17 20 11 «19 «14 14 10 4-18 | 22 39 26 30 51 62 42 41 51 55 45 45 42 


3 4 17 22 54 39 39 18 47 58 42 62 51 53 46 
3B 37 41 «45 «40 47 «41 40 40 


31 «45 13 65 45 64 62 61 75 19 16 90 
313 | 58 29 56 59 62 61 48 16 14 49 69 55 49 
3-14 | 68 72 «61 53 68 72 63 21 82 71 #77 «+173 


5-1 40 40 24 52 53 39 58 53 55 35 
5-2 41 42 23 72 62 39 64 33 31 29 
5-3 40 42 22 79 70 38 62 
5-4 28 22 52 60 42 44 26 50 41 70 58 67 44 
5-21 24°19 3% 27 25 19 50 54 26 34 32 «25 
5-6 49 37 26 «68 «54 «53 «61 «74 «79 «+60 
5-1 25 39 49 70 57 54 70 61 77 85 53 91 65 
5-8 68 35 58 78 52 44 60 54 45 70 y¥ 61 


6-21 36 47 «25 «33 «35 31 27: 29 «31 40 34 36 27 
6- Be 26 33 32 33 «23 
44°37 «31 36 24 25 35 30 31 22 
6-9 % 28 33 26 29 20 23 27 «32 «27 «27 «21 
10 | 29 21 39 27 22 21 «12 40 42 22 «31 «27 28 «19 
611 1% 40 27 18 17 10 42 449 12 «29 «18 


% 22 33 31 29 «28 24 
618 | 28 29 19 27 28 27 26 22 23 26 33 23 25 19 
| 

6-20 * 

1-1 42 47 29: «51 50 49 66 37 28 45 64 52 51 43 
1-2 44 39 «36 48 36 64 88 51 35 55 77 68 71 48 
1-3 29 22 0 52 52 34 5O 3 53 59 49 44 41 
1-4 17 63 23 38 64 59 15 45 34 53 61 48 35 40 
1-5 25 46 24 51 48 60 37 30 44 50 39 35 34 
1-6 19 13 52 21 14 13 8 19 27 14 20 13 12 12 
1-21 10 12 6% 16 14 13 «8 25 42 15 19 11 10 15 
1- & 
1-9 25 12 51 18 13 10 8 3% 40 9 20 16 1% 10 
7-10 BS SA he 
1-18 13 10 28 17 12 11 5 29 32 10 22 17 16 10 
1-12 12 9 46°17 «12 «34 41 00 22 18 «17 «10 
1-13 10 46 10 21 18 16 10 
7-14 | 13 10 64 17 12 18 6 22 43 13 20 11 

1-17 «26 «17 «12: «120 6 24 30 93 23 18 20 13 
7-18 | @ 

1-19 | 


* Externe) saturation base thermocouple, 


and ash concentration. This is shown for several such couples in 
Fig. 4 which shows the behavior of thermocouples at the mid- 
point of each wall at elevation 698 ft where sponge ash was being 
deposited at a relatively rapid rate during test No. 11. It should 
be noted that the furnace is almost square, and the burners are 
similarly arranged at each corner so that firing similarity is sub- 
stantially uniform with respect to all walls. The concentration 
of ash and the combustion activity are at or near maximum in- 
tensity at this level due to extreme turbulence and probable 
greatest recirculation rate, so that extremely high or low absorp- 
tion rates would be expected depending upon ash coverage. 

The variation in tube AT is shown to be quite irregular for the 
selected points shown in Fig. 4. Thermocouple 5-13, which is at 
the center of the right wall, shows a clearly discernible cycle of 
ash accumulation and falling off, the period being about 2 hr. 
Thermocouple 4-13 at the center of the left wall appears to have a 
cycle of about 8 hr but with greater variation in AT. The mid- 
point thermocouples in the front and rear walls, 1-18 and 3-18, 
show still different characteristics both as to cycle period and AT 
range. 

It is obvious from examination of these records that the heat 


absorption of closely spaced bare-tube walls adjacent to the 
burners in a dry-ash furnace can be quite irregular and generally 
unpredictable. This same process of ash accumulation and 
shedding occurs over surfaces*farther removed from the burn- 
ers but to a lesser extent. While the “‘local’’ effect appears of 
great magnitude, the ‘‘over-all’’ effect is probably greatly reduced 
by the great diversity in period and magnitude of the condi- 
tion, as clearly shown in Fig. 4. The variations shown also tend 
to confirm the opinion of some that furnace performance should 
not be judged from individual tests but rather from a very great 
number of tests under all potential conditions so that the ‘‘range” 
of performance is fully explored and considered. 

The furnace-wall-tube average test A7’ values have been indi- 
cated on a furnace-wall outline development for those tests of 
significance, as indicated in Figs. 5 to 16, inclusive. These have 
been augmented by tube AT’ “isothermal lines’’ to better visual- 
ize the heat-absorption pattern for all the walls. Also shown are 
the burner position and the average AT7' for the various levels at 
which thermocouples are installed. A brief interpretation of the 
data shown in Figs. 5 to 16 is given herewith to illustrate certain 
over-all deductions. 


1-9 | 23 21 35 37 39 20 54 46 41 56 19 36 33 |] 4-99 | 25 Gt 36 42 47 63 55 49 
Pyle ae 1-10 | 33 20 39 53 34 33 24 52 51 35 44 45 47 ON 4-20 | 60 66 35 45 44 48 51 46 46 38 54 44 47 3% 
eos +13 | 85 54 50 61 44 42 37 67 BO 43 62 58 64 62 | 
ee 1-12 | 87 51 58 62 53 49 40 77 82 69 62 51 44 714 
1-43 | 90 55 59 95 61 61 53 16 11 10106 79 97 40 
1-14 | 15 53 56 69 42 58 62 15 75 17 32 25 44 47 
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ae +16 | 91 62 28 40 37 41 66 44 67 84 65 90 82 170 
ne +11 | 89 61 29 32 69 59 78 16 17 82 40 62 56 47 
oS 1-18 | 88 92 37 47 67 54 30 92 90 68 49 46 58 29 
ee 1-19 | 59 12 24 29 41 59 77 16 15 65 48 44 52 42 
ite 1-20 | 56 53 32 58 57 55 63 62 52 59 13 56 57 50 5-9 80 43 59 86 80 16 44 717 70 62 31 36 36 62 
3 5-10 | 59 37 36 67 61 55 45 50 50 55 73 50 52 59 
| 13 43 42 56 5B 42 46 49 42 |] | 69 55 
aes 2-21 | 43° 32 24 5-12 | 14 60 46 67 30 23 48 70 63 35 34 20 29 56 
: ce 2-3 | 60 48 31 35 44 57 65 46 52 37 44 42 41 3 5-13 | 61 19 35 41 32 32 29 63 59 37 24 25 30 50 
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Fig. 5 (test No. 3). The dirty furnace walls are evidenced 
by low absorption (A7’) areas in the burner zone which are cov- 
ered with ash for all or a great part of the time. This produces 
extremely high-level average A7’s at elevation 668 ft although 
prolonged operation with burners tilted downward, as for this 
test, would probably result in eventual ash covering at this lower 
level. 

Fig. 6 (test No. 10). The walls were dirty for this test 
although the data indicate, and.visual observation of wall condi- 
tions during the test confirm, that they were not as dirty as for 
the first series of tests, and there are fewer apparent areas of 
heavy ash coverage, and correspondingly very low A7’, than for 
test No. 3. The lower portion of the furnace is absorbing at con- 
siderably lower rates with horizontal burners than with downward 
tilted burners. The upper portion of the furnace is absorbing at 
higher rates, both because of burner position and greater residual 
heat in gases leaving the partly dirty central portions of the fur- 
nace. This indicates quite clearly the substantial compensating 
influence of a clean furnace zone which recovers a very great 
proportion of heat following a dirty zone. Several ‘‘islands’’ of 
dirty surface are evident in the upper part of the front and right 
walls and operation of wall blowers would have removed this ash 
quite effectively. 
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Fig. 7 (test No. 11). The beneficial effect of cleaning walls 
with soot blowers is evident in comparing this clean-wall 
test with the two previous dirty-wall tests. The absence of 
islands of heavy ash accumulation is noticeable, although it 
must be remembered that the 47’ values shown are averaged from 
readings over a period of 7 hr, and the walls, although cleaned 
just prior to the start of the clean-wall tests, do acquire a coat- 
ing of ash in the burner zone during the course of the test period. 
This will be demonstrated more clearly later. 

Fig. 8 (test No. 13). This is a clean-wall test with all 
burners tilted upward and the movement of high-absorption 
zones upward is quite evident. The very low absorption rate 
below the burner level is particularly marked, and its effect is 
significant on over-all furnace performance. An island of 
heavy ash and low absorption is evident on the front wall directly 
in the flame path. Also of interest is the rapid AT gradient at 
this zone as evidenced by close-spaced isothermal lines. A 
similar small zone of extremely high absorption is seen on the 
right wall and the sharp gradient downward is evident. 

Figs. 9 and 10 (test No. 14). This is another clean wall 
test but with the upper burners horizontal and the lower burners 
tilted down 30 deg. Two diagrams have been included from 
this test, the first, Fig. 9, showing average AT’ values for a 1'/.- 


740° 
660~ LEVEL ~ wet 
Bq 
730° ---33 ale 
| 


TRANSACTIONS OF THE ASME 


TEST NO.14-0 


806% FULL LOAD 
26% EXCESS AIR 


6704....59 


660~ LEVEL 
AVG AT 


Fic.9 IsorTHERMAL AT DiacraM, Just Berore Test No. 14 


hr portion of the 2!/2-hr period elapsing between operation of 
wall soot blowers and the beginning of the formal test. The 
second; Fig. 10, shows average AT values for the last 1!/_ hr 
of the test period. Fig. 9 shows the effect of the ‘‘spread’”’ burner 
position clearly in that two high-absorption zones are discernible 
in both front and rear walls, and which are clearly produced by 
flame direction from the two burner levels. The uniformity of 
absorption over a considerable height of the furnace and the 
high rate for this area indicate the beneficial effects of this par- 
ticular burner arrangement and the extreme wall cleanliness. 

Fig. 10 indicates the effect of ash coverage accumulated during 
the test period, and the corresponding reduction in absorption 
rate over considerable wall area. The disappearance of the 
high-absorption islands in the hopper zone at about elevation 
670 ft shows the appreciable effect of ash coverage in this area. 
A further study of this test and the details of ash behavior and 
effects will be given later. | 

Fig. 11 (test No. 15). This shows a clean test with both 
burner levels tilted 30 deg downward. High A7’ values in the 
lower furnace and hopper areas are evident as a result of down- 
ward flame direction. The high over-all AT average and low 
furnace-exit-gas temperature given in Table 1 for this test indi- 
cate the very beneficial over-all effect of this burner arrange- 
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ment, while Fig. 11 indicates in more detail the uniformly high 
absorption level over a greater portion of furnace height than 
for any other burner arrangement. : 

Fig. 12 (test No. 17). This is a clean test at normal rating 


and with all burners horizontal but wigh high excess air, 35 


per cent leaving the furnace as compared to normal 25 per cent. 
The only new item of significance to note in this test is the rela- 
tively wide spacing of the isothermals, except for several areas 
in the burner zone, which indicate absence of ash deposits with 
correspondingly greater uniformity in absorption. This greater 
stability of furnace cleanliness with higher excess air may be a 
desirable method of operation for certain abnormal conditions. 

Fig. 13 (test No. 19). This is similar to the previous run ex- 
cept that normal excess air of 25 per cent leaving the furnace was 
used. Other than a noticeable increase in ash coverage on the 
walls, this run needs no further comment. ‘It was run to es- 
tablish a means for proper judgment of excess-air influence. 

Fig. 14 (test No. 20). This is also similar to tests Nos. 17 and 19, 
except that low excess air, 16 per cent leaving the furnace, was 
used. The further influence of more ash coverage is noted, al- 
though the effect of higher flame temperature is predominant in 
its influence on over-all average AT for the test periods involved. 
A further analysis of the excess-air runs will be covered later. 
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Fig. 15 (test No. 18). This is a maximum-rating run with 
clean furnace conditions, normal excess air, and with all 
burners horizontal. The higher level of all AZ’ values at this 
higher rating is quite evident. There is also a concentration of 
high absorption at the immediate burner level, and some evi- 
dences of heavy ash accumulation in this zone are noted, al- 
though these are tempered by the sweeping action of the burners 
which appears to inhibit heavy ash formation on walls in the 
direct flame flow path. A considerably longer test run under 
these same conditions appears desirable to study the possible 
variations in absorption pattern over a considerable period of 
time. 

Fig. 16 (test No. 21). This is a lowér rating run with clean 
furnace conditions, normal excess air, and with all burners hori- 
zontal. The generally lower AT’ values, except at the burner 
level, indicate clearly the effect of rating alone on over-all furnace 
absorption. The somewhat higher A7’ values directly in line 
with the burners are evidently the effect of direct flame impinge- 
ment which would not be expected to vary so greatly with rating. 
The wide spread between isothermal lines indicates the general 
absence of heavy ash coverage, as would be expected at reduced 
rating. 

In an attempt to correlate the test data with visual data in the 
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form of a photographie record, numerous pictures were taken 
during each of the last series of tests! _ While location of observa- 
tion doors and unfavorable furnace-wall visibility interfered with 
obtaining clearly detailed and informative photographs, several 
were obtained some of which are presented here. 

Figs. 17(a) to 17(f), inclusive, show various views of the furnace 
walls taken during test No. 19. The viewed and viewing loca- 
tions and gas-flow direction past the walls are given foreach photo- 
graph and a check of the AT’ isothermals in Fig. 13 shows the fol- 
lowing: 1 Fig. 17(a) and isothermals indicate slight ash coverage 
on the near side of the wall tubes at elevation 724 ft. 2 Fig. 
17(b) and isothermals show clean tubes on the near side at eleva- 
tion 724 ft, as contrasted to the other half as just described. 
This unequal condition is probably due to horizontal rotation of 
gas body resulting from tangential fiting. The firing rotation is 
counterclockwise looking down so*that the ash coverage is on the 
side of approaching flow, while the clean side is that from which 
flow is receding. 3 Fig. 17(c) and isothermals indicate relatively 


* clean wall tubes and high absorption with the flame from the 


upper burner visible. 4 Fig. 17(d) and isothermals show con- 
siderable ash coverage and correspondingly low absorption in the 
upper foreground with lesser amount of ash coverage beyond. 
The agreement here is particularly good. 5 Fig. 17(e) and 
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isothermals both indicate considerable ash coverage, and zone of 
dark patches of ash correspond well with the low AT island 
where the 6 F value is shown. 6 Fig. 17(f) and isothermals 
again show ash at the same elevation as viewed previously from 
the other side. The agreement is again good with cleaner sur- 
face and higher absorption indicated in the immediate foreground, 
and more ash with lower absorption farther away until the view is 
obscured by haze in the region of heavy ash noted in viewing. 
from the other side. 

Another interesting and revealing analysis of the tube- 
temperature data is shown in Figs. 18 to 22, inclusive. In these 
the average AT’ for each level of thermocouple groups is plotted 
against furnace elevation to provide a heat-absorption ‘‘contour”’ 
for the four walls at various elevations. 

Fig. 18 shows the level average AT values for various heat 
inputs, all other factors such as cleanliness, burner position, and 
excess air being unchanged. It is noted that a band of reduced 
absorption at about 35 ft is indicated for the high-rating test 
(No. 18), indicating a slagged condition. This is also apparent 
in the isothermal study of Fig. 15 for this test. A lesser amount 
of ash covering at this same level is noted for the intermediate 
rating test (No. 19). The low-rating test (No. 21) shows no 
pronounced level of ash covering to influence effective heat ab- 
sorption. It is noted that the intermediate and low-rating 
tests show about the same AT values at the burner level and 
slightly above. This may indicate that the area actively swept 
by flame from the burners is not subject to appreciable reduction 
in absorption rate below a certain rating level. It is hoped that 
this condition can be explored further to confirm this possibility. 

The effect of variation in burner-nozzle position on level aver- 
age AT’ is clearly shown in Fig. 19 which covers four tests (Nos. 
2, 3, 4, and 10), which are at similar rating, and in which wall 
blowers were not operated before each test. The extremely high 
AT’ values for test No. 3 in the hopper area at the 5-ft level with all 
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(a, Front wall, looking from left, elevation 724 ft; 6, front wall, looking 

from right, elevation 724 ft; c, left wall, looking from rear, elevation 689 

ft; d, mght wall, looking from rear, elevation 689 ft; e, front wall, looking 

from left, elevation 679 ft; /, front + looking from right, elevation 679 
t. 


burners tilted 30 deg downward is of considerable surprise. The 
effect of ash coverage at the 17-ft level, and a secondary high- 
absorption level at the 27-ft level and rapidly diminishing rate in 
the upper portion of the furnace show the compensating influences 
which tend to influence the over-all absorption value. The two 
tests (Nos. 4 and 10) with horizontal burners show similar charac- 
teristics, as would be expected, but with some noticeable differ- 
ences due to extent and location of ash coverage. The other ex- 
treme, test No. 2, with all burners tilted 30 deg upward, shows a 
marked difference in level average AT’ pattern but also is free of 
the more heavily slagged areas in thelower portion of the furnace. 
It should be noted that for dirty-wall tests, as shown, the ef- 
fect of burner position on level average A7’ values is most pro- 
nounced, but the over-all result is of a much more uniform nature. 

The effect of burner-nozzle position variation on level A7' 
for clean furnace walls is shown in Fig. 20. In general, the ef- 
fect is similar to that for the dirty-wall operation except that 
heavily slagged levels are less in evidence. The improvement in 
over-all and local absorption characteristics with all burners down 
30 deg (test No. 15), and with the lower-level burners down 30 deg 
(test No. 14), is clearly evident. Further improvement in 
“equalizing” the pattern of heat absorption in furnaces is to be 
desired and the tilting burner can be a material aid in studying 
this problem and in producing a degree of uniformity. 

The significance of excess-air variation on furnace performance 
was explored and results are shown in Fig. 21. It will be noted 
that the low and intermediate excess-air tests (Nos. 20 and 19) 
show a slagged-zone effect at the 35-ft level, while the high excess- 
air test (No. 17) shows no such condition. As a result, the total 
absorption for the high air test was about equal to that for the 
intermediate air test. This fact is not always recognized by 
designers in their effort to obtain “apparent’’ improvement in 
furnace performance by reducing excess air for dry-ash units. 
It is likely that extended operation for the extreme low excess-ail 
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WEAT AVAILABLE 
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a 19 459 77.0 
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condition would result in more slag accumulation and consequent 
reduction in absorption level below that indicated here. 

Another study of level average AT’ values is shown in Fig. 22 
in which case a single test (No. 14) is analyzed to determine the 
variation in cleanliness with time, as indicated. In this test, the 
upper burners were horizontal and the lower ones tilted 30 deg 
downward which accounts for the relatively high A7 values in the 
hopper zone. It is noted that the hopper zone, just below the ac- 
tive flame path of the lower burners, and the upper zone at the 
35-ft level, above the flame path of the upper burners, are both 
subject to appreciable variation in cleanliness and corresponding 
AT values. The intermediate zone, from the 18 to the 30-ft 
level, in the flame paths is not influenced materially and this 
may be due to the sweeping action of the flame preventing ash 
deposition and accumulation beyond a stable limit. This ‘‘sweep- 
ing” action of the flame over the wall tubes and the apparent 
beneficial effect in stabilizing absorption in the affected area at a 
reasonably high level may well warrant much careful study and 
investigation. An extension of this principle to a substantial 
portion of the furnace surface would likely be most effective if 
the practical details of its accomplishment could be worked out 
properly, 

A yet more detailed analysis of test No. 14 is shown in Fig. 23 
in which the level average A7’ values are plotted directly from 
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the recorder-chart data. Actually, the plot represents ‘‘faired’’ 
averages of the chart data so as better to visualize the trends. 
Again, it is seen that ash accumulations are reducing the absorp- 
tion efficiency at the 664-ft and 669-ft levels which are well down 
in the hopper and somewhat below the direct flame path from 
the lower burners, and at the 698-ft tevel, which is slightly above 
the flame path of the upper burners. The 680-ft and 690-ft 
levels, more in the direct flame path, retain their high absorption 
level fairly well. This is more clearly indicative of the tendency 
for slag to deposit and accumulate just outside the turbulent- 
flame path, while a beneficial sweeping action appears to main- 
tain cleanliness in the direct flame path. The data cover about 
10 hr of operation, and it may be that further operation without 
additional wal! cleaning may modify these indicated conditions. 
The upper part of the furnace is seen to be reasonably stable, 
as would be expected, while the over-all furnace average AT is 
decreasing to reflect the marked drop in efficiency of the areas af- 
fected by slag. 

An interesting portrayal of the over-all average AT’ values is 
shown in Fig. 24 in which they are plotted against total heat 
available, above 80 F. The furnace-wall cleanliness conditions 
and burner-nozzle positions are indicated to add to the descrip- 
tive value of the plot. The letter designations for the Various 
points refer to the various test series, as described. The data 
indicate primarily the substantial effect of burner-nozzle tilting 
and the benefits of downward tilting for this particular unit. 
The expected long-range effect of furnace-tube ‘‘aging,” and 
consequent loss of absorption efficiency, is not the least bit in 
evidence from a study of these data, although such effect might 
well be obscured by internal tube fouling which would produce 
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abnormally high tube-metal temperatures. The effect of rating, 
or heat input, is clearly evident although more confirming points 
at dhe high and low extremes are needed to establish a more firm 
basis for this characteristic. The furnace cleanliness conditions 
produce a marked effect on over-all absorption but probably not 
as great as might be expected primarily due to the powerful 
“equalizing” effect of radiant heat throughout the entire furnace. 

Any attempt to calculate a furnace efficiency from the data 
obtained is of course subject to many possible errors of both con- 
stant and variable nature. ‘ The AT’ values are subject to pos- 
sible variation with age of thermocouple leads, with variation in 
inside tube cleanliness condition and with variation in inside-film 
conductance. Along with these are the factors of proper selec- 
tion of equivalent furnace surface, weighting of thermocouple 
data with respect to surface and the partial circumferential dis- 
tortion of heat flow through cylindrical tubes on close centers 
and with nonuniform radial heat flow. However, in order that a 
set of comparative figures be made available for study, we have 
assumed a number of factors and calculated others to arrive at 
an efficiency value on the following basis: 


U metal® = 1040 Btu/ft?, hr, F (cale.) (referred to tube OD) 
U film = 5000 Btu/ft?, hr, F (assumed) (referred totubeOD) 
U over-all = 860 Btu/ft?, hr, F (calc.) (referred to tube OD) 


* Tube OD = 3in.; ID = 2.40 in.; K = 348 Btu/ft*hr/in. 


S = 6430 sq ft (measured projected furnace surface) 

AT = average furnace center-line thermocouple temperature 
difference - 

Total furnace heat absorption = U S AT = 5,500,000 -A7 Bru 
per hr 

The furnace efficiency then becomes 


5,500,000 AT’ 


1 
heat available ” 


Efficiency = 

Table 3 gives the calculated efficiency on this basis for all the 
tests reported herein. These efficiency figures can be compared 
with those obtained from other means of testing, particularly 
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the furnace-exit-gas-temperature survey. Such comparisons 
should be carefully judged to take into account the possible 
sources of error in both determinations. Serious consideration 


TABLE 3 CALCULATED EFFICIENCY FOR TESTS 


Test Heat available, Ave AT, Heat absorbed, Efficiency, 
no. MKB/hr F N /hr per cent 
1 532 42 231 * 43.4 
2 494 36 198 40.0 
3 476 41 225 47.3 
4 489 41 225 46.0 
ll 506 38.1 210 41.5 
12 458 37.8 208 45.4 
13 495 37.7 208 42.0 
14 480 45.6 251 52.3 
15 474 46.5 256 54.0 
17 483 40.2 221 45.8 
18 597 48.2 265 44.4 
19 459 39.8 219 47.8 
20 472 41.8 230 48.7 
21 343 35.7 197 97.4 


should be given to acid cleaning the boiler prior to each testing 
period so as to reduce substantially the possible great variation 
in tube temperatures resulting from variable internal tube foul- 
ing. 

CONCLUSIONS 


The following statements are made as tentative conclusions 
and should be recognized as being based on a limited amount of 
data covering performance of a single specific boiler furnace. The 
performance of other furnaces, or this furnace under other condi- 
tions not explored as yet, may serve to modify or to refute such 
conclusions. However, these are drawn with the purpose of 
presenting a positive viewpoint based on the limited facts at hand 
so that further investigation and possible controversy will be 
stimulated by differences in opinion or judgment. 

The variation in furnace-wall-tube absorption, as determined 
by tube-temperature measurement, shows over-all heat absorp- 
tion to be influenced materially by (a) rating, (6) ash accumula- 
tion, (c) flame position, and (d) excess air for combustion. All 
four were investigated and the rating, flame position, and excess 
air are directly controllable while the ash accumulation on wall 
tubes can be controlled indirectly to some extent by the use of 
furnace-wall soot blowers. 

A study of the furnace-wall heat-absorption data and iso- 
therms, which are plots of the wall-tube temperatures above 
saturation base, indicates somg interesting conditions which are 
described briefly, as follows: 


(a) High absorption rates are attained in the path of burner 
flame, as would be expected. This could be demonstrated un- 
mistakably and adjusted, as desired, by varying the vertical tilt 
of the burner nozzles. 

(b) The heat-absorption rate in the burner zone is quite ir- 
regular as influenced by periodic accumulation and shedding of 
ash on the tubes in this area. The effect of this condition on 
over-all furnace performance is rather small due to thé great 
diversity in period and magnitude of the action. 

(c) The tests with various excess-air levels indicate greater 
furnace-wall absorption stability at high excess air, although 
highest furnace efficiency would probably be obtained with low 
excess air and periodic wall cleaning to remove the ash and slag 
deposits which form more readily. 

The illustrations and descriptions of furnace-wall isotherms 
and the other analyses of the test data are probably only of pass- 
ing interest to many who may feel that the conditions shown are 
“normal.” To some it may appear that they are more favorable 
than was suspected. However, the extreme variation in AT’ val- 
ues, both high and low, and their variable position as influenced 
by flame position should be of significance and concern to the 
furnace designer. Variation in AT’ values of 10:1 or 15:1 magni- 
tude for a given thermocouple (see points 3-8, 3-9, and 4-2 in 
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Table 2), as influenced by flame position and ash coverage, are 
not conducive of highest furnace efficiency and indicate the 
desirability of further study and better understanding of these 
effects. 

The data indicate and illustrate the considerable extent of 
local instability of furnace-wall conditions. While these local 
effects are of great magnitude, they also are sufficiently diver- 
sified both as to period and location that their combined effect is 
considerably neutralized. 

In general, it is concluded that the tube-metal temperatures, 
as measured, do give a reasonably good representation of rela- 
tive heat-absorption rates throughout the furnace, and such in- 
formation can be of considerable value in analyzing details of 
furnace geometry, burner design and location, slagging character- 
istics, and numerous other detailed considerations. 
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Appendix 


The fourth series of tests (Nos. 24, 25, and 26) were run to es- 
tablish further the effect of time on furnace-wall cleanliness both 
as to long-range effects and over short periods, say several days. 
Test No. 24 was a maximum-load run without wall cleaning to 
establish this condition in relation to earlier tests. Test No. 25 
was a 60-hr continuous test run at maximum load with furnace 
walls cleaned just prior to the tests. The data have been broken 
down into five short periods during the main test and correspond- 
ing to those periods during which furnace-exit-gas temperature 
and composition data were taken. These tests are identified as 
follows: 


° 

: 

; 

Bic 

roe. 

ey 


566 * TRANSACTIONS OF THE ASME JULY, 1948 


TABLE 4 SUMMARY OF OPERATING AND TEST DATA FOR FOURTH SERIES TESTS 


24 
3 3-1/2 2- “3 2-1 
Furnace Condition Dirty Cleaned - einen 
No. Pulverizers in Operation 2 2 3 2 = 3 
No, Burners in Operation 8 8 8 8 8 8 8 
Integrators: 
Steam Flow, M o1b/br 525 468 505 503 511 51° 412 
Feedwater Flow, M lb/hr 410 425 459 459 466 466 373 
Desup. Water Flew, M lb, br Q 
North Coal Scales, M lb/hr 26800 24750 23600 26300 25600 25100 17700 
South Coal Scales, w 1b hr 26600 24350 26000 25000 24700 24100 21700 
Temperature Recorders: 
Primary Stean, F 750 741 152 139 166 744 742 
Secondary Steam F 866 849 869 855 887 658 
Superheat leaving Desup., F 160 153 161 151 178 157 165 
Gas entering Preheater, F 602 593 603 591 607 571 
Gas leaving.N. ID Fan, F 322 309 322 313 298 291 
Gas leaving S. ID Fan, F 296 286 296 289 271 270 273 
Air leaving FD Fan, F 92 82 94 98 56 62 11 
Air entering Preheater, Fr 103 93 99 109 67 13 
Air leaving Preheater Fr 524 510 524 511 515 509 495 
Water entering Econ., F 373 365 370 369 318 374 6 
° Water leaving Econ., F 476 470 476 4712 477 461 
N. Pulverizer Coal-air, r 438 140 145 147 148 148 149 
S. Pulverizer Coal-air, r 146 149 151 153 154 149 143 
Excess Airs 
Economizer Outlet, ? 15. 25 19 1 22 18 ch 
Furnace Outlet, D3 11.3 24.7 16.6 15.6 17.9 16.8 28.3 
Indicatores 
Steam Drum Pressure, psig 1392 1349 1377 1367 1372 1360 1340 
Steam Main Pressure, peig 1320 1265 1290 1283 1298 1300 1280 
Rew Coal Analysis: * 
Heat Content (as rec'd), Btu/lbd 11330 11050 11650 11310 11540 11880 11910 
Heat Content (MAA Free), Btu/lb 14190 14180 14480 =: 14330 14440 14540 14540 
Weistere (as ree'd), 10.0 0.7 - 9.9 8.4 7.4 6.4 
Ash (as reed), t 11.5 11,4 10.9 11.2 14.7 11,8 11.7 
Velatile (as rec'd) 35-2 32.1 33.4 33.5 33.6 4.5 35.6 
(MAA Free), 5.3 543 5.5 5.4 5.5 5.5 5.6 
c Free), 80.3 80.3 81.1 60.6 80.9 81.0 81,2 
BH (MAA Free), 3 1.5 1.6 1.6 1.4 1.6 1.5 1.6 
© (MAA Free), > 10,4 10.3 9.1 9.9 9.4 9.1 8.8 
& (M&A Free), > 2.5 2.5 2.7 2.7 2.6 2.9 2.8 
| Temperatures: 
Initial Deformaticn, F 2090 2050 2150 2120 2210 2140 2220 
Seftening, 2210 2150 2220 2200 2310 2260 7420 
Fleid, r 2470 2520 2470 2420 2520 2520 2540 
veris se 
Through He, 50 uss Sieve, t 99.2 98.4 99.2 98.3 i 9 9903 99.9 
Pe Through Ne, 100 USS Sieve, 3 93.7 91.4 92.5 90.6 02 95.5 98.3 
Through Ho, 200 USS Sieve 53 15.0 10.4 2 68 1 81,1 88.0 
Heat Tuput in Fuel, Fuel, uxs /er 594 543 57 5 470 
Heat Available te Furnace, MKB /br 611 561 591 596 598 602 483 
Avg. Purnace Exit Gas HVT, tr 2015 1855 1925 1945 2025 2000 1865 
Avg. Furnace Wall Tc AT, r 52.1 48.7 51.6 51.3 * 50.5 52.2 41.4 
Goal for all testes Meigs Creek (Ne. 9), Duncanwood Mine, Harrison County, Ohic 


Test’no. Hours during 60-hr run which apply TABLE 6 CALCUL: ATED UC Se AND EFFI- 
1 
Test Heatavailable, Avg 47, Heatabsorbed, Efficiency, 
no. MKB/hr deg F MKB/hr per cent 
25C 251/« to 27%/« 24 611 52. 287 47.0 
25D 45 to 48 25A 561, 48. 268 47.8 
25E 50 to. 53 . 


Test No. 26 was a recheck test on earlier runs at the normal load 
condition with furnace walls cleaned. 
The operating data for the fourth series of tests are given in An analysis of data taken during test No. 25 indicates no ap- 
Table 4 which follows the same pattern as Table 1. preciable reduction in furnace efficiency over the 60-hr test 
The average AT values for all thermocouple readings at each period, and the apparent increase near the end of the test period is 
. location are given in Table 5 (on opposite page) which follows the somewhat disconcerting. The only evident reason for this may 
: same arrangements as Table 2. be the great improvement in pulverized-coal fineness which was 
The calculated furnace absorption and efficiency data, corre- registered for this part of the run and which can be attributed in 
sponding to Table 3, are given in Table 6. whole, or part, to lower moisture content of the fuel. 
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TABLE 5 CENTER-LINE THERMOCOUPLE AVERAGE TEMPERATURE DIFFERENTIALS FOR FOURTH SERIES TESTS 


nef 24 254 25B 25C 25D 25B 26 et f 24 25a 25B 25C 25D 25E 26 Test ¢ 24 254 25B 25C 25D 25E 26 


1-21 44641 OM 33 33 3-11 | 43 41 64 48 62 73 68 6-1 21 20 18 21 20 20 
1-2 3% 36 3 3-12 68 65 84 13 82105 90 6-2 19 23 19 20 19 2 
3 3% % 3-13 10 66 10 64 61 57 26 6-3 21 29 #21 #23 22 22 


3% 33 3 3-14 16 17 72 «77 «+89 112 45 6-4 37 33 «51 46 «51 «51 
30 27 22 3-15 70 70 79 39 8 90 19 65 18 49 60 51 59 57 
51 54 54 3-16 | 75 67 80 11 79 15 65 6-21 47 41 43 46 430 «43 
50 39 15 3-17 48 86 83 85 69 106 30 6-1 51 40 4 42 44 43 
3 29° «(23 3-18 | 107 45°97 82 89 95 45 6-8 BH 29 3% PW B31 33 
64 57 37 3-19 | 96 56 28 71 69 74 57 6-9 3 33 41 3 BS 
49 3-20 96 77 94 «97 «95 6-10 26 24 25 24 24 27 
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An Investigation of the Variation in Heat 
Absorption in a Pulverized-Coal-Fired 
Water-Cooled Steam-Boiler Furnace 


II—Furnace Heat Absorption Efficiency as Shown by the Temperature, 
Composition, and Flow of Gases Leaving the Furnace’ 


By W. T. REID,? PAUL COHEN,’ ano R. C. COREY‘ 


As part of an investigation of the factors affecting the 
performance of furnaces, the heat-absorption efficiency of 
the furnace of a pulverized-coal-fired dry-bottom steam 
boiler was determined from the sensible heat in the gases 
at the furnace outlet. The sensible heat was determined 
from the temperature of the gases, which was measured 
by traversing the furnace outlet with a high-velocity 
thermocouple, and from the quantity of gas leaving the 
furnace, which was computed from the composition of 
the gas and the rate of fuel firing. Data are given for the 
distribution at the furnace outlet of excess air, gas tem- 
perature, and mass flow. The effect on furnace heat- 
absorption efficiency is shown for variations in (a) the heat 
available in the furnace, (6) the excess air, (c) the angle of 
inclination of the burners, and (d) the condition of the 
furnace with respect to deposits of ash and slag on the 
heat-absorbing surfaces. The data of this investigation 
were correlated by a modified form of the Hudson-Orrok 
equation, which relates empirically the furnace heat- 
absorption efficiency to the weight of wet gases at the fur- 
nace outlet, per unit heat available in the furnace, and the 
heat available in the furnace per square foot of projected 
radiant heating surface. 


INTRODUCTION 


HIS paper summarizes four series of determinations of the 

furnace heat-absorption efficiency of a central-station 

pulverized-coal-fired steam-boiler furnace and _ presents 
the effects on furnace heat-absorption efficiency of variations of 
load, excess air, inclination of the burners, and cleanliness of the 
furnace. The unit studied is boiler No. 11 of the Tidd Station, 
Ohio Power Company, '‘rilliant, Ohio, a three-drum bent-tube 
boiler with a dry-bottom tangentially fired furnace with ver- 
tically adjustable burners. It is rated at 475,000 lb of steam per 
hr at 1375 psig and 925 F at the superheater outlet. The deter- 
minations of furnace heat-absorption efficiency were part of a 
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comprehensive investigation of this unit by the Special Research 
Committee on Furnace Performance Factors of the ASME and 
were made by the Combustion Research Section of the Bureau of 
Mines concurrently with the other studies reported in this sym- 
posium, as part of the Bureau of Mines co-operative research 
program with the Committee to study the effect of ash and slag on 
furnace performance. 
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Fic. 2. Firinc Crrcie’anp Drrection or Rotation OF GASES FOR 
Horizontat Serrine or Burners; Lookinc Down 


Twenty-six tests were made to determine the furnace heat- 
absorption efficiency from the sensible-heat content in the gases 


leaving the furnace. The sensible heat was calculated from - 


measurements of the temperature of the gases with a single-shield 
high-velocity thermocouple (HVT), and of the excess air of the 
gases with a Bailey oxygen recorder. The measurements were 
made at positions approximating the furnace outlet, within the 
available means of access to the furnace. In some of the tests, 
the velocity of the gases leaving the furnace was determined 
with a water-cooled double-impact Pitot tube. Complete records 
of the original data and calculations are in the Committee files, 
and therefore are not repeated here. However, complete de- 
tails of the test procedures, equipment, and methods of calcula- 
tion are presented with sufficient data to permit evaluation of the 
results. 


MeErTuHODs OF TEST AND CALCULATION 


Description of Furnace. Fig. 1 is a sectional elevation of the 
steam-generating unit, showing the general arrangement of 
the various components. 

The furnace is tangentially fired, with two burners in each 
corner, firing to a circle 2'/, ft in diam, each burner being individu- 
ally adjustable from an inclination of 30 deg downward to 30 
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Ny q 
~ ine | 
‘ — 
Elev. 744’ 
3 —— SS 4 
nit Fie, 3 Location or Prope 
STATIONS ON LEFT Sipe or Borer 
(Stations B-R, D-R, E-R, and K-R 
‘ at corresponding levels and positions 
Furnace outlet i on right side of boiler.) 
Station C I} 
Eh 7 ” " 
1] — Station A 
Elev, 722’10” 
ij Station B | 
if } Elev. 723°” 
— Z deg upward from the horizontal. Two ball-mill pulverizers 
i supply the fuel, each mill supplying one burner in each of the 
four corners. The direction of rotation of the flame is shown 
“il schematically in Fig. 2. Each furnace wall consists of 3-in-OD 
Bi iz. bare tubes on 3'/s-in. centers and the roof of 3-in-OD finned 
Lert ‘ tubes on 6-in. centers. The slag screen and the convectioa sur- 


face at the furnace outlet are 3-in-OD bare tubes on 9'/,-in. 
centers and are so arranged with respect to the inspection doors 
available for inserting the test probes that some traverses had to 
be made behind the first row of tubes. The area of projected 
radiant heating surface in the furnace is 6430 sq ft, including the 
plane of the furnace outlet, which has a developed area of 672 sq 
ft. 

Location of Test Points. The elevation of the six test stations 
on the left or north side of the boiler is shown in Fig. 3 which 
is a sectional side arrangement from the lower drum to the top 
of the boiler. The right or south side of the boiler has test 
stations directly opposite and corresponding to those on the left 
side, with the exception of A and C, thus making a total of ten test 
stations. The right-side stations bear the same letter designa- 
tions as the corresponding left-side stations but are distinguished 
from the latter by the addition of the letter R. Fig. 4 is a plan 
view of the furnace, between the front wall and the last row of 
boiler tubes, showing the location of the test stations with re- 
spect to the front of the furnace, and the positions at which read- 
ings were taken. Positions on the right side of the farnace are 
distinguished from those on the left by primes. Because of its 
proximity to the wall, no readings were taken at position 1. 

Fig. 5 is a map of the developed furnace outlet area, as ob- 
served from the front wall, corresponding to two intersecting 
planes passing through the screen tubes, bounded on the sides by 
the side-wall tubes, on the top by the roof tubes, and on the bot- 
tom by.the rear-wall tubes. The furnace outlet is also shown by 
the heavy dashed line in Fig. 3. The developed furnace outlet 
is 31 ft high, 21 ft 8 in. wide, and has an area of 672 sq ft. 

Equipment Used. The temperature of the gas at the indicated 
sampling positions was determined by means of one of three 
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Stations K and K-R are 19’ 32” from the front 
of the furnace; the probe positions have the same 
0. d. tubes spacing as stations E and E-R 


Probe stations 
Band D 

Probe stations 
AandC 

Tube removal 


door 
Probe station 


Probe positions, left side (North side) | Probe positions, right side (South side) 


3” 0. d. tubes 


4 i iL 
Fic. 5 Furnace-Ovttet Area, SHOWING SAMPLING STATIONS PosiITIONS 
Water outlet 
cA A Water inlet To onygen recorder 


Hot junction e 


3° 4.2" ©. ¢. porcelain shield with nichrome 20 
mesh screen reinforcement and aluncum cement 
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single-shield high-velocity thermocouples mounted in a water- 
cooled support, the details of which are shown in Fig. 6. One of 
these units was equipped with a 22-gage platinum-rhodium ther- 
mocouple for temperature measurements at stations K and K-R, 
and the other two with 22-gage chromel-alumel thermocouples 
for measurements at the other stations where the temperatures 
were lower and within the permissible range of this material. 
Simultaneous readings of excess air and gas temperature were 
obtained by connecting the offtake of the high-velocity ther- 
mocouple to the Bailey oxygen recorder with which the boiler 
was equipped. The pump of this instrument produced higher 
rates of gas flow past the thermocouple junction than could be 
obtained with an air aspirator operating at the pressure availa- 
ble in the station service line. In addition to furnishing a 
simple means for maintaining the flow of gases required for the 
HVT, this expedient shortened the time required to make a test 
and assured that the gas temperature and composition were deter- 
mined under identical conditions. Frequent Orsat analyses of 
the gas entering the recorder indicated it to be entirely dependa- 
ble in all except one series of tests, and in that case the check 
analyses permitted correction of the observed data to a satis- 
factory degree of accuracy. 

The temperatures of the gases at the furnace exit, as deter- 
mined by the single-shield high-velocity thermocouple, HVT, 
require correction for two reasons, i.e., the mass velocity of the 
gas through the couple in these tests was about 5000 psf per hr, 
instead of the optimum mass velocity of 13,000 to 15,000 psf per 
hr; and even at the optimum mass velocity of the gases, the 
couple may indicate a temperature different from the true gas 
temperature, depending on the radiant heat-transfer character- 
istics of the environment. Mullikin' has shown that true gas 


’ temperatures are closely attained. by the multiple-shield high- 


velocity thermocouple, MHVT, and has given a curve from 
which the necessary corrections may be obtained. 

Since the present corrections to the HVT data involved the 
additional factor of nrass velocity, it was decided, after comple- 
tion of the regular series of tests, to make direct comparisons 
of the HVT and the MHVT in the Tidd furnace. These supple- 


5 “Gas Temperature Measurement and the High-Velocity Thermo- 
couple: Temperature, Its Measurement and Control,” by H. F. 
Mullikin, Rheinhold Publishing Corporation, New York, N. Y., 
1941, pp. 775-804. 
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mentary tests were made during the week of .June 2, 1947, and the 
results were available too late to include in the presentation of the 
paper. However, the details of the test procedure and the re- 
sults are given in the Giscussion of this paper by F. G. Ely, who 
participated in the tests. It was found that the average tempera- 
tures of the gases at the furnace outlet, indicated by the HVT, 
were approximately 85 deg F too low. Calculations of the 
heat absorption in the furnace are reported for both the observed 
exit-gas temperatures with the HVT and for the observed exit- 
gas temperatures corrected by adding 85 deg F, and designated 
MHVT. However, all correlations made in the paper have been 
based on the corrected MHVT data. 

In the second series of tests, the velocity of the gas was deter- 
mined in the planes parallel to the side walls of the furnace for 
all odd-numbered sampling positions except No. 1. The water- 
cooled double-impact Pitot tube, shown in Fig. 7, was used for 
this purpose. The directions of the gas flow in planes parallel to 
the side walls of the furnace were found by rotating the axis of 
the Pitot tube until a maximum pressure difference was indi- 
cated, the angle being obtained from a dial mounted on the in- 
strument. Gas-velocity measurements also were made in the 
first series of tests, but only with the axis of the Pitot tube ina 
the horizontal direction. Subsequent analysis of the data showed 
this technique to be inadequate; therefore it was modified as de- 
scribed previously. 

Methods of Calculation. (a) Temperature and ExcessA ir 
Data. Because the sampling stations are limited to the access 
doors and therefore are not distributed uniformly over the fur- 
nace outlet area, a direct numerical average of the observations 
would give undue weight to some and insufficient weight to 
others. Therefore averages of the data were calculated accord- 
ing to the weighting key shown in Fig. 8,’in which the furnace 
outlet area is divided into five vertical bands, numbered 1 to 5 
from left to right, and six horizontal strips designated K,, K:, 
A, C, D, and E from bottom to top, thus making 30 equal sec- 
tions. Fig. 8 also indicates the scheme followed in computing 
the average values of the variables for each section of the furnace 
outlet area. The values for temperature and excess air used in 
calculating the averages for the sections are those of the data 
from the corresponding stations, with the exceptions noted in 
Fig. 8. For example, the average for section No. 2 would be com- 
puted by giving unit weight to the data of positions_Nos._5, 6, 7, 
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SECTION-1] 2 3 4 5 
Strip} "ige 
POSITIONS 2,3,4, 5.67.83 
STATIONS 
E-R+ 
6 7 8 9 10 
Suig 
2.34. D| 567.82 104 4.37.2 
n 12 13 4 15 
+c i For temperature and excess air 
2.34C] | $10.11 | | Average 
9and19 | 10 and 20 
16 v7 18 19 20 
et BR data is used in sections Lg 
18, 19, and 20 f9¢ calculations | 
TA Strip , right side of 
234A] 5.67.83 10.4102 
21 22 23 24 25 
Strip) 
567.83 Biol 7.6.5) 4.3.2 
For temperature and excess air For temperature and excess air 
use values for station K use values for station K-R 
26 27 28 29 30 
Strip 
5,6,7,83 3 10.4} 8.7.6.5) 
BAND 1 auto 2 BAND 3 BAND 4 BAND 5 


Fic. 8 WercuHTinc Key ror CoMPpUTING AVERAGE VALUES OF 
TEMPERATURE AND Excess AIR FoR ALL SECTIONS OF FURNACE- 
OvuTLeT AREA 


and 8 of station FZ and one-half weight to position No. 9 of station 
E. This method serves not only to weight the data systematic- 
ally according to area, but also gives some idea of the spatial 
distribution of the values of gas temperature and excess air. 

(b) Velocity Data. The velocity data obtained in the second 
series of tests were treated in a similar manner to that just de- 
scribed, but the methods were more complicated and will not be 
described here. The report to the Committee on the second series 
of tests contains a complete review of this phase, including data 
and detailed summaries. The final results of the velocity cal- 
culations were values of the effective mass velocity, MV, of the 
gases leaving the furnace, in pounds per square foot and second 
for each of the sections of the furnace-outlet area, which could be 
further treated in the same manner as the values of temperature 
and excess air for each of the sections. 

(c) Calculation of Heat Content of Gases Leaving the Furnace. 
Calculations of the sensible-heat content of the gases leaving the 
furnace were made from the average values of the temperature 
and excess-air data for the thirty sections of the furnace outlet. 
The total sensible-heat content of the gases leaving the furnace is 
obtained by multiplying the rate of coal feed F, lb of MAF coal 
per hr, by Hu, the sensible-heat content of the gases formed from 
the combustion of 1 lb of MAF coal for the ‘‘average’’ conditions 
of temperature and excess air at the furnace outlet. The deriva- 
tions of the formulas used, and curves for ready calculation of the 
hecessary quantities, are given in Appéndix 1 of this paper. 

(d) Calculation of Heat Available, Heat Absorbed, and Heat- 
Absorption Efficiency in the Furnace. The heat available in the 
furnace was computed as the sum of the “net” heat available in 
fuel fired, corrected for an average carbon loss of 0.8 per cent of 
the gross heating value of the fuel, plus the sensible-heat content 
of the preheated air entering the furnace. The latter was cal- 
culated in each test from the excess air at the furnace outlet and 
the temperature and moisture content of the preheated air. 
Allowance was made for 10 per cent air infiltration to the furnace 


. two tests made with the burners horizontal, the result of test No. 


573 


and for calculated values of air leakage to the pulverizers, as 
well as tempering air. A further correction was made for radia- 
tion losses from the furnace, equal to one half the radiation 
loss for the whole unit; this was taken for all tests as 0.2 per 
cent of the gross heating value of the fuel fired. 

The heat absorbed is the difference between the net heat 
available in the furnace and that carried out as sensible heat in the 
gases at the furnace outlet, and the furnace heat-absorption ef- 
ficiency is expressed as the percentage of the net heat availa- 
ble in the furnace that is absorbed in the furnace. The net 
heat available ia the furnace and the heat absorption in the fur- 
nace are cajculated in terms of unit furnace area by dividing by 
6430 sq ft, the projected radiant heating surface of the furnace. 
The details of these calculations are given in Appendix 2. 


SumMary OF Test CONDITIONS AND RESULTS 


The operating data and the results obtained in the four series 
of tests are summarized in Tables 1, 2, 3, and 4. For each test 
there are given the operating conditions; the proximate analysis 
of the fuel, including heating value and ash-softening tempera- 
ture; the average HVT and MHVT gas temperature, and the 
excess air at the furnace outlet; the calculated values of heat 
available in the furnace; weight of wet gases and sensible heat at 
the furnace outlet; heat absorbed in the furnace; and furnace 
heat-absorption efficiency. Wherever pertinent, the data are 
expressed on the basis of HVT and MHVT temperatures. 

First Series, Tests Nos. 1, 2, 3,and 4. . The boiler was placed in 
operation on September 25, 1945, and thereafter was operated 
without cleaning of the furnace until after the completion of the 
first series of tests, made during the week of December 17, 1945. 
It may be assumed that after operating for a period of 3 months 
without cleaning, the furnace walls were quite dirty. The four 
tests of this series, Nos. 1, 2, 3, and 4, were planned to deter- 
mine the effect of the inclination of the burners on furnace heat- 
absorption efficiency for this condition of the furnace walls, and 
for a steam flow of about 420,000 lb per hr, and excess air of 30 
per cent at the economizer outlet. The data are summarized in 
Table 1. 

The test technique in this first series was incomplete and not 
comparable with later tests. No data were obtained at stations 
K and K-R, but the velocities of the gases were determined at the 
test positions across the furnace by the method previously de- 
scribed. The heat content of the gases leaving the furnace, 
calculated from the velocity data, averaged only 29 per cent of the 
heat content calculated from the rate of fuel firing. This was 
attributed in part to the methods used for the velocity measure- 
ments, but mostly to the failure to make observations at stations 
K and K-R, and to the use of too small a value for the area of the 
furnace outlet. Although not ideally located in the furnace, 
stations K and K-R therefore were established and included in 
the tests of the subsequent series. 

Item 29 of Table 1 reveals that the furnace heat-absorption ef- 
ficiency, based upon MHVT temperatures, varied in the expected 
manner from the indicated value of 50.9 per ceat for test No. 3, 
in which all burners -were inclined at —30 deg, to 44.3 per cent for 
test No. 2pin which all burners were inclined at +30 deg. Of the 


4, with an indicated furnace heat-absorption efficiency of 50.4 
per cent, seems to be high, and that of test No. 1, 46.1 per cent, 
seems to be low, compared to the values for the other burner set- 
tings. It is apparent that these data cannot yield even true 
relative values of furnace heat-absorption efficiency; the ratios 
between the furnace heat-abSorption efficiencies given in Table 1 
and the true values for each particular test must be expected to 
vary with the angle of inclination of the burners. In a later part 
of this paper a method is given whereby an approximation to the 
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TABLE 1 SUMMARY OF TEST CONDITIONS rei , rican FIRST SERIES, TESTS NOS. 1, 2, 3, 


ate 


Se 1 2 3 4 
12-18-45 12-19-45 12-20-45 12-21-45 
eee 446,000 411,000 405,000 419,000 


1 

3 St 

4 Rate of fuel firing, as fired, weight lb per hr................. 44,700 43,090 42,000 42,500 

5 Inclination of burners \Upper 0 +30 —30 

6 from horizontal, degrees 0 +30 —30 0 

8 Excess air at economizer outlet, per cent.................... 30 30 30 

Coal, proximate analysis, per cent as fired 

10 34.3 33.1 33.0 33.6 
15 Temperature of preheated air, 542 537 506 

16 Heat available in furnace* kB pe 532,000 494,000 475,000 490,000 
17 kB he 82.7 76.8 73.9 76.2 
18 Excess air at furnace outlet, per 28 27 25 26 
19 Average temperature of gases Var RAF 1,920 1,970 1,780 1,785 
20 at furnace outlet, F. E 2,005 2,055 1,865 1,870 
21 Weight wet gases at furnace outlet, |b per hr..... 532,000 494,000 468,000 486, 
22 Total sensible heat in wet gases } V 273,000 262,000 221,000 230,000 
23 at furnace outlet, kB per hr MHVT 287,000 275,000 233,000 243,000 
24 Heat absorbed in furnace, HVT. 259,000 232,000 254,000 260, 
25 per hr 245,000 9,000 242,000 247,000 
26 Heat absorbed in furnace, RT Se 0.3 36.1 39.5 40.4 
27 kB per hr and ft? gg 38.1 34.1 37.6 38.4 
28 Furnace heat-absorption RS er 48.7 47.0 53.5 53.1 
29 efficiency, per cent og a 46.1 44.3 50.9 50.4 


@ No data taken at stations K and K-R; not comparable with other tests. 
b Furnace had not been cleaned for several months prior to test, and was not cleaned during course of tests. 
© Corrected for radiation and carbon loss, infiltration of air to furnace, and leakage of air to pulverizer. 


true furnace heat-absorption efficiencies for these tests is obtained. 

Second Series, Tests Nos. 10, 11, 13, 14, and 15. The second 
series of five tests were made during the week of February 25, 
1946, and are summarized in Table 2. Again, the primary pur- 
pose of the tests of this series was to determine the effect of the 
inclination of the burners on furnace heat-absorption efficiency 
for much the same conditions of heat release, and excess air at 
the economizer outlet, as occurred in the first series of tests, but 
in this case for a clean furnace. Except in the case of test No. 
10, the first in the series, which was intended to serve as a link 
between the first and second series of tests, each test was pre- 
ceded by a complete cycle of furnace-cleaning operations. The 
burner arrangements studied included all those of the first series 
with the addition of a test wherein the upper burners were hori- 
zontal and the lower burners were inclined at —30 deg. As 
noted in Table 2, it was not possible to obtain complete data for 


test No. 13, with all burners inclined at +30 deg; therefore the 
results for that test were calculated on the same basis used for 
tests Nos. 1 to 4 of the first series. 

Comparison of the calculated furnace heat-absorption efficien- 
cies, item 29 of Table 2, which are based upon MH VT tempera- 
tures, reveals that with the exception of test No. 13, the results 
obtained are in the proper qualitative relationship. Tests Nos. 
10 and 11 are not comparable because of a considerable difference 
in heat-release rates. 

The relationship of the furnace heat-absorption efficiencies to 
the inclination of the burners for the 9 tests of the first and sec- 
ond series is shown graphically in Fig. 9. In this figure the ob- 
served furnace heat-absorption efficiency (MHVT) for each test is 
plotted against the angle of inclination of the burners; test No. 
14, upper burners horizontal, lower burners inclined at —30 deg, 
has been plotted arbitrarily at —15 deg. In each case are indi- 


TABLE 2 SUMMARY OF TEST AND SECOND SERIES, TESTS NOS. 10, 11, 


Whore 


Coal, proximate analysis, per cent as fired 


Ash 
14 Ash-cone softening temperature, F................ 


15 Temperature of preheated air, F......... zh 
16 Heat available in furnace4\kB per 
17 kB per ae ft? 


18 Excess air at furnace outlet, per cent”............ 


19 Average temperature of gases 


Rate of fuel firing, as fired weight, |b per hr........ 
Inclination of burners Upper 

from horizontal, degrees Lower 
Condition of furnace 
Excess air at economizer outlet, per cent.......... 


AND 1 


10 11 13¢ 15 

aes 2-26-46 2-27-46 2-28-46 3-1-46 3-2-46 

421,000 396,000 414,000 424,000 426,000 

44,650 41,500 41,200 40,800 
0 + 


0 —30 

+30 * —30 —30 

Dirty® Clean¢ Clean¢ Clean¢ 

ee 9.6 10.8 8.9 9.0 8 

33.4 33.0 34.2 34.3 34.4 

Knee 43.7 42.9 46.2 44.4 44.1 
Sania 13.3 13.3 10.7 12.3 1: 

10,910 10,680 11,510 11,280 11.230 
2,470 ,360 2,57 2,430 2,4 
5: 497 501 5 

505,000 458,000 495,000 480,000 473,000 

71.2 7 74.6 73.6 

ree 4 28 2 26 26 

30 1,745 1,665 


20 at furnace outlet, F 

21 — wet gases at furnace outlet, |b per hr 8,000 468,000 94, 478,000 472,000 
22 ‘otal sensible heat in wet gases 259,000 227,000 226,000 221,000 207,000 
23 at furnace outlet, kB per hr e 272,000 239,000 238,000 233,000 219,000 
24 Heat absorbed in furnace, 231,000 269,000 259,000 266,000 
25 kB per hr 2, ere 233,000 9, 257,000 247,000 254,000 
26 Heat absorbed in furnace, i ae 8.3 35.9 41.8 40.3 41.4 
27 kB per hr and ft? , /  (/F ye 36.2 34.1 40.0 38.4 39.5 
28 Furnace heat-absorption i. fe 48.7 50.4 54.3 54.0 56.2 
29 efficiency, per cent MHVT..... 46.1 47.8 51.9 51.5 53.7 


@ No data taken at stations K and K-R; this test calculated on same basis as tests Nos. 1-4. 

b Furnace had not been cleaned for several days prior to test. 

¢ Furnace blowers operated for one hour, just prior to test. 

@ Corrected for radiation and carbon loss, infiltration of air to furnace, and leakage of air to pulverizer. 
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cated the test number, condition of the furnace, and extent of the 
survey on which the calculation was based. It is apparent ; 
that these data are of little value in the form in which they have 
been plotted in Fig. 9. In a subsequent part of this paper 
it will be shown, however, that when these data are corrected to a 


uniform basis, they give a fair representation of the effect of the ayes EEE 
le of inclination of the burners on f h 
angle of inclination of the burners on furnace heat-absorption ef- 
ficiency. a 
= | Test 15 = O 3 
= N 
3 ares 2552228222: 
© Dirty turnace 
44 i 
- 30 -10 0 +10 + 20 + 30 +40 TAAN 
ANGLE OF INCLINATION OF BURNERS FROM HORIZONTAL, DEGREES 2533 284° 
Fic. 9 Osserveo Furnace EFFIicIENCY FOR B 
(Average steam flow, all tests, 418,000 lb per hr. Average excess air at = 
economizer outlet, all tests, 29 per cent.) 2 
~ 3 7 
Third Series, Tests Nos. 17A, 17B, 18A, 18B, 19A, 19B, 20A, 
20B, 21A, and 21B. The third series of tests was made during 3 
the week of June 5, 1946, to determine the effect of boiler rating Sites “oh ““833 — = 
1 i he h i fficiency of the clean f oe AANN 
and excess air on the heat-absorption efhiciency of the clean fur- 
nace. By making two complete surveys each day, one in the aa 238223833 4 
morning directly after the furnace-cleaning operations, and the = 
other in the afternoon, without further cleaning, the effect of this & one 8 % SaRAx = 
short time interval on furnace heat absorption could be noted. f ¢ 
To isolate the variables, one group of tests, Nos. 17, 19, and 20, z 
were made at an approximately constant steam flow of 420,000 Ib 
per hr, but with excess air at the economizer outlet varying $ 
36 to 20 per cent. The other group was made at approximately 3 
constant excess air at the economizer outlet of 28 per cent, and 
steam flow varying from 315,000 to 523,000 Ib per hr. The § 
burners were horizontal in all the tests of this series. 
The test conditions and results are summarized in Table 3; the 
morning surveys are designated by the letter A, the afternoon sur- 373 
veys by the letter B. The furnace heat-absorption efficiencies : 
for the tests with varying excess air and constant steam flow are : Sg 
plotted in Fig. 10; those of the tests at constant excess air and S23 
varying steam flow are plotted in Fig. 11. e lines connecting 
the points on these plots are dashed rather than full, to indicaté $5 285 ag 
that the relationships they imply probably do not correspond to 23 5 3 § $2 g 
uniform conditions of the furnace walls. < 
ig. 10 indicates a decrease in furnace heat-absorption e S 
ficiency for both the morning and afternoon tests of about 199 °3 
per cent for an increase in excess air from 20 to 28 per cent at an 4 gs 223 333 3 
average steam flow of 420,000 Ib per hr. ‘Fig. 11 shows that at wa ‘S33 28 
28 per cent excess air, there is a decrease of 2.8 per cent in the 33 
furnace heat-absorption efficiency for the morning tests for each at FR 
100,000 lb per hr increase in steam flow; the average change VS 


for the afternoon tests is about 2.1 per cent for each 100,000 Ib 
per hr increase in steam flow, but the curve has a different form. 
The most striking feature of the results of these tests is the ‘ 
considerable variation in furnace heat-absorption efficiency be- 
tween the morning and afternoon surveys of some of these tests. 
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44 
16 20 24 28 32 36 40 
EXCESS AIR, PERCENT 

Test Steam flow, Excess air, Furnace heat-absorption 
No. pounds per hour percent efficiency, percent 
17A 420,000 36 453 
17B 422,000 36 457 
19A 417,000 28 60.0 
19B 414,000 28 474 
20A 426,000 20 519 
20B 419,000 18 498 


_1/ Average of panet-board data for test period 


Fic. 10 Revation Between Furnace Heat-ABsorPTion ErF- 
FICIENCY AND Excess Arr aT Constant ‘STEAM FLtow; MHVT 


Excepting test No. 17, for which the opposite effect was obtained, 
the furnace heat-absorption efficiencies in the afternoon were 
lower than those of the morning tests, by 0.6 to 2.6 per cent. 
These variations are considerable, especially in view of thé short 
time elapsing between the two tests made each day. They 
prompted further study of the effect of the accumulation of ash 
and slag on the efficien¢y of furnace heat absorption. 

Fourth Series, Tests Nos. 24, 25A; 25B, 25C, 25D, 25E, and 26. 
The test conditions and results of the fourth series of tests are 
summarized in Table 4. These tests were made during the week 
of December 9, 1946, and were planned to determine the effect 
on furnace heat-absorption efficiency of the gradual accumulation 
of ash on the walls of the originally clean furnace, other factors 


4 Rate of fuel firing, as fired peed lb per hr. 53,400 
5 Inclination of burners 0 
6 from horizontal, degrees 0 
7 Condition of furnace walls.................- Dirty/ 
8 Excess air at economizer outlet, per cent..... 15 
Coal, proximate analysis, per cent as fired 

10 Volatile matter. . 


Fixed carbon...... 


14 Ash-cone softening temperature, F........... 2,210 
15 Temperature of preheated air, F............. 529 
16 Heat available in furnace/\kB per hr........ 612,000 
17 kB per hr and ft?. . 95.2 
18 Excess air at furnace outlet, per cent......... ll 
19 Average temperature of gases at fur-| aa 2,015 
20 nace outlet, F HVT 2,100 
21 Weight wet gases at furnace outlet, lb per ¢ 550,000 
22 Total sensible heat in wet gases at fur- HVT... 302,000 
23 nace outlet, kB per hr HVT 315,000 
24 Heat absorbed in furnace, } re 310,000 
25 kB per hr 297,000 
26 Heat absorbed in furnace,|HVT............ 48.2 
27: KB per hr and ft? 46.2 
28 Furnace heat-absorption)HVT.... 50.7 
29 efficiency, per cent 48.5 


« Start of 60-hr test; test period 1 to 4 p.m. 

b Test period, 9 to 11 a.m. 

¢ Test period, 1:30 to 3:30 p.m. 

d Test period, 9:00 to 12:00 a.m. 

e Test period, 2:00 to 5: heen end of 60-hr test. 

f Furnace not cleaned; walls ve hand 

o Cleaned by furnace blowers ani lancing, prior to test. 
h Not cleaned since start of 60-hr tes 

i Cleaned by furnace blowers and ont lancing, prior to test 
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TABLE 4 SUMMARY OF TEST CONDITIONS AT os FOURTH SERIES, TESTS NOS. 24, 25A, 25B, 25C, 


i Corrected for carbon and radiation loss, infiltration of air to furnace, and leakage of air to pulverizer. 
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Test 21A 
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c= q Test 21B 198 
°°} 
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Afternoon 
48 ~ 
q 
300 340 380 420 460 500 540 
STEAM FLOW, 1,000 POUNDS PER HOUR 
Test Steam flow, 1/ Excess air, 1/ Furnace heat-absorption 
No. pounds per hour percent efficiency, percent 
18A 523,000 28 468 
18B 518,000 29 46.2 
19A 417,000 28 50.0 
19B 414,000 28 474 
21A 315,000 28 52.7 
21B 316,000 28 50.4 


_1/ Average of panel board data for test period 


Fig. 11 Revation Between Furnace Heat-Apsorption Er- 
FICIENCY AND STEAM FLow at Constant Excess Air; MHVT 


remaining constant. To accelerate the deposition of ash on the 
furnace walls, the boiler was operated at a high rating of about 
510,000 lb of steam per hr; the excess air at the economizer outlet 
varied considerably in these tests from the desired value of 20 
per cent. All burners were horizontal. For reference purposes, 


_ test No. 24 was made with a dirty furnace but otherwise with 


operating conditions the same as those that followed. Test No. 
25, the significant test of this series, was started at noon on 
December 11, and continued for 60 hrs until midnight on Decem- 
ber 13. Test surveys were made between 1:00 and 4:00 p.m. 
on December 11, (25A); between 9:00 and 11:00 a.m., and 
1:30 and 3:30 p.m. on December 12, (25B and 25C, respec- 
tively); and between 9:00 and 12:00 a.m. and,2:00 and 5:00 


25A2 25Bb 25D¢4 25E* 26 


12-11-46 12-12-46 12-12-46 12-13-46 12-13-46 12-14-46 


468,000 505,000 503,000 511,000 511,000 411,000 


0 
0 0 0 0 0 0 
Clean? Not Not Not Not Clean‘ 
Cleanh Cleanh Cleanh Cleanh 
25 19 17 22 18 31 


1 ‘ 

. 1 1,880 
2,22 ,200 2,310 2,260 2,420 

51 5 511 515 509 
461,000 597,000 595,000 598,000 603,000 486,000 
87 92.5 93.8 6 

5 7 16 1 

1,855 1,925 1,945 2,025 2,000 1,865 
1,940 2,010 2,030 2,110 2,085 1,950 
558,000 57, 1,000 560,000 558,000 490,000 
277,000 290, 291,000 307,000 301,000 243,000 
292,000 305,000 5,000 322,000 316,000 256,000 
284,000 307,000 000 291,000 2, 243,000 
269,000 292,000 290,000 276,000 287,000 230,000 
44.2 47.7 47.3 45.3 47.0 7.8 
41.8 45.4 45.1 42.9 44.6 35.8 
50.6 51.4 51.1 48.7 1 50.0 
47.9 48.9 48.7 46.1 47.6 47.3 
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p.m. on December 13, (25D and 25E, respectively). Test No. 26 
was made on December 14, to furnish additional information for 
other test conditions. 

At first glance these data are confusing. Item 29 of Table 4 
shows, for example, that despite a decrease in the amount of heat 
available, the furnace heat-absorption efficiency (MHVT) of test 
25A (clean fugnace), is slightly lower than that for test 24 (dirty 
furnace). This may be due to the higher excess air in test 25A. 
Furthermore, test 25B shows a higher furnace heat-absorption ef- 
ficiency than 25A, and no significant decrease in furnace heat- 
absorption efficiency occurs until test 25D, when it was 46.1 per 
cent. Thereafter, however, the furnace heat-absorption ef- 
ficiency again rises, this time to 47.6 per cent. Consideration of 
these data demonstrates the necessity for eliminating the effect 
of all variables except the one being studied, which in this case 
was the condition of the furnace walls with respect to ash and slag 
deposits. This point will now be discussed further. 


CORRELATION OF Test Resuvts: Errect or Heat RELEASE, 
Excess Arr, BURNER PosITION, AND CONDITION OF FURNACE 
WaALLs ON FuRNACE HEAT-ABSORPTION EFFICIENCY 


In the tests reported in this paper four major independ- 
ent variables affect the furnace heat-absorption efficiency. These 
variables are as follows: (1) the condition of the furnace walls; 
(2) the method of firing (inclination of the burners, and kind and 
fineness of the coal); (3) the rate of Heat release in the furnace 
(heat available); and (4) the excess air at the furnace outlet. 
Although several procedures have been described in the litera- 
ture for evaluating the condition of the walls of furnaces, they 
provide only gross estimates suitable for comparing different 
methods of firing, that is, by stoker, pulverized coal, oil, or gas. 
Consequently, in so far as these tests are concerned, the condi- 
tion of the furnace walls, or rather the effect of this factor, is a 
quantity to be derived from the test results. The conditions 
generally described in these tests as “‘dirty’’ or ‘‘clean” can have 
wide ranges of significance for furnace heat absorption. 

The ideal procedure in a correlation of this kind would be to 
determine the relationships between furnace heat-absorption ef- 
ficiency and furnace operating conditions fora standard condi- 
tion of the furnace walls. The latter could be defined most 
readily as an absolutely clean furnace. It might be argued, how- 
ever, that absolutely clean furnace walls are impossible to achieve 
under actual operating conditions, since ash deposits begin to 
accumulate as soon as the. unit is lit off. |For practical purposes, 
however, a near approach to a standard condition might be to 
make the tests as soon as possible after the unit is placed into 
operation. Thereafter, tests made on the unit could be adjusted 
to a standard basis for variations of furnace heat release and ex- 
cess air, to permit evaluation of the effects of ash and slag de- 
posits on the walls. 

Since this practice was not followed in these tests, a delay of 
several months being necessary between starting the unit and the 
first series of tests, it is impossible to separate entirely the ef- 
fects of the’conditions of the furnace walls in making correlations 
of furnace heat-absorption. efficiency with furnace heat-release 
rates and excess air, or factors proportional to them. An alter- 
native procedure has been used, which, although it cannot avoid 
the dilemma, nevertheless is of some aid in evaluating the data of 
these tests. 

It is assumed that to a first approximation the relationship be- 
tween furnace heat-absorption efficiency and the furnace heat- 
release rate and excess air is given by the Hudson-Orrok® equa- 
tion, which was modified to use the quantitative data available 


° “Radiation in Boiler Furnaces,”’ by R. N. Broido, Trans. ASME, 
vol. 47, 1925, pp. 1148-1155; discussion by G. A. Orrok. 


' the condition of the furnace walls could be shown to be absent, 
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in these tests. In view of the empirical 7* basis for this equation, 
this assumption undoubtedly is sufficiently good for the present 


purpose. As modified, the Hudson-Orrok equation is 
where 


u = furnace heat-absorption efficiency, per cent 
C = constant, characteristic of furnace geometry and design, 
nature of fuel fired, and condition of furnace walls. Also, 
it may be a function of A and Q 

pounds of wet flue gas at furnace outlet per kB heat 
available in furnace 

Q = heat available in furnace, kB per hour and square foot 

projected radiant heating surface 


A 


This equation is used primarily to adjust data to a uniform 
basis when a series of tests is made under closely similar operat- 
ing conditions. In these circumstances, the applicability of the 
equation for large variations of A and Q is not of concern. Al- 
though C may change with these variables, it will be sufficiently 
constant for the small range of the variables in the tests being 
compared. In comparing tests for widely different operating 
conditions, two reasons for the variation of C are of interest: 
(1) changes in the condition of the furnace walls; (2) the in- 
applicability of the Hudson-Orrok ,equation. If changes in 
or the effect of such changes could be evaluated, it would then 
be possible to establish the true relationship between furnace 
heat-absorption efficiency and the heat available in the furnace 
per square foot of projected radiant heating surface, and the 
weight of wet gases at the furnace outlet per kB heat available 
in the furnace. 

The application of this method of analysis to the correlation 
of the data obtained in these tests follows. el 

Effect on Furnace Heat-Absorption Efficiency of Heat Available 
per Square Foot of Projected Radiant Heating Surface, and Weight 
of Wet Gases at Furnace Outlet per kB of Heat Available. As pre- 
viously noted, the third series of tests, Nos. 17-21, was made to 
determine the effect on the furnace heat-absorption efficiency of 
load and the excess air. Two surveys were made in each test, 
separated by an interval of only a few hours. Table 5 shows the 
calculation of the characteristic constant C of the modified 
Hudson-Orrok equation for these tests. In line with the discus- 
sion just given, the point of first interest is the variation be- 
tween the morning and afternoon surveys of a given test. This 
variation is shown by item 10 of Table 5, which gives R, the ratio 
of C for the afternoon and morning tests. It will be noted for 
two of the five tests, Nos. 17 and 18, that C varied by a maxi- 
mum of | per cent, whereas for the other three tests the varia- 
tion amounted to from 7 to 11 per cent. The extreme variation 
of C for all tests, between a low value of 0.1147 for test 20A and 
a high value of 0.1309 for test 19B, amounted to 14 per cent. 

Two factors contribute to the variations of R obtained in these 
five tests. The first is the error in the determination of u. The 
probable error of a single deterthination is unknown but un- 
doubtedly large enough to be significant. The second is the 
variation in the conditions of the furnace walls encountered in 
these tests. Thus if a variation in the characteristic constant C, 
amounting to 11 per cent is possible between two surveys. of the 


7*Review of Methods of Computing Heat Absorption in Boiler 
Furnaces,”’ by W. J. Wohlenberg and H. F. Mullikin, Trans. ASME, 
vol. 57, 1935, pp. 531-540. 

8 “Evaluation of Effective Radiant Heating Surface and Applica- 
tion of the Stefan-Boltzmann Law to Heat Absorption in Boiler Fur- 
naces,”’ by H. F. Mullikin, Trans. ASME, vol. 57, 1935, pp. 517- 
529. 
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TABLE 5 CALCULATION OF CHARACTERISTIC CONSTANT C OF MODIFIED HUDSON-ORROK EQUATION THIRD SERIES, TESTS 
NOS. 174, 17B, 18A, 18B, 19A, 19B, 20A, 20B, 21A, AND 21B; MHVT DAT: 


2 Furnace heat-absorption efficiency, uw, percent 45.3 45.7 46.8 46.2 50. 47.4 51.9 49.8 62.7 50.4 
1.207 1.188 1.137 1.165 1.000 1.110 0.927 1.008 0.897 0.984 
5 A, pounds wet gas at furnace outlet, per kB 

heat 1.059 1.059 0.992 1.007 0.987 1.007 0.943 0.926 1.018 1.029 
6 (100 — wp) /u- 1.140 1.122 1.146 1.157 1.013 1.102 0.983 1.089 + 0.956 
7 v. heat eis’ in furnace, kB per brand ft? 75.9 73.9 93.0 92.8 71.2 70.9 73.4 73.7 54.0 
9 c = characteristic constant................. 0.1307 0.1305 0.1189 0.1201 0.1200 0.1309 0.1147 0.1268 0.1215 0.15301 
0.998 1.010 1.091 1.105 1.071 


same test, then the extreme variatidn of 14 per cent for all the 
surveys is not unreasonable. The consequences of this argument 
would then be that the modified form of the Hudson-Orrok equa- 
tion is a fair representation. of the variation of furnace heat- 
absorption efficiency with the chosen variables, within the limits 
of reproducibility of the conditions of these tests. If it is assumed, 
however, that all the morning surveys corresponded to identical 
conditions of the furnace, the exponent of A in Equation [1] will 
be approximately 2 instead of 1, and the range of R values will 
*be of the same magnitude as just noted. This result is due al- 
most entirely to the effect of test No. 17A. Such a relationship 
between furnace heat-absorption efficiency, and the weight of wet 
gases at the furnace outlet per kB heat available in the furnace is 
at wide variance with theoretical predictions and other experi- 
mental evidence. 

In view of these considerations it is concluded that, within the 
demonstrated limits of the variation of the conditions of the fur- 
nace walls, the relationship between the furnace heat-absorption 
efficiency and the furnace heat release and excess air is that given 
by the modified form of the Hudson-Orrok equation. 

The fusibility of the ash of the coals fired should be related to 
the rate of accumulation of ash on the furnace walls, which is 
indicated by R, item 10 of Table 5. However, reference to item 
14 of Table 3 shows that any such agreement is only partly true, 
since the softening temperature of the ash was high in tests Nos 
17, 20, and 21, and low in tests Nos. 18 and 19, whereas rapid 
slagging of the furnace apparently occurred in tests Nos. 19, 20, 
and 21. This lack of correspondence is emphasized by the fact 
that test No. 18 was made at the highest heat-release rate of any 
of these tests, and with the low softening temperature of the ash, 
should have shown the most slagging. 

Rate of Accumulation of Ash and Slay on the Furnace Walls. 
The fourth series of tests, Nos. 24 and 25A-E, was made to deter- 
mine the effect of accumulation of ash and slag on furnace per- 
formance for an extended period of operation at high rating and 
fairly low excess air. The unadjusted data, described previously, 
do not present a clear picture of the behavior of the furnace 
because of distortions introduced by the unavoidable variation of 
operating conditions from test to test. These variations are suf- 


ficiently small, however, to justify the procedure outlined for 
adjusting data to a uniform basis by means of the modified form 
of the Hudson-Orrok equation. The calculations of the char- 
acteristic constant C of this equation fog these tests are given in 
Table 6. Item 10 of this table shows for each survey the mean 
time elapsed since the start of this 60-hr test. Item 11 is the 
value of » calculated for each test for uniform values of Q and A, 
which are, respectively, 92.8 and 0.933. These values correspond 
to about 600,000 kB per hr heat available in the furnace and 20 
per cent excess air at the economizer outlet, for the coal used in 
test No. 25B. 

The variation of the caleulated furnace heat-absorption ef- 
ficiencies (MHVT) with the time elapsed after the start of the 
60-hr test is shown graphically in Fig. 12. The value of » for 
test No. 24 made the day previous to the start of the 60-hr test is 
plotted at the proper time interval preceding the test. A hori- 
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Fig. 12 Vartation oF CaLcuLaTep Furnace Heat-ABSORPTION 
Erriciency, MHVT., Wirn Time Arter Start or 60-Hr Trstr 
(Calculated values for conditions of test No. 25B.) 


zontal dotted line has been drawn through this point to the zero 
time axis to indicate the condition of the furnace prior to cleaning, 
assuming that no further changes had occurred. 

Fig. 12 indicates primarily that the furnace-cleaning operations 
produced a significant effect on furnacé heat-absorption efficiency, 
increasing the calculated value (MHVT) from 47.9 to 48.8 per 
cent. This relatively clean state persisted for almost 24 hr, 
when there began a rapid decrease in furnace heat-absorption cf- 


TABLE 6 CALCULATION OF CHARACTERISTIC CONSTANT C OF MODIFIED HUDSON-ORROK 
EQUATION, FOURTH SERIES, TESTS NOS. 24, 25A, 25B, 25C, 25D, 25E, AND 26; MHVT DATA 


24 25A 25B 25C 25D 25E 26 
2 Furnace heat-absorption efficiency, 

48.5 47.9 48.9 48.7 46.1 47.6 ° 47.3 
51.5 52.1 51.1 51.3 53.9 52.4 52.7 
1.062 1.088 1.045 1.053 1.169 1.101 1.114 
5 A, pounde of wet gas at furnace out- 

; ‘let, per kB heat available in fur- 

de 6 0.899 0.995 0.933 0.926 0.936 0.925 1.008 
ee er 1,181 1.093 1.120 1.137 1.249 1.190 1.105 
7 Q, heat i in furnace, kB 

ber 95.2 87.2 92.8 92.5 93.0 93.8 75.6 
itd: .76 9.34 9.63 9.62 “9.64 9.69 8.69 
9 ‘ ‘Geonllidloks constant........ 0.1210 0.1170 0.1163 0.1182 0.1296 0.1228 0.1271 

10 — time from start of 60-hr test, 
| —21.5 2.5 22.0 26.5 46.5 61.5 
11 Calculated value of » for Q = 92.8, ‘ 


A = 0.933, corresponding to 600,- 
000 kB per hr and 20 per cent ex- 
cess air at economizer outlet, for 
the coal used in test 25B 


47.9 48.8 48.9 48.5 46.2 47.6 
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REID, COHEN, COREY 
ficiency which persisted for another 24 hr, at which time a mini- 
mum value of 46.2 per cent was obtained. Thereafter the fur- 
nace heat-absorption efficiency increased to 47.6 per cent in 5 hr. 
It is worthy of note that the final value is almost identical with 
that obtained in the reference test for the dirty furnace. 

Reference to table 4 shows that the softening temperature of 
the ash was quite uniform throughout the 60-hr test, although 
considerably lower than some of the values for the tests of the 
third series. 

The results of the forth series are basically similar to those 
of the third series, in so far as the rate of accumulations of slag 
is concerned. Thus the difference in furnace heat-absorption ef- 
ficiency between two surveys on the same day ranged from 0.2 
to 1.5 per cent for the fourth series and from 0.6 to 2.6 per cent 
in the third series, reference being made to the unadjusted MHVT 
data of both series. 

Effect of Inclination of Burners on Furnace Heat-Absorptiqn 
Efficiency. It will be recalled that in the first series of tests 
made for the purpose of determining the effect of burner in- 
clination on furnace heat-absorption efficiency, the temperature 
and excess-air survey at the furnace outlet was not as complete 
as those made in the later tests of this investigation. Conse- 
quently the results of the first series of tests are not comparable, 
in their present form, with those of the second series of tests. 
The following procedure has been used in an attempt to adjust 
the results of the first series to the same basis as the rest of the 
tests, and thus permit the correlation of all the tests made to 
study the effect of inclination of the burners. 

Because the surveys made in the second series of tests were 
complete, it was possible to calculate the total sensible-heat con- 
tent of the gases leaving the furnace both by the complete 
method, using all the data, and by the incomplete method, using 
only the data from the positions at which samples were taken in 
the first series. The ratio of the values of the total.sensible-heat 


TABLE 7A mest) 8 OF TOTAL SENSIBLE-HEAT CONTENT AN 
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WEIGHT OF WET GASES AT FURNACE COMPLETE 
D INCOMPLETE SURVEYS OF TESTS WITH VARYING INCLINATION OF BURNERS; MHVT DA 
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conéent of the gases leaving the furnace, thus obtained from a 
test of the second series, may be taken as a factor for adjustment 
of the test of the first series made at the same setting of the 
burners. This procedure could not be applied to the tests 
with all burners inclined at +30 deg, because the data of the 
second series for this byrner setting (test No. 13) also were in- 
complete: In this case it was necessary to resort to a linear ex- 
trapolation of the factors for the other burner settings. The re- 
sults of these calculations are given in Table 7A and are plotted 
in Fig. 13(a) which shows the extrapolation used to obtain the 
factor for the tests made with all burners inclined at +30 deg. 
The line of Fig. 13(a) is drawn through the point for test No. 10, 
because this test was made with a dirty furnace and thus corre- 
sponds more closely to the conditions of the first series of tests. 
These factors are used ta compute corrected values for the fur- 
nace heat-absorption efficiency for tests Nos. 1, 2, 3, 4, and 13, 
as shown in Table 7B. 

The results of all tests made to determine the effect of inclina- 
tion of the burners oa furnace heat-absorption efficiency are 
summarized in Table 8. Included therein are the corrected 
values for tests Nos. 1, 2, 3, 4, and 13, the results of tests Nos. 10 
11, 14, and 15, and that for test No. 26, which was made under 
operating conditions closely approximating those of test No. 11. 
Table 8 also shows the calculation of the characteristic constant C 
for all of these tests. The values of the weight of wet gases at 
the furnace outlet required for the calculation of C for tests Nos. 
1, 2, 3, 4, and 13, were obtained by a procedure similar to that 
used to obtain the corrected values for these tests of the total 
sensible-heat content of the gases at the furnace outlet. The 
calculation of the correction factors for the weight of wet gases at 
the furnace outlet are included in Table 7A and are plotted in 
Fig. 13(b) to obtain the correction factor for tests with all burn- 
ers inclined at +30 deg. The calculation of the corrected values 
of the weight of wet gases at the furnace outlet for tests Nos. 1,2, 3, 


Com- Incom- Com- Incom- Com- Incomes Com- Incom- 
2 Nature of survey.” a where 4 plete plete plete plete plete plete plete plete 
3 Inclination of burners \Upper. 
4 from horizontal degrees } Lower............. 0 0 +30 —30 
5 Condition of furnace walls.................... Dirty Clean Clean Clean 
6 Average excess air at furnace outlet, per cent... 28 5 26 26 2 
7 Average temperature of gases at furnace outlet, 
8 ‘Total sensible-heat content of gases at furnace 
272 255 239 226 238 219 217 
9», ratio of total sensible-heat content of gases at 
furnace outlet, complete survey: incomplete 
10 Weight of wet gases at furnace outlet, M |b per 
11 P, ratio of weight of wet gases at furnace outlet, 
complete survey: incomplete survey......... 1.018 1.022 0.989% 1.047 


* Extrapolated value, Fig. 13(a). 
Extrapolated value, Fig, 13(6). 


TABLE 7B CALCULATION OF CORRECTED VALUES OF FURNACE EFFI- 


CIENCY, AND WEIGHT OF WET GASES AT FURNACE OUTLET FOR TESTS NOS. 1, 2, 3, 4, AND 13; 
MHVT DATA . 
Inclination of burners Oo +30 _30 0 +30 
3 from horizontal degrees _ +30 —30 +30 
5 Heat available in furnace, kB per hr.............. prleseecce 494000 475000 490000 495000 
6 Total sensible-heat content of gases at furnace outlet, incomplete 
ae ere 287000 275000 233000 243000 238000 
7 p, correction factor for total sensible-heat content of gases at fur- 
8 Corrected total sensible-heat content of gases at furnace outlet, 
9 Corrected value for heat absorbed in furnace, kB per hr....... 226000 185000 240000 231000 227000 
10 Corrected furnace heat-absorption efficiency, percent..... 42.5 37.4 50.5 47.1 45.9 
11 Weight of wet gases at furnace outlet, incomplete survey, 1b 
532000 494000 468000 4 
12 P, correction factor for weight of wet gases at furnace outlet..... 018 0.989 1.047 1.018 0.989 
13. Corrected value for weight of wet gases at furnace outlet, lb per 


: 
3 
: 
Sig 
‘ 
| 
: 
‘ 
; 
‘ 
° e 
. 


580 TRANSACTIONS OF THE ASME JULY, 1948 


4, and 13 are included in Table 7B. In Table 8 are given the 
calculated values of the furnace heat-absorption efficiency for 
uniform values of Q and A, of 73.9 and 1.022, respectively, 
equivalent to heat available in the furnace of 475,000 kB per hr 
and excess air at the economizer outlet of 30 per cent, for the 
coal used in test No. 11. 


Fig. 14 is a plot of the’ calculated values of furnace heat- 


absorption efficiency for the stated operating conditions, as a func- 
tion of inclination of the burners, for the dirty-furnace condi- 
tions of tests Nos. 1, 2, 3, 4, and 10, and the clean-furnace condi- 
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FOR COMPLETE AND INCOMPLETE SURVEYS, AS A FUNCTION OF INCLI- 
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tions of tests Nos. 11, 13, 14, 15, and 26. Test No. 14, upper 
burners horizontal, lower burners inclined at —30 deg, has not 
been plotted, sinee it cannot be assumed that it necessarily repre- 
sents any specific intermediate point. The curve for the dirty- 
furnace conditions has been drawn through the mean of the 
values of tests Nos. 1, 4, and 10, all burners at 0 deg, although 
it is quite probable that the condition of the furnace walls varied 
considerably in these three tests. The curves are drawn full 
between —30 and 0 deg, but dotted between 0 and +30 deg, 
because the +30-deg points are based upon extrapolated values 
for the correction factors applied to tests Nos. 2 and 13. 
Although the two curves differ markedly, primarily because of 
the difference in the results for tests Nos. 2 and 13, there is a con- 
siderable improvement of Fig. 14 over Fig. 9. The large differ- 
ence in furnace heat-absorption efficiency between tests Nos. 2 
and 13 has not been greatly affected by the adjustments to which 
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Fic. 14 Errect or OF BuRNERS ON FuRNACE HEat- 
AssorpTion Errictency, MHVT, ror A CLEAN or Dirty Furnace 
(Calculated for operating conditions of test No. 11.) 


‘TABLE 8 CALCULATION oA CORRECTED CHARACTERISTIC CONSTANT C, OF MODIFIED HUDSON-ORROK EQUATION FOR TESTS 
DE TO DETERMINE bi sid OF INCLINATION OF BURNERS; MHVT DATA 


1 3 4 10 1l 13 14 15 26 
2 Inclination of burners }oger 0 +30 _  —30 0 0 0 +30 0 —30 0 
3 from horizontal, degrees { Lower y 0 + 30 —30 0 0 0 + 30 —30 —30 0 
4 Condition of furngce walis............. Dirty Dirty Dirty Dirty Dirty Clean Clean Clean Clean Clean 
5 Furnace heat-absorption effitiency, u, 

42.54 37.44 50.54 47.1¢ 46.1 47.8 45.94 61.5 53.7 47.3 
57.5 62.6 49.5 52.9 53.9 52.2 54.1 48.5 46.3 52.7 
@1.353 1.674 0.980 1.123 1.169 1.092 1.179 0.942 0.862 1.114 
8 A, pounds of wet gas at furnace outlet per ’ 

kB heat in furnace.......... 1.019% 0.9905 1.0325 1.010° 0.986 1.022 0.9885 0.996 0.998 1,008 
1.328 1.691 0.950 1.112 1.185 1.068 1.193 0.946 0.864 1.105 
10 Q, heat ‘availabte in furnace, kB per hr 

82.7 76.8 73:9 76.2 5 71.2 77.0 74.6 73.6 75.6 

12 C, characteristic constant.............. 0.1461 0.1930 0.1105 0.1274 0.1337 0.1265 0.1360 0.1095 0.1007 0.1272 
13. Calculated value of wforQ = 73.9 

1.022, corresponding to 475000 te oor 

hr and 30 per cent excess air at econo- 

mizer outlet, for coal used in test ; 

43.8 37.1 50.7 47.2 46.0 47.3 45.6 50.9 53.1 47.2 


@ Corrected values, Table 7B. 


6 Derived from corrected values of weight of wet gases at furnace outlet, Table 7B. 


ais 
: 
Y 
° 
| 
fe 
. 
5 
a 
k 
a 
Is 
e 
f 
Aj 
Fin 
on 


REID, COHEN, 


the data have been subjected; the unadjusted values differ by 
7.6 per cent, the adjusted values by 8.5 per cent. Because the 
same factors were used to correct the data of both tests, regard- 
less of the condition of the walls, some error may have been intro- 
duced, but not such as substantially to change the relationship 
between these two tests. It must be concluded therefore that 
Fig. 14 is fairly representative of the conditions for which the first 
two series of tests were made. This figure indicates a decrease 
in the heat-absorption efficiency for the dirty furnace of 13.6 per 
cent between the conditions of all burners inclined at —30 deg 
and all burners inclined at +30 deg, and a decrease for the clean 
furnace of 7.5 per cent for the same variation of inclination of the 
burners. 


DISTRIBUTION OF GASES AT FURNACE OUTLET 


The distribution of the gases at the furnace outlet and the 
variation of the properties of the gases with position may be ex- 
pected to vary with many of the factors studied in this investiga- 
tion, but greatest of all with the inclination of the burners. As 
previously noted, measurements of the gas velocity were made 
in the tests of the second series at all odd-numbered sampling 
positions except No. 1. Five tests were made in this series: (1) 
No. 10, all burners horizontal, dirty furnace; (2) No. 11, all 
burners horizontal, clean furnace; (3) No. 13, all burners in- 
clined at +30 deg, clean furnace; (4) No. 14, upper burners 
horizontal, lower burners inclined at —30 deg, clean furnace; 
and (5) No. 15, all burners inclined at —30 deg, clean furnace. 
No data were taken at stations K and K-R in test No. 13, and 
this test is not included in this discussion. 

The distribution of the velocity, composition, and tempera- 
ture of the gas at the furnace outlet could be presented by plotting 
the respective values on a map of the furnace outlet area similar to 
Fig. 5, and then drawing lines of constant velocity, composition, 
and temperature. This procedure is complicated and presents 
difficulties familiar to all who have attempted to apply it to the 
fluctuating conditions which obtain at the furnace outlet. " The 
method of presentation used here is simpler and more graphical 
and presents the results in a form that will be shown to correspond 
to significant operating conditions of the boiler. 

It will be noted in Fig. 8 that the developed furnace outlet 
has been divided into five vertical bands and six horizontal strips. 
The data for velocity, temperature, and composition of the gases 
for each test have been used to calculate average values of tem- 
perature and excess air, and of the percentage of the total mass 
flow for each of the five vertical and the six horizontal] strips of the 
developed furnace outlet area. The temperature and excess-air 
averages were calculated by weighting with respect to the mass- 
velocity data. 

Distribution of Excess Air. In the course of the tests of the 
second series, traverses were made at the economiger outlet of 
this boiler, and the gas samples were analyzed in an Orsat ap- 
paratus. These traverses showed in every case that the excess 
air at the left or north side of the economizer was significantly 
lower than that at the right or south side. It is evident from the 
distribution of excess air across the furnace outlet that this cendi- 
tion originated in the furnace. These data are given in Table 9 
and plotted in Fig. 15. Examination of the figure reveals that, 
with the exception of test No. 14, the excess air at the left side 
is lower than at the right side of the furnace outlet. The gases 
entering the superheater vary in composition systematically from 
the ‘left to the right side of the furnace and flow through the 
superheaters and economizer is essentially parallel. 

Included in Table 9 and plotted in Fig. 16 are the weighted 
mean values of excess air for the six horizontal strips, Z, D, C, A, 
K:, and K;. For tests Nos. 10, 11, and 14, the excess-air values 
for all strips lie between 22 and 31 per cent, and the data show no 
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TABLE 9 DISTRIBUTION OF AVERAGE EXCESS .- AT FUR- 


NACE OUTLET; TESTS NOS. 10, 11, 14, 
Excess air, per cent 


Test no. 10 11 14 15 
Vertical band 
1 16.2 21.6 30.7 21.5 
2 20.7 26.9 26.3 17.7 
3 24.5 25.0 23.4 22.8 
4 28.2 28.8 28.5 28.2 
5 31.4 35.9 18.8 29.0 
Horizontal strip 
E 28.0 25.7 22.6 15.7 
27.9 28.5 26.6 24.2 
Cc 25.8 29.2 30.1 20.2 
A 26.9 25.8 28.5 10.8 
Ke 23.7 30.8 27.2 34.7 
Ki 22.9 30.1 25.8 35.1 
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marked'systematic variations with position. For test No. 15 the 
distribution is quite different from the others; the excess air 
varies widely, with a minimum of about 11 per cent at strip A 
and a maximum value of about 35 per cent for strips K2 and K,. 

Distribution of Mass Flow. The percentage of the total mass 
flow of the gases leaving the furnace in each part of the furnace- 
outlet area is given in Table 10, and is plotted in Figs. 17 and 18, 
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for the distribution in vertical bands and horizontal strips, re- 
spectively. 

Referring to Fig. 8, the gases leaving the furnace in a given band 
at the lower portion of the furnace outlet mix primarily with gases 
leaving the furnace higher up in the same vertical band. That 
this parallel flow persists beyond the superheater has been indi- 
cated previously from the comparison of the distribution of the 
excess air at the furnace outlet and at the economizer outlet. 


TABLE 10 DISTRIBUTION OF AVERAGE MASS FLOW AT FUR- 
NACE OUTLET; PER CENT OF TOTAL MASS FLOW FOR ALL 
SECTIONS OF FURNACE OUTLET; TESTS NOS. 10, 11, 14, 15 

-—Mass flow, per cent of total—— 
Test no. 10 11 14 15 
Vertical band 


1 16.1 16.8 27.4 28.5 
2 18.2 17.8 23.3 24.5 
3 18.1 18.0 17.6 18.6 
4d 20.8 19.7 13.7 12.8 
5 26. 27.7 18.0 15.6 
Horizontal strip 
E 20.7 26.6 25.0 32.1 
D 18.9 19.9 16.6 24.2 
Cc 10.9 9.5 7.4 12.6 
A 6.0 7.9 6.2 
Ke 20.2 17.6 20.7 14.6 
Ki 18.2 20.4 22.4 10.3 
30 
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The most interesting features of Fig. 17 are the considerable 
asymmetry of the mass flow and the similarity between curves 
for tests having essentially the same arrangement of the burners. 
For example; the curves for tests Nos. 10 and 11, both with all 
burners horizontal, are almost identical, with low mass flow at the 
left side increasing slowly toward the center, then more rapidly 
at the right where the mass flow at band 5 is about two thirds 
greater than that of band 1. The curves for test No. 14, with 
upper burners horizontal and bottom burners inclined at —30 
deg, and for test No. 15, with all burners inclined at —30 deg, 
also are quite similar to each other, but in this case the flow pat- 
tern is reversed from that of tests Nos. 10and11. The mass flow 
is highest at the left, in band 1, decreasing almost linearly to a 
minimum at band 4, where the mass flow is less than one half 
that of band 1. Finally, the mass flow increases again at band 5. 

The distributions of mass flow for the horizontal strips K,, 
K2, A, C, D, and E£, plotted in Fig. 18, are quite similar for the 
four tests and reflect the geometry of the furnace outlet. The 
mass flow is high at the top of furnace, strips D and E, is lew at 
the center, strips C and A, and is high again at the lower inclined 
portion of the furnace outlet, strips K, and Ks. 

Distribution of Temperature. The weighted mean values of 
the temperature of the gases for the five vertical bands and the 
six horizontal strips of the furnace outlet have been computed 
from the values of temperature, and mass velocity, for all the 
sections of the furnace outlet. The results of these calculations 
are given in Table 11; the temperature distributions for the 
vertical bands are plotted in Fig. 19, and the temperature dis- 
tributions for the horizontal strips are plotted in Fig. 20. 


TABLE 4 DISTRIBUTION OF AVERAGE TEMPERATURE AT 
URNACE OUTLET; TESTS NOS. 10, 11, 14, 15 


-—-Temperature, deg F, MHVT——~ 
Test no. 10 ll 14 . 15 
Vertical band 


1 2085 1900 1685 1665 
2 2135 1960 1880 1825 
3 1920 1955 1850 
4 1970 1 1930 1830 
5 1870 1820 1745 1710 
Horizontal strip . 
E 1845 1785 1765 1825 
D 1870 1785 1740 1740 
Cc 1915 1850 1760 1730 
A 1985 1895 1865 1785 
Ke 2200 2020 1880 1730 
Ki 2205 2030 1905 1715 


Fig. 19 shows that the temperature distribution for vertical 
bands is asymmetrical for tests Nos. 10 and 11, with high values at 
band 1, rising to a peak at band 2, and then decreasing rapidly to 
band 5. The temperature distributions for tests Nos. 14 and 15 
are symmetrical, with peak Values at band 3. The differences 
between the bands of maximum and minimum temperature are 
265 F, 140 §, 270 F, and 185 F for tests Nos. 10, 11, 14, and 15, 
respectively. The temperature levels for the various tests are of 
course in line with the average temperatures previously cited 


’ for the total outlet gas of each test. 


Temperature distributions for the horizontal strips, Fig. 20, 
follaw a much more uniform pattern. With the exception of test 


Noal5, the temperatures are highest at the bottom of the fur- 


nace outlet, strips K, and K2, and decrease toward the top of the 
furnace. In test No. 15, the temperature is lowest at K, and K2, 
with a maximum at The temperature differences between the 
strips of maximum and minimum temperature are 360 F, 245 F, 
165 F, and 110 F, for tests Nos. 10, 11, 14, and 15, respectively. 


GENERAL Discussion oF ERRORS 


In view of the large number of tests required to cover all the 
significant variables affecting furnace heat-absorption efficiency, 
no provision could be made in the test program for repetitive 
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testing under comparable conditions to establish the precision 
of the measurements. An estimate can be made, however, of the 
effect on the furnace heat-absorption efficiency of reasonable as- 
sumed values of the probable errors of the various observations 
which enter into the calculation of the furnace heat-absorption ef- 
ficiency. This analysis, too detailed to be presented here, re- 
sults in a value of 0.5 per cent for the probable error of single 
determinations of the furnace heat-absorption efficiency. Sys- 
tematic errors of observations, as distinguished from the random 
errors on which the foregoing analysis is based, have a considera- 
bly greater effect because they are propagated without reduc- 
tion in the average value. Thus the corrections applied in this 
paper to the temperature observations, to place them on the 
MHVT basis, may be in error by as much as +30 deg F. Errors 
of this magnitude would change the absolute values of furnace 
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heat-absorption efficiency reported in this paper by about 1 per 
cent but would not greatly affect the relative values. 

This discussion has assumed tacitly that the furnace was oper- 
ating so that the averages being calculated remained constant 
during the course of the test, even though fluctuations were 
known to be oecurring at the various positions at the furnace 
outlet. In some of the tests of this investigation, significant 
variations in operating conditions occurred over periods of time 
comparable to that required for a traverse. Since each traverse 
can represent only the conditions under which it is made, any 
variation of operating procedure from the conditions for which 
test data are desired will be reflected in the final results. 

Repeated tests for nominally identical conditions would pro- 
vide an estimate of the reproducibility of all the factors influenc- 
ing furnace heat-absorption efficiency, and its determination, in- 
cluding the reproducibility of furnace-wall conditions, which was 
previously discussed. Since the effect of the variations of fur- 
nace-wall conditions may well exceed that of all the other factors, 
it is,apparent that investigations of this type require a large 
number of tests for the proper evaluation of the effect of the 
operating variables on furnace heat-absorption efficiency. 


CONCLUSIONS 


In order to provide basic data on furnace performance and to 
determine the relationship between the temperature gradient 
through furnace-wall tubes and the rate of heat transfer, the 
over-all heat-absorption efficiency of the Tidd furnace was meas- 
ured by conventional methods. These consisted of determining 
the sensible heat in the products of combustion leaving the fur- 
nace outlet by measuring their temperature with a high-velocity 
thermocouple, and calculating their mass flow from the rate of 
burning of the fuel and the composition of the gas. Measurements 
of the velocity of the gases at the furnace outlet with a double- 
impact Pitot tube were only partly satisfactory because of the 
complicated flow patterns of the gases. 

To reduce the data from all of the tests to a common level, 
use was made of a modified form of the Hudson-Orrok equation, 
which relates the furnace hekt-absorption efficiency to the mass 
flow of flue gas, the heat available in the furnace, and a constant 
depending upon the furnace design and condition. Thus un- 
avoidable variations in load and in excess air could be corrected 
for with reasonable assurance. 

The test results show that an increase in the rate of heat re- 
lease in the furnace decreases the heat-absorption efficiency, the 
amount of change being somewhat greater when the walls of the 
furnace are clean than when they are dirty. As a first approxi- 
mation, an increase in steam output from 300,000 lb per hr to 
500,000 Ib per hr was found to lower the furnace heat-absorption 
efficiency of the clean furnace from 53.0 to 47.5 per cent; whereas 
for a dirty furnace, the same change of load lowered the effi- 
ciency from 51.0 to 46.3 per cent. Increase in excess air, for a 
given rating, also lowered the efficiency. For example, with 
a dirty furnace, doubling the excess air in the normal operating 
region lowered the heat-absorption efficiency approximately 4 per 
cent. 

Accumulations of ash and slag on the walls of the furnace have 
a noticeable effect on furnace heat absorption.. In some tests 
the furnace heat-absorption efficiency decreased 2.6 per cent, 
4 to 6 hr after the furnace was cleaned by wall blowers. In other 
tests it was found that cleaning caused an increase in furnace 
heat-absorption efficiency, which amounted to only 0.9 per cent. 
The efficiency remained constant for 24 hr after cleaning the 
furnace, and then decreased 2.7 per cent during the subsequent 
23 hr. Thereafter, the efficiency increased slightly so that the 
final value, after a total period of 52 hr since cleaning, was only 
1.2 per cent less than that of the clean furnace. These changes 
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in furnace heat-absorption efficiency, if interpreted as being due 
solely to the behavior of the ash deposits on the furnace walls, 
suggest that a cyclic process occurs, in which ash accumulates and 
detaches from the walls in a rather regular manner. 

Increasing the length of the path of the products of combustion 
by inclining the burners downward had the expected effect of 
increasing the furnace heat-absorption efficiency. When cor- 
rected to the same test conditions, the furnace heat-absorption 
efficiency of the dirty furnace was 13.6 per cent greater with the 
burners inclined 30 deg downward than when they were inclined 
upward 30 deg; the corresponding variation for the clean furnace 
was 7.5 per cent. 

The composition and flow of gases was not uniform across the 
furnace outlet. In the series of tests in which the inclination of 
the burners was varied, the excess air at the left side of the furnace 
outlet was, with but one exception, lower than at the right side, 
‘the ratio being 1:2 in some tests. However, the vertical dis- 
tribution of excess air was nearly constant. The distribution 
across the furnace outlet of the flow of gases was characteristic 
of the inclination of the burners. When the burners were in- 
clined downward, the mass flow was more than twice as great 
at the left side of the furnace outlet as at the right side, but with 
the burners horizontal, the opposite effect was observed. The 
geometry of the furnace outlet was reflected in the vertical dis- 
tribution of the flow of gases, which was greatest at the top of the 
furnace. 

The distribution across the furnace outlet of the temperature 
of the gases also varied with the inclination of the burners. 
When the burners were horizontal, the temperature was highest 
at the left side of the furnace outlet; but when the burners were 
inclined downward, the temperature distribution was quite 
symmetrical, with a maximum at the center of the furnace outlet. 
The vertical distribution of the temperature of the gases was 
normal, with highest temperatures at the bottom of the furnace 
outlet. 

Consideration of the probable error of the measurements indi- 
cates that it will be 0.5 per cent asa maximum. The considera- 
ble variations between tests made during intervals as small as. 
4 to 6 hr, which was probably due to changes in the condition of 
the furnace walls, indicate the necessity for large numbers of 
tests in such investigations; if the effect of the other operating 
variables is to be correctly deduced. It is apparent that the 
mechanism of the deposition, of ash on the walls of dry-bottom 
furnaces, and the effect of such deposits as a thermal insulator, 
require further clarification. 
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Appendix 1 


CALCULATION OF ToTaL SENSIBLE ConTentT oF 
LEAVING FURNACE 


The sensible heat content H, of the gases resulting from the 
ccmbustion of 1 lb of MAF coal 


H, = Wohp + (W4W, + Wohw 


where Wp = weight of gases formed from the combustion of 

«1 lb of MAF coal with dry air. It is calculated from the com- 
position of the coals used in these tests, Meig’s Creek (No. 9), 
Duncanwood Mine, Harrison County, Ohio, and is plotted as a 
function of excess air in curves similar to the one shown in Fig. 
21, for tests Nos. 10 and 11. 
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hp = sensible heat content per pound of flue gas resulting from 
the combustion of MAF coal with dry air. It is given as a func- 
tion of temperature and excess air in Fig. 22. 

W, = pounds of dry air required to burn 1 lb of MAF coal; 
equal to Wp — 1. 

W, = pounds of moisture in air per pound of dry air; ob- 
tained fronf wet- and dry-bulb readings at forced-draft-fan floor. 

W, = pounds of moisture in coal, as fired, per pound of MAF 
coal. 

hw = sensible heat of water vapor at atmospheric pressure. 
It is given as a function of temperature in Fig. 22. 

H,, is the value of H,, computed for the average values of ex- 
cess air and temperature for the thirty sections of the furnace 
outlet, and is used in the calculations of this paper. 

The sensible-heat-content charts were calculated from the 
recent tables of Heck.® 


- *“The New Specific Heats,’? by R. C. H. Heck, Mechanical Engi- 
neering, vol. 62, 1940, pp. 9-12. 
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K = total sensible-heat content of gases leaving the furnace, 
kB per hr 


where F is the rate of coal feed, pounds MAF coal per hour. 


Appendix 2 


Heat AVAILABLE IN FuRNACE, HEAT ABSORPTION IN FURNACE, 
FuRNACE Heat-ABSORPTION EFFICIENCY 


(1) Hy, the sensible heat content per pound of preheated 
air 


H, = W aha W 
where 


h, = heat content of dry air, Btu per lb 
hy’ = heat content of moisture in air, Btu per lb 
h, and hy’ are given as functions of temperature in Fig. 23. 


(2) |S, the total heat available in furnace, kB per hr 


F 
S= 1000 (By — 0.01 Bg + ¢ H,4) 


where By is the net heating value of the coal, Btu per lb MAF 
coal, 
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Fic. 23 Heat-Content CHART FOR PREHEATED Arr, 80 Dec F 
Base 


Bg is the gross heating value of the coal, Btu per lb MAF coal, 
and 0.01 Bg, is the correction for radiation and unburned-carbon 
losses, equal to 1 per cent of the gross heating value of the coal. 

¢ is the fraction of air entering the furnace which is preheated; 
this allows for 10 per ¢ent air infiltration to furnace and for air 
leakage to pulverizer. 


(3) T, total heat absorbed in furnace, kB per hr 
T=S—K 
(4) u, furnace heat-absorption efficiency, per cent 
= 100— 
Ss 


(5) Q, heat available in furnace, and U, heat absorbed in fur- 
nace, kB per sq ft-hr 


S 
= 6430 
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An Investigation of the Variation in Heat 


Absorption in a Pulverized-Coal-Fired 
Water-Cooled Steam-Boiler Furnace 


I1I—Variations in Heat Absorption as Shown by Density and Velocity 
Measurements of Fluid Within a Tube 


By A. R. MUMFORD! anv C. G. R. HUMPHREYS,? NEW YORK, N. Y. 


. The determination of heat-transfer rates by differential 
measurements of static pressure and by inlet velocity re- 
sulted in lower values and less consistent values than the 
rates determined by measurement of the surface tempera- 
ture of the tube. The difference between the two meth- 
ods can be attributed to a difference in the velocity of 
steam and water within the tube generally resulting in 
indications of higher density, as measured at the cold side 
of the tube, then as computed from the hot-surface tem- 
perature measurement and the water velocity entering 
the tube. Because the effect of rate of heat transfer, 
total heat absorption, relative rates of absorption along 
the length of the tube, and velocity of water entering 
the tube could not be easily segregated the relative veloci- 
ties of steam and water could not be correlated with the 
other factors, and further field work on density,-as deter- 
mined differentially from static pressures, is not recom- 
mended. Laboratory work in which separate control of 
the variables is more practical may provide valuable data 
on bubble slip and circulation factors. 


OBJECTIVES 


N order to establish the relation between the surface tem- 
perature of the hot side of a furnace tube and the heat ab- 
sorbed by that tube, one experimental tube in about the 

middle of the right wall was selected and equipped with velocity, 
quality, and density-measuring devices. The quality deter- 
mination was made near the point where the tube discharged 
into a common upper header. Velocity measurements were made 
in the vertical section of the tube about 3 ft above fhe point of 
first exposure to any heat but well below the point of active heat 
absorption. Density of the fluid within the tube was measured 
differentially by static pressures along the active length of the 
tube. The surface temperature of the exposed side of the tube 
was measured by center-line couples which constituted part of the 
temperature study of the entire furnace, and by couples disposed 
circumferentially at the principal center-line couple points. 
The establishment of the relationship between surface tempera- 


1 Development Engineer, Research Department, Combustion 
Engineering Company, Inc. Fellow ASME. 

* Engineer, Research Department, Combustion Engineering Com- 
pany, Inc. Mem. ASME. 

Contributed by the Special Research Committee on Furnace Per- 
formance Factors in co-operation with the Fuels, Power, and Heat 
Transfer Divisions and presented at the Semi-Annual Meeting, Chi- 
cago, Ill., June 16-19, 1947, of Tae AMERICAN Society or MECHANI- 
CAL ENGINEERS. 

Nore: Statements and opinions advanced in papers are to be 
understood as individual expressions of their authors and not those of 
the Society. 


ture and heat absorption, as determined by density variations 
and velocity, or by quality and velocity, would provide an inde- 
pendently determined factor for the combined heat-transfer co- 
efficient of the tube wall and inside film. 

Experimental Tube Arrangement; Density Measurements. 
Five simple pressure taps were installed in tube No. 40, right 
wall, at points indicated in Fig. 1, to measure pressure differen- 
tials between the hot leg in the boiler tube and the cold leg in the 
external connections between any pair of pressure taps. From 
these data we hoped to determine the average density of the 
fluid in the hot leg. |The formula for determination of Q, aver- 
age volumetric quality of the mixture of steam and water be- 
tween any two pressure taps, from measurements of the differen- 
tial between the hot and cold legs is developed in Appendix 1. 

Fig. 2 shows the assembly of manometers using mercury as the 
manometer fluid. For taps, or density connections, 1 to 2, 1 to 
3, or 1 to 2, and 2 to 3, 20-in. Meriam high-pressure manometers 
were used; for 1 to 4, 1 to 5, or 3 to 4, and 4-to 5, 40-in. Meriam 
high-pressure manometers were used. The readings were fairly 
steady during the test period probably because of inertia in the 
long connections. Leakage was rarely experienced and easily 
rectified despite the large number of valves necessary. Manome- 
ters functioned perfectly and the insufficiency of the method is not 
apparently chargeable to instrumentation. 

Circumferential Thermocouples. Fig. 1 shows exactly where 
thermocouples are located in all walls for measurements of sur- 
face temperatures. These, described in Part I of this symposium,? 
were for records of tube center-line temperatures. The manner 
of placing couples is a modification of the method first described 
in (1)* and possesses definite advantages over that earlier method. 
It is described in detail in (2) and shown in Fig. 3. , 

Also, at boiler No. 11, we employed what are called circum- 
ferential couples, Fig. 1. Such couples were placed on a selected 
tube at or near the center of each wall and at some of the same 
elevations us¢d for center-line thermocouples. The same means 
of couple installation was used, but couples were located at 30 
deg and 60 deg on either side of the center-line couple at each 
location chosen. Thus five couples measured circumferential 
temperatures at these locations, and reference to Tables 1 and 2 
is illustrated by a simple example as follows: 

The five couples 5-8A, 5-8B,.5-8, 5-8C, and 5-8D are identified 
thus: 5-8 ig the center-line couple in the right wall; B and C are 
set 30 deg from the center-line couple; A and D are set 60 deg 
from the center-line couple. All center-line-couple temperatures 
were recorded and all circumferential temperatures were meas- 


3 Part I appears on page 553 of this issue of the Transactions. 
4 Numbers in parentheses refer to the Bibliography at the end of 
the paper. 
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Fic. 2. MANOMETERS FOR DensITY AND VELOcITY MEASUREMENTS 


ured using an indicating millivolt potentiometer. Fig. 1 shows 
points where circumferential couples are installed; a total of 105 
couples. 

Fluid-Velocity Measurements. Measurement of water flowing 
into tube No. 40 on the right side wall utilized the modified Pitot 
tube described by Ravese (3). The actual tube is shown in 
Fig. 4. At the point of insertion a small pad was welded to the 
tube on the cold side, and a '/,-in. tapped hole was made exactly 
at right angles to the tube. Any burrs were removed, and the 
internal diameter was measured before insertion of the Pitot tube. 
The Pitot tube was then seal-welded in place. The point of 
velocity measurement is at one third of the internal tube diameter 
where a fair average flow exists (4, 5). The differential pressure 


Fic. CircUMFERENTIAL THERMOCOUPLES ON Hort Sipe oF 
TuBE 


was indicated in a 20-in. Meriam high-pressure manometer using 
dyed carbon tetrachloride as the manometer fluid. A leg correc- 
tion was made to take into account the small difference in eleva- 
tion of the Pitot-tube connections. This correction is very small 
where high velécities are encountered, but where pressure differ- 
ences exist as low as a few inches of water it must be taken into 
account. 

Table 3 summarizes the average velocities measured. In these 
measurements, as in the density measurements, the length of 
the connections introduced sufficient inertia so that the read- 
ings of the manometers were very steady and, in fact, the read- 
ings did not change significantly during the periods of testing. 
The constancy of the readings was a condition of the circuit and 
not due to leaks which were few and speedily corrected. The 
manometers were not sluggish and were cleaned and overhauled 
before each test. 

Quality Determinations. The quality of the mixture at the 
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Fic. 5 Quatrry or Fiurp ExpertMentaL Tuse From AT anp 

. From Density: AVERAGE 
top of the tube was to be measured by a heat-exchanger type of 
calorimeter handling a sample withdrawn from the tube through 
a standard ASME sampling nozzle. . This procedure has been 
described in (6). Although the calorimeter had been acid-cleaned 
before the start of the tests, difficulty was experienced in balanc- 
ing the flows and temperatures. The few available test men 
could not devote sufficient time to determine the difficulty and 
make the other scheduled observations, so this determination of 
quality was abandoned. 

Density Studies. The observations of pressure differentials 
are given in Table 3. The computed values of the average qual- 
ity of the mixture between the several points is also noted in this 
table, 

The results of the determination of quality from measurement 
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of differential static pressure are shown by curves connecting 
the average values for each test from Nos. 10 to 26. 

Before discussing briefly the results of each test, an examina- 
tion of the average results may aid in indicating the difficulties 
of this method of relating heat absorption to surface tempera- 
tures. Although of no significance in the study of the perform- 
ance of the furnace, the averages do aid in an examination of the 
method. 

In Fig. 5 are plotted the variation in Q with height above the 
hopper center line, as determined both by the density method 
and by the surface-temperature and tube-inlet-velocity relation 
for the experimental tube. The values of Q from the density 
measurements are lower at all points along the tube than are those 
values of Q from the surface-temperature measurements. The 
divergence of the curves increases steadily along the lower half 
of the length of the tube but remains essentially the same during 
the upper half of the length. 

If it is assumed that the values determined from the surface 
temperatures are true values of the steam made, then the velocities 
of steam determined from this curve must be accepted as true 
values. Because all heat was absorbed on one side of the tube 
only it is easy to imagine a lack of uniformity in the mixture over 
any horizontal section of the tube. The mixture can be thought 
of as richer in steam on the portion of the section nearer the fur- 
nace and richer in water on the portion of the section nearer the 
casing. Such differences in uniformity of the mixture in a fur- 
nace tube have been pictured as resulting in a rolling motion of the 
fluid rising through the tube with the side of the section richer in 
water rising at a slower speed than the side of the section richer 
in steam. Others have termed this type of phenomena “bubble 
slip.” 

The conclusions are that a difference in velocity of the steam 
and water exists, with the steam rising faster near the heated sur- 
face than the water near the casing side. Such a difference in 
velocity would explain the lower qualities indicated by density 
than by temperature differentials, particularly when it is recalled 
that the density taps were taken from the casing side of the tube. 
If the water velocities are computed from the density measure- 
ments, and the steam velocities from the AZ’ measurements 
a comparison of the average velocities of each is possible. This 
comparison is shown in Fig. 6. The steam velocity rises above 
the water velocity, and the divergence increases as the value of Q 
increases. If the difference between the steam and water veloci- 
ties is plotted against Q, two straight lines can be drawn through 
the points intersecting at a Q of 0.575, and a differential velocity 
of 0.6 fps. If the interseotion represents a break in the differen- 
tial-velocity line, the upper pa®t of which is heading for the steam 
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TABLE 1 
fest Ho. 1 2 3 4 10 11 «13 «14 «15 17 
TC Wo. 
1-84 28 16 28 S52 25 46 28 64 56 41 
22 12 29 2 39 24 23. 39 
1-8 - = = = 1410 4 
1-8D - = = 20 = = £6 
1-124 22 15 25 45 26 20 42 61 44 8 
1-158 66 46 60 72 65 51 50 68 47 42 
1-13 106 55 67101 71 61 57 74 69 69 
1-136 73 48 74 72 S54 53 S86 86 69 63 
1-130 22 20 59 35 42 15 50 72 54 21 
1-18A 32 29 14 22 44 24 17 3l 20 46 
> 1-268 82 28 12 28 27 31 19 47 41 63 
1-18 74 90 43 48 28 77 23 49 89 68 
1-18C 62 49 - 24 44 31 - 29 8 40 
1-18D 77 83 47 52 29 66 52 44 67 66 
2-3a 81 72 27 49 12 40 54 42 50 32 
2-28 44 33 29 38 14 53 62 51 60 43 
2-3 53 42 33 28 19 62 74 56 23 36 
2-3C 28 43 28 18 18 237 64 52 58 25 
2-2D 18 56.20 26 ll 42 56 42 48 28 
2-8A 12 4 28 16 8 29 46 35 38 32 
2-8B 47 41 25 79 34 48 52 29 47 40 
2-8 20 26 24 27 2 Se 42 «32 «39 «33 
2-8C 13 15 24 18 12 35 40 28 49 26 
2-8D 12 20 38 17 6 230 66 45 48 49 
2-124 22 23 22 24 18 28 32 20 26 25 
2-133 8 4 9 9 28 25 29 20 25 20 
2-13 88 33 S38 36 SS 
2-13C 19 14 16 19 12 21 32 25 31 % 
4 - - - - 86 15 = 
3-8 - - 28 50 46 50 29 53 58 47 
3-8C 
2-8D 21 - 49 39 24 35 21 20 8 26 
3-134 20 - 43 41 34:27 28.17 76 16 
2-128 69 13 59 71 69 76 43 67 78 24 
3-13 56 16 62 52 62 52 57 78 82 46 
3-120 32 7 42 38 49 41 43 67 75 29 
2-130 14 16 43 32 26 28 47 62 94 28 
2-18A 24 9 20 23 35 28 52, 41 84 36 
3-188 24 21 25 19 28 25 73 68 50 27 
2-18. 26 34 276 18 27 39 93 86 62 36 
3-186 49 36 45 28 37 43 81 64 56 63 
2-18D .68 - 46 41 42 44 52 75 54 78 


velocity at a Q value of 1.0, then, on the average, a change in the 
character of flow must take place at a Q value of about 0.6. 
The averaging of the Q values from each source is inadmissible 
from a standpoint of the study of furnace performance but it may 
aid in clarifying the reasons for the lack of co-ordination between 
density measurements and temperature-differential measure- 
ments. ; 

The individual curves of Q values from density and tempera- 
ture differentials show variation wKich indicate that the applica- 
tion of co-ordinating factors derived from the averages are un- 
warranted because of the individual variations in burner position, 
rating, and cleanliness. 

In Fig. 7, for test No. 10, is shown the only instance in which 
the Q values derived from density exceeded those derived from 
the temperature differentials. The temperature-differential Q 
curve shows a higher rate of heat absorption in the area from 
about 5 ft above the hgpper center line to a distance of about 45 
ft above the hopper. 

In Fig. 8, for test No. 11, the temperature-differential Q curve is 
consistently above that determined from densities. The AT—Q 
curve reflects the presence of an insulating deposit of ash about 30 
ft abeve the hopper. 

In Fig. 9, for test No. 13, the final value of the two curves is 
satisfyingly close. The presence of ash is indicated again by the 
AT—Q curve about 35 ft above the hopper. The fact that the 
burners were tilted up‘for this test is reflected in the low rate of 
increase in'Q near the hopper. 

In Fig. 10, for test No. 14, the Q curve, obtained from density, 


TRANSACTIONS OF THE ASME 


JULY, 1948 


AVERAGE TEMPERATURE DIFFERENTIALS SHOWN BY CIRCUMFERENTIAL THERMOCOUPLES 


18 19 20 21 24 254 25B 25C 25D 25B 26 
56 14 41 32 69 S50 60 61 64 40 24 
56 9 32 23 S1 54 47 49 2 14 2 

18 9 36 37 29 3 °26 22 

= % - - 62 133 117 - 
18 33.117 82 54 48 55° 5% 66 56 36 
35 29 29 17 58 23 33 2 $2 42 8 
81 65 76 48 84 66 48 70 100 75 18 
105 727 93 42126 78 64 88 110 93 27 
91 768 97 51 91 74 #%91 «88 109 94 3 
38 70 33: 36 23 «©6158 «62306287 
21 28 36 23 61 45 S89 5S 49 58 39 
47 45 50 29 §9 72 76 79 82 65 44 
18 69 31 20 76 #59 73 53 51 
57 31 41 25 20 52 38 22 31 22 39 
41 31 33 24 - 6 73 2 19 32 20 
56 48 55 3768 16 75 40 44 30 67 48 
46 43 50 76 20 75 58°* 5 36 59 §7 
29 26 32 272 13 46 
35 34 40 32 12 2 38 42 S2 49 26 
45 41 46 25 37 38 76 37 #22 37 33 
54 48 57 36 26 60 62 57° S58 59 53 
71 39 46 29 44 60 58 S58 S56 55S 49 
32 32 39 25 44 21 39° «26 «#438 32 
63 57 66 24 71 61 65 69 76 61 - 
33 31 #38 «23 45 28 42 41 #47 «#37 «3 
28 24 30 18 42 #27 #38 3% 41 «35 31 
79 35 41 28 45 42 42 41 #46 +44 36 
33 26 34 22 45 3% 41 «#237 «32 
29 25 29 18 40 36 36 35 38 35 29 
14 #12 «#19 12 26 -29 #32 2 32 #35 
65 55 67 47 47 43 43 447 #46 

20 13 2 38 3 26 20 32 
30 25 35 12 Sl S58 38 S4 30 36 28 
81 42 % 16 66 75 81 78 §9 50 27 
82 56 56 42 67 65 70 66 66 57 2 
43 23 36 34 56 59 S3 53 40 43 2% 
28 45 46 &@ 58 66 29 M&M 49 39 9 
25 29 43 28 27 38 32 31 18 19 #10 
22 29 47 49 3 31 44 47 «+36 40 18 
29 45 62 67116 76 101 93 90 92 46 
36 56 64 66 69 55 62 S53 S52 48 23 
54 56 46 55 69 50 51 39 3 30 16 


breaks to a nearly constant value between points 3 and 5 but this 
is not reflected in the A7’— Q curve. The rapid rise in Q values 
near the hopper indicates and confirms the effect of tilting the 
lower of two burners in each corner, downward 30 deg while the 
upper was directed horizontally. 

In Fig. 11, for test No. 15, the final value of Q is only slightly 
higher than at point 4. The two curves agree for the first 10 or 
12 ft above the hopper, but then diverge, probably indicating the 
increase in relative steam velocities as the Q value increases. 
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TABLEJ2Z AVERAGE TEMPERATURE DIFFERENTIALS SHOWN BY CIRCUMFERENTIAL THERMOCOUPLES 


4-3A 
4-33 17 - 12 44 45 44 24 28 15 49 
4-3 46 18 34 66 54 49 29 48 56 - 
4-2 §2 19 - - 39 23 = 31 22 84 


4-8C 27 16 47 22 23 10 14 21 26 16 
4-8D 49 36 48 65 78 62 58 48 67 88 
4-134 19 36 17 30 87 63 64 59 62 77 
4-138 19 21 25 - 36 22 31 24 54 22 
4-13 43 35 75 48 64 46 235 59 87 97 
4-13¢ 38 36 61 51 76 58 50 53 71 59 
4-130 23 36 33 28 72 50 58 67 72 74 
4-184 10 37 27 25 37 36 48 30 22 24 
4-188 26 43 34 34 29 52 61 40 40 42 
4-18 "32 34 30 34 38 53 60 42 44 56 
4-18C 23 54-35 26 38 42 57 42 44 42 
4-18D 4 47 30 8 17 #22 48 22 34 25 
6-44 46 26 27 26 41 37 38 26 26 20 
6-43 20 27 26 32 41 40 40 25 26 28 
6-4 33 37 27 % 33 37 «39 «25 27 40 
6-4C 21 28 30 24 42 35 37 29 22 22 
6-4D 3 11 2 16 2 36 29 22 22 
6-74 17 14 13 16 16 16 28 
6-73 24 22 17 2 40 32 30 19 21 22 
6-7 25 26 22 27 43 34 23 22 26 35 
6-7 18 27 25 23 41 22 21 26 28 21 
6-7D 12 13 18 16 33 27 25 20 24 25 
5-24 2 9 6 4 2 19 18 42 51 19 
5-3 - = = = 46 49 23 83 79 52 
5-3C #7 62 13 20 4 60 
5-3D = 8 2 13 20 32 17 
6 5S 12 2 15 16 21 18 
5-8B 5? 12 58 44 65 29 43 42 48 24 
5-8 74 #19 63 75 71 S56 46 62 51 52 
5-8C 47 17 79 «59 54 66 50 85 66 Bl 
5-8D iz - 25 18 42 23 19 29 59 29 
5-134 - - 4 33 2 2% % 2 
5-128 41 18 25 47 27 12 22 44 54 36 
5-13 48 17 27 36 28 12 22 64 62 49 
S-13¢ 29 21 14 45 44 52 45 68 5% 49 
5-12D 31 23 16 47 49 S2 40 €3 55 274 
5-184 8 - 17 7 12 43 53 43 34 40 
S-16B 22 18 25 19 10 47 56 72 79 51 
5-18 27 34 22 32 19 53 77 44 44 52 
5-18C 12 22 28 17 18 43 67 40 78 42 
* 5-18D 7 10 15 10 11 22 50 22 18 26 
6-154 « § & 26 10 36 
6-15B <0 9 16 29 34 42 77 70 % 423 
6-15 23 12 19 8 2 32 33 29 28 37 
6-15C SB A 
6-18A 5 23 24 21 18 25 28 29 28 36 
6-188 22 16 18 22 28 31 26 19 24 36 
6-18 21 18 20 21 27 28 21 21 19 32 
6-18D - 8 19 ie 28 
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8 13 18 15 40 2 30 22 35 35 28 aewas 
55 38 46 39 47 54 20°44 42 41 46 Soe as 
- - - - 53 67 19 46 51 49 40 Sg ae 
62 39 51 44 53 67 50 54 47 45 53 ae 5 
4-3D 51 17 33 48 44 37 24 58 28 45 46 32 40 30 50 59 46 42 42 41 46 tae 
4-8A 39 13 59 16 27 15 15 29 29 25 23 21 26 20 42 31 26 26 48 #39 9 cae 
4-83 70 31 S2 71 70 33 44 42 51 91 71 71 67 63 72 64 57 47 #77 «+170 «14 pees 
4-8 69 37 54 67 71 #41 48 54 51 80 80 72 78 60102 92 41 56 94 85 16 PET cSt 
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66 28 34 41 238 44 40 55 59 
86 4} 46 43 78 52 42 26 62 60 63 ong eee 
87 42 44 63 47 38 46 40 54 44 62 eos em 
22 22 24 14 22 19 22 23 24 2 25 
44 37 25 31 50 46 56 57 52 57 51 = oe 
55 43 47 42 50 62 64 64 56 64 59 Vee 
64 43 47 50 47 S4 56 S6 64 45 
27 27 31 22 42 16 22 2 328 20 16 Boe ae 
37 28 34 19 44 38 48 45 54 46 40 Rear 
41 36 42 23 35 230 26 328 46 43 
44 40 45 28 37 7% S53 46 52 47 43 a Viate 
38 21 35 23 41 76 47 42 49 «#443 35 Tt 
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28 17 25 23 27 2 40 2% 22 
21 24 36 24 368 23 30 
38 24 40 76 39 3 40 35 29 
76 20 17 16 #19 15 24 17 18 
71°19 25 26 25 2% 33 2% 23 
13.12 16 16 #22 #16 - 
29 30 - 36 37 #32 16 46 
- - 33 28 30 28 44 38 33 ee a 
1§ 27 26 21 26 2 24 27 18 bexe 
29 42 58 S2 62 33 45 19 
78 58 73 62 78 69 40 50 20 
50 54 20 Sl 74 48 8&2 25 
20 27 28 10 28 29 29 27 21 
21 71 22 40 50 57 60 12 14 
26 42 46 31 #32 «#33 «651 «220 (16 
55 60 44 75 48 30 17 
72 46 68 60 71 54 70 42 15 Ss 
27 23:72 «#70 #78 #62 82 43 18 
29 22 9 #23 2.26 
45 23 18 44 44 52 36 237 44 Se: 
§1 79 24 50 53 55 40 50 50 i 
40 29 16 376 44 48 33 46 237 e.g 
37 29 17 #27 30 44 34 41 33 
21 20 27 #28 28 230 .29 25 
6? 46 43 #49 #47 «49° «442 «40 
26 27 52 31 40 3% % 
28 21 30 19 20 27 22 26 22 Metin 
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TABLE 3 QUALITY AND VELOCITY DATA 


. Average Average Differentiel Pressures, between Density Taps, 
Entering inches of mercury 
Velocity 
fps Density Tap Nos, 1-2 2-3 3-4 q 
Test No. 
1.90 10 4.21 12.29 27.49 38.06 ae 5 
2.02 121 4,29 12.31 26.81 37.39 
1.90 13 4,01 11.23 25.80 36.74 16.53! 
2.43 14 5.01 14.52 20.39 40.90 
2.35 15 §.17 14.75 30.20 40.78 
1.80 17 4.35 13.20 26.90 226.10 8.50 14.10 10.40 a: 
1.74 18 4.70 14.15 29.65 40.55 
1.88 19 4.53 13.05 27.45 37.60 8.20 13,80 20,10 
1.78 20 4.65 13.30 27.40 37.80 8.60 14.40 10.50 
2.13 21 4.10 7.60 13.10 9.60 
2.11 24 4.45 8.51 13.99 10,14 24.87! 
1,87 254 4.30 8.01 13.5 9,93 
2.08 25B 4.40 8.25 13.96 10.17 
2.12 25C 4,54 8.25 14.06 10,24 : 
2.09 25D 4.61 13.46 27.25 87,45 4 2 
2.08 25E 4.49 13.22 27.68 38.20 8.72 14:13 «10.36 
1.89 26 4.13 7.93 12.80 9.73 
18.33! 
Average Quality of Mixture in tube between Density 
Test No. Tavs as derived from above data 
10 0.0652 0.1838 0.3445 0.4165 0.2693 0.5490 0.6624 ° 
11 0.0797 0.1880 0.3277 0.3894 0.2666 0.5046 0.6010 1z,28! 
13 0.0429 0.1302 0.2958 0.3740 0.1934 0.5057 0.6420 
14 0.1215 0.3070 0.4277 0.4757 0.4052 0.6034 0.6059 + 5 1 El 665.7! 
15 0.1909 0.3178 0.4311 0.4713 0.4098 0.5747 0.6092 
17 0.0794 0.2299 0.3262 0.3567 0.3389 0.4486 0.4609 od 
18 0.1183 0.2739 0.4019 0.4533 0, 3860 0.5649 0.6282 
19 0.1061 0.2242 0.3437 0.3918 0.2039 0.4958 0.5556 
20 0.1200 0.2363 0.3412 0.3953 0.7199 0.4748 0.5791 EXPERIMENTAL TUBE 
21 0.0643 0.1655 0.2852 0.3446 0.2403 0.4274 0,5472 LOCATION OF DENSITY TAPS 
24 0.0905 0.3058 0.4659 0,5560 
254 0.0905 0.2627 0.4371 0.5311 
258 0.0885 0.2845 0.4658 0.5599 
25C 0.1063 0.2848 0.4768 0.5682 
25D 0.1162 0.2432 0.3376 0.3892 0.3352 0.4676 0.5655 
25E 0.0986 0.2305 0.2500 0.4023 0.3261 0.5019 .6810 
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The downward tilt of the burners caused the rapid increase in Q 
values near the hopper. 

In Fig. 12, for test No. 17, the density Q curve levels off at a 
low value in the upper half of the tube, and no explanation is ap- 
parent. No such effect is seen in the AJ — Q curve. For this 
and all succeeding tests the burners remained horizontal, but 
the rating, excess air, and dirtiness were varied. Test no. 17 
was made with 35 per cent excess air at the furnace outlet and 
the same heat input as tests Nos. 14 and 15. 

In Fig. 13, for test No. 18, the effect of decreasing the excess 
air from 35 to 27 per cent and an increase in input from 462 to 
574 MM Btu is reflected. The curves are generally higher than 
those for test No. 17 and the AT’ — Q curve reflects the presence 
of ash 35 or 40 ft above the hopper. 

In Fig. 14, for test No. 19, the excess air was held at 25 per 
cent, and the input dropped to 446 MM Btu. The curves are 
generally lower with the AT — Q curve again reflecting the pres- 
ence of ash. 

In Fig. 15, for test No. 20, the input was held about constant 
but the excess air was dropped to 16 per cent. No significant 
difference between tests Nos. 19 and 20 is apparent on the Q 
curves. 

In Fig. 16, for test No. 21, the input was dropped to 334 MM 
Btu, the lowest value of the series, at normal excess air. The 
low value of input is not reflected in the AT — Q curve but may 
be the reason for the somewhat lower values of the Q curve from 
density. However, the lack of consistent variations in the Q 
values from density indicates that the relative velocities of steam 
and water are influenced by several other possible factors. 

In Fig. 17, for test No. 24, the input was 594 MM Btu, the 
highest value, and the excess air low at 11 per cent, the lowest 
value. The Q curve from density is low and does not reflect the 
high input, but the A7 — Q curve does reflect the high input. 
No effect of ash deposits on the experimental tube is evident. 

In Fig. 18, for test No. 25A, the first of a series in which the 
wall blowers were not operated, the excess air was normal at 25 
per cent, and the input high at 543 MM Btu. The Q curve from 
density is quite low but the AT — Q curve is normal reflecting 
only a slight ash deposit. 

In Fig. 19, for test No. 25B, the input was raised slightly to 
578 MM Btu and the excess air dropped to 17 per cent to acceler- 
ate ash deposition. The two curves diverge rapidly but except 
for a slightly more noticeable flattening of the A7’ — Q curve 
about 30 ft above the hopper do not indicate any pronounced 
accumulation of ash. 

In Fig. 20, for test No. 25C, no significant changes in input or 
excess air were made. However, the effect of the deposit of ash 
is more pronounced. 

In Fig. 21, for test No. 25D, operating conditions were held 
as in the preceding tests but the ash deposit apparently fell off 
because the AT’ — Q curve does not show the characteristic flat- 
tening. 

In Fig. 22, for test No. 25E, operating conditions were the 
same as before. Ash deposits were present, however, as evi- 
denced by the characteristic flattening of the AT’ — Q curve. 

In Fig. 23, for test No. 26, the input was dropped back from 
584 to 470 MM Btu and the excess air restored to about normal 
at 28 per cent. It is interesting to note that the Q curve from 
density is linear for the upper two thirds of the length of the tube. 
The flattening of the AJ’ — Q curve is quite pronounced at 
slightly above the burner elevation. 

Circumferential Temperature Studies. One tube in about the 
center of each wall was equipped with circumferentially dis- 
posed thermocouples at several of the elevations used for center- 
line couples. In a previous study (1), it was found that the sur- 
face temperature of tangent tubes was almost saturation tempera- 
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ture at the point of tangency. Using the assumption, in this 
case, that the surface temperature at the two points of tangency 
was 3 deg F above saturation, an average surface temperature 
for the exposed semicircumference was computed for each eleva- 
tion of each tube equipped with circumferential couples. This 
average was expressed as a distribution factor by dividing it by 
the center-line couple. The average of all center-line couples in 
each wall at each elevation was modified by the distribution 
factor and applied to the developed area of the wall in the region 
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estimated to be represented by that elevation of center-line 
couples. The total heat absorption of the furnace computed 
from such modified data was, in general, somewhat higher than 
other methods and probably could have been brought into line if 
it had been consistently high. However, the results were not 
consistently high and did not reflect variations in firing direction 
or other controlled variables to the same extent as did the other 
methods. It seems obvious that the use of a single tube in 
about the center of each wall provides an insufficient sample for 
the establishment of dependable distribution factors for an en- 


tire wall. Furthermore, the close proximity of several welded 
guard rings provides a place of lodgment for ash particles which 
would not find similar lodgment a few inches away. The use of 
circumferential couples to establish distribution factors to reflect 
cleanliness factors is, however, indicated as an available method 
to confirm visual observation and calculated or observed factors, 
provided a sample of perhaps three tubes distributed along a 
wall is used. 

The heat absorption in the experimental tube was computed 
separately using its own surface-temperature-distribution factors 
and is plotted for each test from No. 10 to No. 26. The average 
center-line A7’ for the entire furnace is plotted on the same chart 
for each test with the experimental tube heat absorption for 
general comparison. It is obvious that the variations shown by 
the modified A7 method are not reflected to the same extent by 
the average A7’ for the entire furnace, indicating insufficient 
sampling. 

In Fig. 24, for test No. 10, the heat absorbed, as indicated by 
the arch under the curve, looks to be about the same as that of 
the average AT for the entire furnace if a factor of about 1000 Btu 
per deg AT’ were used. The greater peak at 30 ft and the lower 
values at 47 ft probably indicate differences in the cleanliness 
condition of the experimental tube, as compared to the average 
cleanliness condition indicated by the center-line couples. 

In Fig. 25, for test No. 11, the variations were less sharp, and 
the experimental tube indicated a somewhat cleaner condition 
than the average for the furnace. The peak absorption shifted 
to a slightly higher elevation (50 ft), although there was no 
change in the direction of firing. 

In Fig. 26, for test No. 13, although the peaks for the experi- 
mental tube and for the furnace average are at about the same 
elevation with the burners pointed up 30 deg, the shape of the 
curve for the experimental tube shows the pronounced effect of 
local ash deposits. 

In Fig. 27, for test No. 14, the curves are in fair agreement. 
With the downward direction of the lower four burners, the ef- 
fect of utilizing the lower furnace cooling surface more effectively 
is clearly evident. 

In Fig. 28, for test No. 15, with all burners directed downward, 
the peak absorption for the experimental tube is at 24 ft. The 
average of the center-line couples for the entire furnace is some- 
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conclude that one tube cannot be taken as representing the entire 
furnace. 

In Fig. 32, for test No. 26, with moderate input and low excess 
air (16 per cent), the experimental tube indicates a generally 
higher ash accumulation in the first 40 ft. 

In Fig. 33, for test No. 21, with normal excess air and the lowest 
input of the tests (334 MM Btu), the upper parts of the curves 
are in fair agreement, but the lower parts show that the experi- 
mental tube was lower than the average. 
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pointed dewn. 
In Fig. 29, for test No. 17, the burners were directed hori- 70 
zontally as they were for all the remaining tests. The excess . 
air was high at 35 per cent, but this did not prevent ash ac- ‘ 
cumulating at the 35-ft point. The same ash accumulation is | ST" 
not shown by the average curve for center-line couples. | y\ XQ 
In Fig. 30, for test No. 18, at high input and normal excess air £ | iN \ 
the two curves show the effect of ash accumulation at the same a NJ 
elevation. Obviously, however, the amount of the accumulation go \ — 
differs as between the experimental tube and the average and 2< itl 
confirms the necessity for a broad sample. 3 
In Fig. 31, for test No. 19, the two curves are entirely different 
at moderate input and normal excess air. The only plausible | 
explanation of the differences is local ash accumulation, ‘perhaps 
accentuated by the guard rings. At any rate, we can certainly | 
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Fig. 29 Test No. 17; Hear ABsorPTION IN EXPERIMENTAL TUBE 
AND AVERAGE AT'S ror ENTIRE FURNACE 


In Fig. 34, for test No. 24, at high input and low excess air, the 
experimental tube indicated, in addition to differences in ash ac- 
cumulation from the average, an increasing rate of absorption at 
the top 20 ft. This may be due to too high an indicated distribu- 
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tion factor or to reflected heat from ash accumulations at lower 
elevations. 

In Fig. 35, for test No. 25A, operation was at normal excess air 
and fairly high input. A very high distribution factor at 17 ft 
resulted in the indicated peak. Such a factor results when the 
center-line temperature is low, perhaps because of a highly local- 
ized ash deposit, and the circumferential couples read normal 
temperatures. In other respects this figure shows the difference 
in ash deposits. 

In Fig. 36, for test No. 25B, the input was high and the excess 
air 17 per cent. Emphasis is drawn to the nonrepresentative 
character of the performance of a single tube. The average AT 
curve shows none of the variations shown by the experimental 
tube. 

In Fig. 37, for test No. 25C, the input and excess air were un- 
changed from the previous period but ash had been allowed to 
accumulate. The average curve shows little change from the 
previous period but the curve for the experimental tube does dif- 
fer quite materially. Again we have the indication of rising heat 
absorption at the upper 20 ft. 

In Fig. 38, for test No. 25D, we find an indication of a very 
high rate of absorption at the top of the experimental tube. 
Although this might be due to reflected heat if the value was 
moderate, it is more likely that a highly localized ash deposit 
on the center-line couple is the reason, and to assume that such a 
distribution factor applies for a longer length of tube than that 
actually covered by the couples leads to an error. 
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In Fig. 39, for test No. 25E, only minor variations in the curves 
are evident, and these again emphasize the fact that a single tube 
is only accidentally representative of the furnace. 

In Fig. 40, for test No. 26, at moderate input and normal ex- 
cess air, ash accumulation is reflected both in the furnace average 
curve, and to a greater extent in the experimental-tube curve. 


CONCLUSIONS 


A comparison of the average quality of the fluid flowing in an 
experimental tube, as determined by computation from the sur- 
face temperature of the tube at the center line at several eleva- 
tions and the water velocity entering the tube, and as deter- 
mined by differential static pressures measured along the tube, 
shows the latter to be lower at all points. The indicated reason 
for the lower values obtained from static, pressures is that the 
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steam occupies more of the section near the heat-receiving side 
and the water more of the section near the casing side where the 
pressure taps were located. This apparently resulted in an in- 
dication of higher density than the average by the pressure-tap 
method. Extension of the connection to the hydraulic radius 
instead of ending it at the inner surface might have increased 
the derived quality. However, the variations in the difference 
between the two methods made the co-ordinating factors derived 
from the averages of doubtful value. Because the surface-tem- 
perature method did co-ordinate well with the difference between 
the heat input and heat leaving the furnace, it was used as the 
standard of comparison. 

Certain computations of steam and water velocities, based 
upon average quality indications, indicate that the steam flows 
faster than the water at an increasing rate up to a quality of 
more than 0.5 and less than 0.6, and thereafter the rate of in- 
crease in velocity changes slope and the increase is faster. How- 
ever, the records of individual tests show wide variations from 
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the average and indicate that the individual test differences in 
steam and water velocities are influenced by many factors which 
could not be controlled individually in the field. Therefore the 
hope of determining a Btu rate per degree A7’ was not realized by 
the method of densities and little hope was held out that changes 
in experimental technique would improve the results. 

The extensive investigation of the possibility of deriving a 
cleanliness or effectiveness factor from the indications of cireum- 
ferential couples indicated that the use of a single tube in each 
wall, for this purpose, did not provide a sufficiently extensive 
sample. Although total heat absorptions in the furnace were 
of the right order of magnitude, generally being somewhat higher 
than the absorptions indicated by the center-line couples, the 
variations in heat absorption caused by changes in firing direc- 
tion, excess air, and rating were not consistently reflected. The 
use of more elevations on perhaps three distributed tubes in each 
wall might prove to be sufficient sample and thus provide an ef- 
fectiveness factor independent of visual observation. 

Although the results of the investigation at Tidd in the two 
phases covered by this part of the report were negative in one 
phase and partly negative in the other, our understanding of the 
factors affecting furnace performance has been increased and 
should improve the effectiveness of investigations still to be car- 
ned out at other plants. * 
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Appendix | 


DEVELOPMENT OF ForMULA USED FOR CoMPUTING VOLUMETRIC 
Qua.ity oF MIxTURE IN EXPERIMENTAL TUBE 
In the experiment the difference in weight of the column of 
fluid within the tube and the column of water in the instrument 
connections outside the tube was balanced by the mercury column 
in the manometer so that 


“Weight of mixture within tube” plus “weight of mercury 
column” equals “weight of outside water leg” 


The effect of friction was to retard flow and act as an increased 
weight on the left-hand side of the equation. The force required 
to accelerate the mixture reacted against the fluid and therefore 
would also have the effect of increasing the weight of the fluid 
within the tube. Both friction and acceleration force were 
found to be small and affected the quality determined by only a 
small percentage. However, friction was included but accelerat- 
ing force was omitted. The basic equation then became 


“Weight of mixture within the tube” plus “weight of mercury 
column’”’ plus ““‘friction’”’ equals “weight of outside water leg’’ 


If 

Q = steam by volume in mixture, per cent 

X = steam by weight in mixture, per cent 
length of tube between measuring points, ft 
ds = density of steam, lb per cu ft 

= density of water, lb per cu ft 

specific volume of steam, cu ft per lb 

v, = specific volume of water, cu ft per lb 


~ 
ll 


then the weight of the mixture within the tube can be written 
[xds + (1 — x)dw]l, lb per sq ft 


or 
+ per oa ft 
Us 
The latter, involving the steam by volume, is the expression 


used. 
If 


M = height of mercury column, in. 
dy = density of mercury, lb per cu ft (849 at 100 F) 


then the weight of the mercury column can be written 


M 
= lb persq ft or 849 = 70.75M 
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If 


V = velocity of mixture, fps 
v = specific volume of mixture, cu ft per Ib 
D = internal diameter of tube, ft 


then the friction can be represented by the expression 


2fV% 
—— lb 
»,D lb per sq ft 
in which f is taken as 0.006 and g is taken as 32.2. 
Because V and »v are unknown, it is desirable to convert them 
into the desired unknown and measured or tabular values so 
that the friction can be represented 


gDv? 


Quyry, ] 
Qu, + — Qu, 


in which Vo is the velocity of water as measured near the entrance 
to the tube. By reducing constants we have 


0.0019 lvo? 


The weight of the water column can be represented as 


M 
[: A lb per sq ft 


This formula although cumbersome reduces to a simple quad- 
ratic and is readily solved for Q. 
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Appendix 2 


ConVERSION OF Heat Rares Into Qua.iry BY VOLUME 


The AT for the face couples on the experimental tube, ob- 
tained from the recorder and from less frequent readings by a 
portable potentiometer, were averaged. A factor of 1000 Btu 
per deg F was used to evaluate the rate of heat transfer. This 
factor was developed from k = 29 for the tube wall, and a film 
conductance of 12,000 Btu per deg F. Using the entering veloc- 
ity, decreased slightly to compensate for the small amount of 
steam made below the elevation of the Pitot tube, the heat ab- 
sorbed was converted to quality on the weight basis, and then to 
quality on the volume basis. 


Appendix 3 
DEVELOPMENT AND APPLICATION OF DISTRIBUTION FACTORS 


The distribution factor has been defined as the ratio of the 
average tube A7’ around the exposed semicircumference to the 
AT at the center line of the tube. Because it was physically 
impossible to install thermocouples at the tangent points of the 
tubes after the tubes were in place, a AT of 3 deg F was assumed 
for each of the points and included in making up the average. 
The distribution factor reflects surface-ash accumulations and, 
if the sample is sufficient, would eliminate or confirm personal 
observations. The factor can be used to modify the center-line 
AT and provide a modified average AT’ which can be applied to 
the developed exposed furnace-tube area rather than the pro- 
jected furnace-tube area. 
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An Investigation of the Variation in Heat 
Absorption in a Pulverized-Coal-Fired 


Water-Cooled Steam-Boiler Furnace 


I1V—Comparison and Correlation of the Results of Furnace Heat-Absorption 
Investigations 


By A. R. MUMFORD! ano G. W. BICE,? NEW YORK, N. Y. 


In this part of the symposium the three preceding sec- 
tions of the report are compared, and satisfactory co- 
ordination is accomplished for the first two sections. 
The tube-surface temperature measurements show fur- 
nace heat absorptions which can be co-ordinated with the 
absorptions indicated by the surveys of the gas conditions 
at the furnace outlet by applying a correction to the gas- 
temperature measurement, or by varying the tube-to- 
water film conductance. A method of evaluating fur- 
nace cleanliness, is developed and applied. A suggested 
basis of comparing furnaces is discussed. 


URING the past year and a half, four series of furnace- 
D performance tests have been conducted on boiler No. 11 
at the Tidd Plant of The Ohio Power Company, under 
the sponsorship of the ASME Special Research Committee on 
Furnace Performance Factors. Three individual phases of this 
test work are reported in detail elsewhere in this issue (1, 2, 3), 
which are component parts of the investigation, and will be 
referred to as Part I, Part II, and Part III, respectively, 
hereafter. The purpose of this paper is to compare and correlate 
data from these three papers and to draw such general conclu- 
sions as may be warranted. 

The location of test points for each of these phases of the in- 
vestigation has been given separately in the individual reports. 
All of these test points, together with furnace-door and wall soot 
blower locations, are included on a single diagram in Fig. 1, 
which is a development of the furnace envelope, all walls being 
viewed from outside the setting as indicated in the ‘key plan” 
at the lower left of the diagram. 


Factors AFFECTING FURNACE PERFORMANCE 


A complete list of all the variable factors which might con- 
ceivably affect the performance of a fuel-fired furnace would be 
lengthy, and it is doubtful that any two engineers would compile 
identical lists. Therefore no attempt to list all such factors 
will be made herein. 


‘ Development Engineer, Research and Development Depart- 
ment, Combustion Engineering Company, Inc. Fellow ASME. 

? Engineer, Mechanical Engineering Department, American Gas & 
Electric Service Corporation. Mem, ASME. 

’ Numbers in parentheses refer to the Bibliography at the end of the 
paper. 

Contributed by the Special Research Committee on Furnace Per- 
formance Factors in co-operation with the Fuels, Power, and Heat 
Transfer Divisions and presented at the Semi-Annual Meeting, 
Chicago, Ill., June 16-19, 1947, of Tae AmerIcAN Society or ME- 
CHANICAL ENGINEERS. 

Nore: Statements and opinions advanced in papers are to be 
understood as individual expressions of their authors and not those of 
the Society. 
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The number of more important variables to be investigated 
is reduced materially in this report because only a single wall 
construction and one specific fuel are considered. 

In the test work at Tidd Plant the effects of four major varia- 
bles were investigated as follows: 


1 Heat available (approximately proportional to rating). 

2 Excess air. 

3 Direction of fuel firing. 

4 Relative cleanliness of water-cooled heat-absorbing sur- 
faces. 


The range of heat available values investigated was from 52,600 
to 95,000 Btu per hr-sq ft of flat projected water-cooled surface. 
These correspond to from 56.6 to 102.2 per cent of normal full- 
load rating on the boiler unit. 

The range of excess air values investigated was from 11 per 
cent to 35 per cent at the furnace outlet. Normal operating 
excess air is about 25 per cent at the furnace outlet. 

Variation in the direction of fuel firing was obtained by tilt- 
ing the burners. The investigation included tests with all 
burners tilted up 30 deg, all burners horizontal, all burners 
tilted down 30 deg, and a special case with the upper-row 
burners horizontal and the lower row tilted down 30 deg. 

Relative cleanliness of the furnace walls constituted the most 
difficult variable to evaluate. Previous tests have been de- 
scribed as being on the basis of furnace walls either “dirtv”’ 
or “clean.” Because the degree of wall cleanliness varied from 
test to test, the foregoing classification has been found entirely 
inadequate. A detailed treatment of a method of evaluating 
furnace cleanliness will constitute a later section of this paper. 


e 
METHODS FOR DETERMINING FURNACE PERFORMANCE 


Several different methods for determining heat absorption in a 
water-cooled’ furnace are available. These methods may be 
classified under two general categories: (a), calculations from 
formulas using empirical factors; and (b), actual measurements 
using a sampling technique. 

An excellent example of the theoretical approach to furnace- 
performance calculation has been given by Wohlenberg (4), in 
which such basic radiation heat-transfer concepts as the Stefan- 
Boltzmann law, Kirchhoff’s law, and Lambert’s cosine law are 
combined with analytical geometry and physics to produce a 
number of formulas and curves. Due to the lack of data re- 
garding the behavior of many fundamental physical constants 
at elevated temperatures, the uncertainty involved in making 
several necessary assumptions and the volume of computations 
involved, such theoretical methods of predicting furnace per- 
formance have not yet come into general use. Instead, em- 
pirical calculations based largely on previous test work on fur- 
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° 
naces of similar size, design, fuel and firing method have been 
found to be more practical, and are currently used almost ex- 
clusively by boiler manufacturers in predicting furnace perform- 
ance for new and proposed boiler units. 

Several different methods employing experimental procedure 
have been used to measure heat absorption in water-cooled fur- 
naces (5, 6, 7). Possibly the most dependable of these methods 
involves measurement of gas temperatures leaving the furnace by 
water-cooled high-velocity thermocouples. Several other meth- 
ods of measuring gas temperature leaving the furnace have been 
tried, a few being the use of optical pyrometers, the determina- 
tion of sound velocity through the gas, and the use of radiation 
pyrometers and calorimeters. Spot heat-absorption rates in 
various representative individual ‘tubes in furnace walls have — 
been determined by measuring the temperature differential be- 
tween the outer tube-metal surface and the fluid within the tube 
by means of fixed tube-face thermocouples. Heat-absorption 
rates in various furnace zones have been measured by “thermal 


probes” (controlled-flow water-heating elements). The hes! 
absorbed by individual tubes has also been determined by mea-- 
uring the velocity and quality of the fluid at the inlet, and the 
quality at various incremental locations along the tube. While 
these are the most common experimental methods in use, several 
others have been tried, such as thermopiles, radiation windows, 
segregated tubes, etc. 


TESTS 


The actual furnace test work undertaken at Tidd Plant has 
been described quite thoroughly in Parts I, II, and III and will 
not be dealt with herein, except to outline what data have been 
excluded from this comparison and correlation, and to explain 


_briefly the reasons for such exclusions. 


In the course of this investigation four series of tests have been 
conducted. The first series, consisting of tests Nos. 1, 2, 3, and 
4, was run at boiler age 3 months. Furnace outlet gas temper- 
ture and composition traverses for these first four tests were 
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incomplete, as no data were obtained at stations A and K-R 
(refer to Fig. 1). During test No. 1, the instrument recording 
furnace wall-tube temperatures was not in dependable operat- 
ing condition. Furthermore, during all four tests, load variation 
was excessive due to early pulverizer trouble from wet coal 
(since corrected). In view of these difficulties, results from all 
tests of the first series have been omitted entirely in making this 
comparison and correlation. 

The second series, consisting of tests Nos. 10, 11, 13, 14, and 
15, was run at boiler age 6 months. Reliable data were ob- 
tained during all of these except test No. 13, during which no 
exit gas temperature or composition-traverse data were obtained 
at stations AK and K-R; therefore all data from these tests, with 
the exception of No. 13, as mentioned, have been used in the com- 
parison and correlation. 


The third series, consisting of tests Nos. 17, 18, 19, 20, and 21, _ 


were run at boiler age 9 months. During these tests, furnace exit 
gas temperature and composition traverses were reported sepa- 
rately for each half of each 8-hr test in Part I]. These data dur- 
ing tests Nos. 17 and 18 showed only slight variation during the 
two halves of each test and have been averaged and considered 
as single 8-hr tests in the comparison and correlation. The fur- 
nace exit gas temperature and composition traverse data for the 
two halves of tests Nos. 19, 20, and 21 have been kept separate and 
numbered 19A, 19B, 20A, ete., as in Part IT. 

The fourth series, consisting of tests Nos. 24, 25, and 26, were 
run at boiler age 15 months. Test No. 25, which was a 60-hr 
test, has been divided into five parts to correspond with the five 
exit gas temperature and composition traverses as in Part II. 

A careful examination of the tabulated data from the previous 
papers (1, 2, 3) will reveal a number of slight discrepancies. 
These have resulted from differences in calculation procedure 
used by the various investigators. For convenience in com- 
paring the various data, these differences have been resolved (by 
recalculating where necessary), and a new tabulation including 
heat quantities available, heat quantities absorbed, and excess air 
at the furnace outlet, are shown in Table 1. 


CoMPARISON OF Basic Data 


In Part II mention was made of the possibility that ‘“MHVT” 
(multiple-shield high-velocity thermocouple) radiation corrections 
similar to those reported by Mullikin (8) might be applicable to 
the observed temperatures from the single-shield high-velocity 
thermocouple used. Since, however, no experimentally deter- 
mined corrections were available for the specific design of ther- 
mocouple actually used, it was decided to forego using any such 
corrections in Part II. However, an acceptable correlation be- 
tween these data and the wall tube A7 data from Part I has 
been obtained herein by applying Mullikin’s radiation correc- 
tions to the observed gas temperatures. This is shown graphi- 
cally in Fig. 2 in which total heat absorptions, as computed from 
tube wall A7’ averages, have been plotted against total heat ab- 
sorptions as. computed from the exit-gas temperature and com- 
position traverses on both an HVT and an MHVT* basis. It is 
obvious from this plot that the heat absorptions, based upon 
MHVT temperatures, are in much better agreement with the 
tube wall AT heat absorptions than those based upon HVT tem- 
peratures; therefore MHVT corrected heat absorptions will be 
used in the remainder of this paper. 

‘ \T heat-absorption figures were evaluated using a heat-transfer 
rate corresponding to a metal conductivity of 29 Btu/sq ft-hr-F/ft 
and a steam-water film conductance of 5000 Btu/sq ft-hr-F. Other 
vaiues of the metal conductivity and the film conductance have been 
used by others but were not used here for the sake of consistency. 
If a film conductance of 12,000 (as suggested by Jakob) is used with 
the same metal conductivity, the MHVT correction woud be un- 
hecessary. 
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SUMMARY OF FURNACE-PERFORMANCE DATA 


TABLE 1 
is 
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1865 
1925 
470 
485 
$22 
™2 
223 


1995 225 200 
DiS 200 275 
580 588 
595-88 
525 524 526 531 
21 
283 267 79 226 
22 78 


1925 
1995 
578 
597 
307 
285 


1855 

2090 «915 
594 583 
61 561 
540 
284 
288 266 
27 268 


2015 


334 
343 
197 


297 


1720 

1770 
347 
185 
174° 


1665 
1710 
338 
233 
187 
178 
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416 
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39300 339100 42300 35900 33300 
34400 41200 - - 39000 


38300 


78600 71300 77000 74600 73600 75000 92900 71400 71100 71300 
68600 61900 67200 65000 64100 64500 80900 6220 61900 62000 


35300 33400 
32700 32400 32400 39000 39800 


EXCESS AIR AT FURNACE OUTLET 


TEST NUMBER 
BURNER INCLINATION 


MHYT BASIS 

FUEL 

AVAILABLE ABOVE 80F 
AVAILABLE ABOVE SAT. TEM. 
ABSORBED, HVT BASIS 
ABSORBED, MHVT BASIS 
ABSORBED, WALL TUBE AT BASIS 


TOTAL WEAT QUANTITIES 


HYT BASIS, 


AVERAGE GAS TOW. AT FURNACE OUTLET: 
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$0. 
BTU/ SQ. FTeHR. 
8TU/ $0. 


8TY/ $0. FT-HR. 
$0. FT-HR. 


FROM WALL TUBE AT ABSORPTION 


FROM HVT ABSORPTION 


FROM ABSORPTION 
“WEAT QUANTITIES PER UNIT AREA OF FLAT PROJECTED WATER-COOLED FURNACE HEATING SURFACE 


FURMACE THERMAL EFFICIENCY, BASED 


UPON HEAT AVAILABLE ABOVE 80F 
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TOTAL HEAT ABSORBED, FROM WALL TUBE AT, MKB/HR 


Fic. 2. Comparison oF Heat ABSORPTION CoMPUTED From WALL 

Tuse AT Data With Heat Apsorption Computep From Fur- 

NACE Exit Gas TRAVERSE Data ON Boto an HVT anp an MHVT 
TEMPERATURE Basis 


Heat-absorption rates per square foot of flat projected water- 
cooled surface have been plotted against heat available above 
80 F per sq ft of flat projected water-cooled surface in Fig. 3. 
Although average curves have been drawn, a close inspection 
will reveal that the agreement of individual points with the curves 
is erratic. This apparent lack of agreement is due principally 
to variations in the relative cleanliness condition of the furnace 
from test to test. Notwithstanding the cleanliness condition, 
the general effects of changes in excess air and burner position 
are quite evident. 


The behavior of burner position is especially interesting, as it . 


illustrates clearly the effect of varying the effective volume of the 
furnace cavity by changing the location of the active combustion 
zone by varying the firing direction of the burners. To reduce 
this to basic concepts, the mass of hot furnace gases should be 
considered separately as they exist at any instant of time. Under 
any given set of conditions, a definite amount of heat will be 
radiated out from this mass of gases. Should it be surrounded 
by clean heat-absorbing surfaces having true black-body 


heat-absorbing characteristics, maximum heat transfer will 


occur. 

Returning to the specific case of the Tidd furnace, let it be 
assumed that all burners are tilted up 30 deg and that all heat- 
absorbing surfaces are completely clean and have true black- 
body heat-absorbing characteristics. From numerous furnace 
inspections it is known that the lower surface of the mass of hot 
gases would not extend below a horizontal plane passed through 
the center line of the lower row of burners. Should the exist- 
ing furnace hopper bottom be replaced with a water-cooled floor, 
composed vf tangent tubes and coincident with this horizontal 
plane, the same total heat transfer would occur on the new floor 
as on the existing hopper bottom, even though the flat projected 
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water-cooled surface would be reduced, and even though the 
intensity of heat transfer would be increased. 

To go a step farther, assume that instead of this flat floor a 
water-cooled hopper bottom extending down an additional 100 
ft were installed. Although the flat. projected water-cooled 
furnace surface would be greatly increased, total heat transfer 
to the surface below the bottom plane of the flame would remain 
unchanged. This should indicate one of several possible errors 
involved in judging furnace performance solely on the basis of 
heat available per square foot of flat projected water-cooled fur- 
nace surface, as has become so common recently. 

In the Tidd furnace, as the burners were tilted upward from the 
down position at a constant firing rate, the level at which com- 
bustion was completed moved upward toward the furnace exit. 
With the burners in the down position, a maximum amount of 
furnace cooling surface was available to cool the gases before 
they reached the furnace exit, while with the burners in the up 
position a minimum amount of furnace cooling surface was 
available to cool the gases after completion of combustion. 
In each case the amount of furnace cooling surface and the 
amount of available heat was the same, and the ratio would not 
indicate the change in temperature of the gases leaving the furnace 
as a result of burner tilting. 

A sounder basis of comparison would ‘be the heat available per 
square foot of flat projected’ water-cooled surface corrected by 
the ratio of enve ope surface of the volume of radiating gases 
to the envelope surface of the total furnace cavity. Applica- 
tion of such a basis to the curves of Fig. 3 representing the hori- 
zontal and upward burner positions, would bring them into 
approximate agreement with the highest curve representing the 
downward position of the burners, and therefore would indicate 
the. changes in effective furnace absorption brought about by 
changing the direction of firing. 

Furnace thermal efficiencies have been plotted against heat 
available above 80 F per sq ft of flat projected water-cooled sur- 
face in Fig. 4. Agreement of the individual points with the 
curves is poor; however, it is again apparent that burner posi- 
tion (or flame envelope area) has a pronounced effect upon fur- 
nace performance. 


EFrect oF SLAG AND ASH ON FURNACE WALLS 


The relationships shown in Figs. 3 and 4 illustrate the effect 
on furnace performance of the first three of the four factors enu- 
merated under ‘‘Factors Affecting Furnace Performance.” The 
fourth factor, relative cleanliness of water-cooled heat-absorbing 
surfaces, is undoubtedly the factor which is largely responsible 
for the failure of individual points on these graphs to agree more 
closely with the average curves, Relative cleanliness of water- 
cooled heat-absorbing surfaces is practically indeterminate and 
cannot readily be evaluated accurately. In a great many cases, 
it has been the explanation offered for nonagreement of data 
from various tests on the same or similar furnaces. 

Rather than merely recognizing the disturbing influence of 
this cleanliness factor in pulverized coal-fired water-cooled fur- 
naces, an effort should be made to observe and analyze the ex- 
tent of slag and ash deposits, and if possible to evaluate the mag- 
nitude of their influence on furnace performance. 

During each of the tests considered in this comparison and cor- 
relation, one or more’ thorough visual examinations of all fur- 
nace surfaces were made, and observed conditions were recorded 
in detail in the form of “Furnace Observation Reports.’”’ These 
reports were rather lengthy and are not reproduced in full. 
However, an example is given in the Appendix. 


5 See Appendix for tabulation listing number of complete ‘‘Furnace 
Observation Reports’’ available. 
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“S-A” anp EFFECTIVENESS Factors (a) The S-A factor of a given increment of water-cooled sur- 
In order to evaluate the effect on furnace performance of slag face, all portions of which are in approximately the same cleanli- 


and ash deposits adhering to the water-cooled surfaces, some 
means must be established for translating the descriptions of 
prevailing conditions, contained in the furnace observation 
reports, into numerical factors. This has been done by the use of 


S-A (slag and ash) factors and effectiveness factors. As used 
herein, these factors may be defined as follows: 


ness condition, is defined as the ratio of the actual heat-absorb- 
ing capacity of the surface to the heat-absorbing capacity of the 
same surface when completely clean. : 

(b) The effectiveness factor of any zone in a water-cooled 
furnace is defined as the average, weighted according to area, 
of the S-A factors of all of the separately considered increments 


d 
‘ 
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within that zone. Following the same line of reasoning, the ef- 
fectiveness factor for the total furnace would be the average, 
weighted according to area, of the effectiveness factors for the 
various zones comprising the total furnace. 

The general procedure used in determining zone effectiveness 
factors was similar for all zones where prevailing cleanliness 
conditions were described in sufficient detail in the furnace 
observation reports. This procedure consisted of estimating the 
percentage of each wall (or roof or section of outlet screen) cov- 
ered with slag or ash of each thickness range. Each percentage 
was then multiplied by the S-A factor assigned to its thickness 
range, and these were totalized. Actual values of S-A factors 
and slag or ash thickness ranges used, together with the S-A num- 
ber identification, are given in Table 2. The relationship repre- 
sented by the S-A factors of Table 2 is shown graphically in Fig. 
5. 


TABLE 2 S-A (SLAG-ASH) FACTORS 
Average thickness of S-A multiplying 
slag or ash deposit, in. facto 

0 to 

1/m to 

1/¢tol 

1 and over 


S-A number 
identification 


Selection of these particular slag-ash ranges was to a large ex- 
tent arbitrary, whereas selection of the multiplying factors was 
guided by the test data. 

The thickness ranges used were chosen as representing com- 
mercially clean surface (S-A 0), thinly covered surface (S-A 1), 
moderately covered surface (S-A 2), and heavily covered surface 
(S-A 3). Use of a greater number of thickness ranges would 
complicate the observer’s task unduly, and probably would not 
increase the accuracy of the resultant effectiveness factors ap- 
preciably. 

Values for the S-A multiplying factors were selected as a re- 
sult of studies of the behavior both of individual wall-tube ther- 
mocouples and of averages of wall-tube thermocouples for entire 
walls or sections of walls. Referring to Fig. 5, the lowest expected 
theoretical S-A multiplying factor would approach 0.2 with 


very heavy ash coverage. Such coverage would probably re- , 


duce heat absorption of the covered surface even more than this; 
however, some compensating increase in over-all furnace absorp- 
tion would be expected due to reradiation from the hot face of 
the slag or ash covering. 

Referring to Fig. 6, “Behavior of tube wall ‘at mid-point 
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in each wall, elevation 698 ft, where ash was alternately building 
up and falling off, test No. 11,” it can be seen that the ratios of 
minimum A7’ to maximum AT during the 7-hr period under 
consideration were 0.27, 0.24, 0.28, and 0.20 for the front, rear, 
right, and left walls, respectively. The “Estimated Characteris- 
tic Curve” in Fig. 5 was based upon these and other similar 
ratios from the available test data. 

It is hoped that additional experimental work in the future 
will include data suitable for use in either verifying or modify- 
ing these S-A multiplying factor values. 

In order to evaluate furnace effectiveness factors, the furnace 
has been divided into five “zones.” The areas, in square feet{of 
flat projected water-cooled heat-absorbing surface and in per cent 
of total area, are given in Table 3. These are shown diagrammati- 
cally in Fig. 7 which is a development of the furnace envelope, 
viewed as shown in the key plan, Fig. 1. 


TABLE 3 DIVISION OF FURNACE INTO ZONES FOR 8-A FACTOR 
EVALUATION 


Projected area Percent 
Zone identification ft 


Hopper zone 
Lower burner zone 
Upper burner zone 
Mud drum zone 
Outlet zone 


100 


(RIGHT) 


TIME, HOURS 


TIME, HOURS 


Fic. 6 Brxavior or Tuse Watt AT at Miv-Pornt 1n Eacu Watt, Evevation 698 Fr, Waere Was ALTERNATELY BUILDING 
Up anv Fauuine Orr, Test No. 11 


S-A NUMBER 
[ 
| | 
8 
| | 
| | | | 
S-A 0 
8-A 2 
8-A 3 
a 
4 \ u 
sof \ \ SOF \ (LEFT) 
2 4 6 8 2 4 6 8 
= 
= 


MUMFORD, BICE—FURNACE PERFORMANCE FACTORS—IV 


‘ee @ @ . 
BURNER 
“ik 
905 SQFT 
945 SQFT 
660~- = 


FRONT 


Drviston oF Furnace Into ZONES FOR EVALUATION OF 
EFFECTIVENESS Factors 


ConDITION OF HEATING SURFACES 


Facilities for observing the condition of heating surfaces and 
the specifie procedure used in determining S-A factors are dis- 
cussed in some detail as follows: 


All surfaces in this zone were plainly visible 
from doors at elevation 679 ft. In general, the hopper slopes and 
adjacent side walls remained relatively clean. Only during 
tests Nos. 14 and 15, when burners were tilted downward, were 
sufficient ash deposits present to warrant mention in the fur- 
nace observation reports. Thus for all other tests, an effective- 
ness factor of 0.98 was assigned to all surfaces in this zone. 

Lower Burner Zone. Practically all surfaces in this zone were 
also plainly visible from the doors at elevation 679 ft. Conditions 
for all four walls in this zone were described at length in ali fur- 
nace observation reports for all tests; therefore the general 
procedure was followed in determining effectiveness factors. 

Upper Burner Zone. This was the only zone in the furnace 
where it was impossible to see all walls clearly. Approximately 
60 per cent to 80 per cent of the right and left walls were visible 
from the front and rear wall corner doors at elevation 689 ft 
during all tests except test No. 15, when the coal-air stream from 
the upper burners seriously obstructed vision. The front and 
rear walls could not be seen from this level at any time as the 
secondary-air ducts blocked both walls completely. The upper- 
most portions of all four walls could, however, be seen from a 
very steep angle and to a limited extent from the doors at eleva- 
tion 713'/, ft during many of the tests. 

The assignment of reasonably accurate effectiveness factors 
for this zone was quite difficult for obvious reasons; however, it 
was decided to estimate the total effectiveness factor from the 60 
to 80 per cent of the side walls visible from elevation 689 ft, and 
to modify this figure slightly for such observations as were availa- 
ble from elevation 713!/: ft. The effectiveness factor for this 
zone for test No. 15, when visibility was almost zero, was as- 
sumed to be the same as the average for the two observations 
made during test No. 14. 

Mud-Drum Zone. Practically all surfaces in this zone were 
visible from the doors at elevation 7131/2 ft. Conditions for the 
walls and lower portion of the furnace outlet screén were de- 
scribed in detail in the furnace observation reports for all tests 
except tests Nos. 14 and 15, when surfaces were simply reported 
to be clean. Where conditions were described completely, the 
general procedure was followed in determining effectiveness fac- 


Hopper Zone. 
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tors. For test No. 14, the effectiveness factor was taken as 0.98 
during the first observation, and 0.96 during the second observa- 
tion. During test No. 15 the effectiveness factor was assumed 
to be equal to the average for the two parts of test No. 14, or 
0.97. 

Outlet Zone. All surfaces in this zone (walls, outlet screen,. 
and roof) were clearly visible from doors at elevations 724 ft and 
734 ft. Out of the 27 observations made, complete statements 
concerning surface conditions in this zone were reported for 18 
observations, and the general procedure was followed in deter- 
mining effectiveness factors. For the remaining nine observa- 
tions, when the zone was simply reported to be clean, an effec- 
tiveness factor of 0.98 was used. 

The percentage of area at each S-A number for each zone is 
given in Table 4 for all tests. It is to be noted that several of the 
tests have been subdivided into two parts, and test No. 25 into’ 
five parts, in this table. This has been done so that effectiveness 
factors could be obtained for each separate furnace observation 
report, where two or more reports showed significant changes in 
the cleanliness condition during a given test. Effectiveness 
factors computed from these percentages for all five zones and 
for the total furnace are also given in Table 4. 

Computed effectiveness factors for the individual zones varied 
from a maximum of 0.98 for the hopper and outlet zones during 
many of the tests* to a minimum of 0.68 for the lower burner 
zone during test No. 20B (second half of a low excess air run), 
when the walls were described as being about one quarter cov- 
ered with ‘‘a sheet of semifused slag,” and somewhat over one- 
quarter covered with “strips of sponge ash,” averaging */, in. 
thick. Total furnace effectiveness factors varied from a maxi- 
mum of 0.95 for tests Nos. 13, 14A, and 21A to a minimum of 
0.86 for tests Nos. 18B and 25E. Thus while the range of ef- 
fectiveness-factor variation for individual zones was fairly wide, 
the range for the total furnace was surprisingly small, covering 
only about 10 per cent. 


CIRCUMFERENTIAL TUBE SURFACE TEMPERATURES 


An extensive investigation of the possibility of confirming 
the empirically evaluated effectiveness factors was undertaken 
by applying the surface temperature distribution factors ob- 
tained from the single tube in the center of each wall equipped 
with circumferential thermocouples to the center-line tempera- 
tures measured for the remainder of the wall. On the hypothesis 
that ash deposits would build up between tubes and gradually 
accumulate to cover the entire circumference, the circumferen- 
tial temperatures were critically examined and distribution fac- 
tors developed for each elevation on each wall. These factors 
were simply ratios of the average AT around the circumference 
to the center line AT. 

In general, these factors were found to be considerably lower 
than the effectiveness factors based on visual observations and 
resulted in furnace efficiencies which were inconsistent in most 
cases. The assumption that a single tube in the center of a wall 
could be taken as representative of the entire wall was evidently 
erroneous due to insufficient sampling. Additional tubes equip- 
ped with circumferentially disposed thermocouples might have 
eliminated some of the inconsistencies. However, the welded 
guard ring used on this type of measuring device is a potential 
point of lodgment for ash and might result in an indication of a 
lower temperature than would exist an inch or more from the 
measured point. 


¢ The highest zone effectiveness factor value used in any case was 
0.98, as a certain amount of ash in the form of a dust coating was 
always present except possibly in the areas affected by wall soot 
blowers immediately following their operation. 
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FuRNACE PERFORMANCE CORRECTED TO CLEAN Basis 


The individual test points in Figs. 3 and 4 were not in suf- 
ficiently close agreement with their average curves to represent 
the degree of correlation which might have been expected from 
various tests of the same furnace fired with coals of similar 
analyses. In order to obtain a better correlation, and also to 
establish a sounder basis for comparison with other similar fur- 
naces fired with the same or different coals, the heat-absorption 
rates have been corrected to a theoretical clean furnace condi- 
tion through the use of effectiveness factors as evaluated from the 
furnace observation reports. Furnace performance data, cor- 
rected to this theoretical clean basis, are given in Table 5. The 
corrections have been made by dividing the various absorption 
values by their corresponding total furnace effectiveness factors. 

Fig. 8 shows corrected heat-absorption rates plotted against 
heat available above 80 F. A comparison of this plot with 
the corresponding uncorrected plot in Fig. 3 will reveal that the 
average curves have been raised about 10 per cent and that the 
individual points are in much better agreement with their aver- 
age curves, 

Upon several occasions it has been suggested that furnace ef- 
ficiencies should be based on the heat available above satura- 
tion temperature rather than above 80 F. In a complete steam- 
generating unit, certain component parts, such as an economizer 
and an air preheater, are capable of absorbing heat at a ther- 
mal level below boiler saturation temperature; therefore a thermal 
level corresponding to an established standard entering-air tem- 
perature of 80 F has been accepted as a basis for calculating over- 
all efficiency. When consideration is limited to a furnace com- 
posed of steam-generating tubes only, the capability for absorb- 
ing heat at a thermal level below saturation temperature does not 
exist. Thus it would seem that a logical argument could be 
advanced to support the use of the saturation temperature. 

Since it is beyond the scope of this paper to attempt to judge 
which basis is actually the more valuable for comparing furnace 
performance, corrected efficiencies have been calculated on both 
bases and are included in Table 5. 

Fig. 9 shows corrected furnace thermal efficiencies based upon 
heat available above 80 F. A comparison of this plot with the 
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corresponding uncorrected plot in Fig. 4 will reveal that here 
again, as in the case of heat-absorption rates, the corrected values 
are correspondingly higher than the uncorrected values, and the 
individual pcints are in good agreement with their average curves. 

Fig. 10 shows corrected furnace unit efficiencies based upon 
the heat available above saturation temperature (585 F). Ef- 
ficiencies on this basis are of course higher than upon the more 
common heat available above 80 F basis. Individual points 
are in excellent agreement with the average curves in the graph; 
furthermore, the curves appear to be increasing toward 100 per 
cent efficiency at zero heat available, which is probably the logical 
trend for them to take, considering the thermal level upon which 
they are based. ‘ 


CONCLUSIONS 


The following conclusions drawn from this comparison and cor- 
relation apply only to Tidd boiler No. 11, and to the type of coal 
used during the investigation. 

Either of two general types of test technique have been found 
suitable for measuring furnace performance, i.e., determination 
of local rates of heat absorption of the walls by a relatively large 
number of uniformly distributed tube-face thermocouples; and 
determination of the sensible heat in the gases leaving the furnace 
by high-velocity thermocouple and orsat traverses. 

An acceptable correlation of heat-absorption values can be ob- 
tained from these two methods by using a heat-transfer rate 
corresponding to a metal conductivity of 29 Btu/sq ft-hr-F /ft, 
and a steam-water film conductance of 5000 Btu/sq ft-hr-F for 
the former, and specific heats according to Heck (9), and thermo- 
couple radiation corrections according to Mullikin (8) for*the 
latter. 

Only one tube was used for studies of variation in density and 
comparison with heat absorption as computed from tube-surface 
temperature measurements. Obviously the evaporation in this 
one tube could not be applied to the furnace because it could not 
be classed as a representative sample. However the final qual- 
ity of the mixture leaving the tube, as computed from the surface 
temperature measurements, and the velocity of the water near the 
entrance to the tube did not agree too closely with the final qual- 
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ity as determined by density measurements. These values 
are given in tabular form in Part III of the symposium. Inter- 
mediate values of quality determined by each method did not 
agree very well and the conclusion was reached that the density 
method is too strongly influenced by other factors, such as pos-. 
sibility of excessive slip on the hot side of the tube, to be an ac- 
curate measuremeat. 

The average furnace heat-absorption rate increases, but the 
furnace efficiency decreases, as the heat available increases, as 
shown in Figs. 3 and 4. The efficiency curves appear to be ap- 
proaching a constant gradually at the higher heat available 
values. 

The average furnace heat-absorption rate increases approxi- 
mately 0.7 per cent for ‘each 1 per cent decrease in excess air 
leaving the furnace over the range of 15 to 35 per cent. 

The average furnace heat-absorption rate decreases 11 per cent 
when all burners are tilted up 30 deg and increases approximately 
13 per cent when all burners are tilted down 30 deg on the as- 
measured basis, Fig. 3. When corrected to a clean furnace basis, 
the decrease due to tilting all burners up 30 deg becomes approxi- 
mately 16 per cent, while the increase due to tilting all burners 
down 30 deg remains about 13 per cent, Fig. 8. The relatively 
large effect of furnace cleanliness upon heat absorption with the 
burners up can be attributed to the decrease in ash deposition on 
the walls in the lower portion of the furnace which are not sub- 
jected to impingement of the hot ash particles carried by the flame. 

The effect of relative cleanliness upon furnace performance 
represents the most difficult of the variables to evaluate; how- 
ever, by making thorough observations of all visible furnace heat- 
absorbing surfaces and interpreting such observations carefully 
by means of the S-A factor procedure outlined herein, furnace 
“effectiveness factors’? may be computed. By using these ef- 
fectiveness factors to correct measured heat-absorption rates, 
performance of the furnace under a theoretical ‘clean’ condition 
can be approximated. This should permit future comparison 
of the performance of differently shaped furnaces fired with 
various fuels, regardless of the relative cleanliness of the furnace 
heat-absorbing surfaces due to age, cleaning facilities and sched- 
ules, load-variation cycles, fuel analyses, etc. In this investiga- 
tion, use of total furnace effectiveness factors varying from 0.86 
to 0.95 have made possible a much better correlation of data from 
the various tests than was possible without their use. 


A SUGGESTION FOR FUTURE SIMILAR INVESTIGATIONS 


An improvement over the method used during the Tidd in- 
vestigation for reporting relative furnace cleanliness conditions 
is available, and is recommended for any future similar work in 
which the evaluation of effectiveness factors is deemed advisable. 
This would involve use of a pad of small diagrams of a develop- 
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ment of the furnace envelope, to scale (similar to those used for 
Fig. 1 and 2),‘on which estimated percentages of deposit cor- 
responding to each S-A number could be written for various 
incremental areas. The areas to be used could be sketched in 
during each inspection to suit prevailing conditions. These 
could be interpreted quite easily, even after long periods of time, 
and would constitute a much more precisely defined basis for 
computation of effectiveness factors than would written de- 
scriptions of the type used in the Tidd investigation. 
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Appendix 


The number and “times of all complete furnace observations 
made, together with start and finish times for the test and wall 
soot blower operation (if any) are given in Table 6. 

Furnace observations were made, in all cases, by one of the 
authors, usually accompanied by one or two of several other 
participating engineers who corroborated the opinions formulated 
before they were written down in their original rough form. 

In Part I a few phrases were quoted from the furnace-observa- 
tion reports for test No. 19, and the descriptions contained therein 
were compared with furnace wall photographs and the corres- 
ponding over-all average isothermal diagram. In order t6 ex- 
hibit more clearly how S-A factors were selected and averaged to 
obtain zone effectiveness factors, the two furnace observation re- 
ports for test No. 18 will be quoted in their entirety herein, and 
original calculations reproduced, as follows. 
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TABLE 6 LOG OF COMPLETE FURNACE-OBSERVATION REPORTS 


- Soot-blower 


Test oper. time, 
No. finish 
10 

11 8:00 am 
3 8:00 am 
14 8:00 am 
15 8:00 am 
17 8:05 am 
18 7:45 am 
19 7:30 am 
20 7:30 am 
21 7:05 am 
24 

254A 11:00 am 
25B a 
25C (a) 
25D (b) 
25E (b) 

26 7:30 am 


° Number of 
furnace 
-——Time of tests——~ observa- 
Start Finish tions 
12:20 pm 10:00 pm 2 
9:20 am 4:20 pm 2 
12:40 pm 4:40 pm 2 
10:00 am 5:30 pm 2 
9:40 am 3:20 pm 2 
8:30 am 4:30 pm 2 
8:00 am 4:00 pm 2 
8:00 am 4:00 pm 2 
8:00 am 4:00 pm 2 
7:30 am 3:30 pm 2 
1:10 pm 4:10 pm 1 
11:50 am 3:20 pm 1 
9:05 am 11:25 pm 1 
1:15 pm 3:45 pm 1 
9:00 am 12:00 n 1 
2:00 pm 5:00 pm 1 
8:00 am 1:00 pm 1 


-——Time of observations——. 


Start Finish 
1:00 pm 1:45 pm 
9:00 pm 9:30 pm 
9:00 am 9:30 am 
4:15 pm 4:45 pm 
10:15 am 10:45 am 
4:15 pm 4:45 pm 
10:30 am 11:00 am 
4:30 pm 5:00 pm 
10:20 am 11:00 am 
3:15 pm 3:45 pm 
9:30 am 10:30 am 
3:00 pm 4:00 pm 
8:30 am 9:45 am 
2:30 pm 3:45 pm 
8:45 am 9:45 am 
2:40 pm 3:30 pm* 
8:15 am 9:30 am 
2:30 pm 3:20 pm 
8:45 am 9:45 am 
2:15 pm 3:00 pm 
2:20 pm 3:00 pm 
12:45 pm 2:00 pm 
9:00 am 10:00 am 
3:30 pm 5:00 pm 
9:00 am 10:00 am 
4:15 pm 5:15 pm 
8:20 am 9:00 am 


(a) Tests Nos. 25B and 25C were conducted the day following test No. 25A. 
(b) Tests Nos. 25D and 25E were conducted the second day following test No. 25A. 


FURNACE OBSERVATION REPORT—TEST NO. 18 
8:00 am to 4:00 pm (EST) June 5, 1946 
Furnace-wall soot blowers were operated from 6:45 a.m. to 7:45 a.m. 


Location 


Elevation 679 ft: 
The center half of the front 


Front wall 


Right wall 


Rear wall 


Left wall 


Burners 


First observation 
8:30-9:45 a.m. 


wall was approximately 50 
per cent covered with 
sponge ash from about 2 ft 
above the operating floor 
up to the lower burner 
level. The ash was a 
maximum of 1 in. thick 
near the bottom to 3 or 4 
in. thick just below the 
lower burner level. 


The front half of the right 


side wall was approxi- 
mately 50 per cent cov- 
ered with sponge ash and 
semifused slag starting 4 
ft above the operating 
floor and increasing up to 
burner level. This deposit 
was approximately !/, in. 
minimum thickness to 2 
in. maximum thickness 
near the burners. Small 
vertical strips of this de- 
posit were noted to be 
peeling off occasionally. 


The right half of the rear wall 


was approximately 25 per 
cent covered with !/,-in- 
thick sponge ash from 3 ft 
above the operating floor. 


The rear half of the left side 


wall was approximately 25 
per cent covered with dry 
ash up to !/2in. thick start- 
ing about 3 ft above the 
operating floor. 


Flame from the right rear 


burners was impinging or 
sweeping along the right 
half of the rear wall. 


Second observation 


2:30-3:45 p.m. 


The condition of this 


wall was unchanged, 
except for a possible 
increase in the thick- 
ness of sponge ash 
near the burners. 


This wall appeared to 


be slightly dirtier 
than during the pre- 
vious inspection. 


There was no apparent 


change in the condi- 
tion of this wall. 


There was no apparent 


change in the condi- 
tion of this wall. 


Similar flame impinge- 


ment, but of a less 
steady nature, was 
noted. There was no 
indication of unusual 
heavy ash or slag de- 
posits resulting from 
this impingement. 


Elevation 689 ft. 


Right wall 


Left wall 


(Burner Level) 


The rear two thirds of the 


right side wall was ap- 
proximately 50 per cent 
covered with a thin semi- 
fused slag and sponge ash; 
thickness appearing to be 
1/2 to */,in. This deposit 
was almost a continuous 
sheet just to the rear of 
center. 


The front half of the left side 


wall was approximately 50 
per cent covered with 
sponge ash of 1/2 in. aver- 
age thickness. 
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The rear two thirds of 


the right side wall 
was approximately 
80 per cent covered 
with a thick hard 
semifused slag ; thick- 
ness being approxi- 
mately '/2 to 2 in. 
This deposit was the 
heaviest and most 
continuous at the 
elevation between 
the two burners. At 
the center a_1-ft- 
wide strip was bare, 
apparently having 
fallen off just prior 
to this inspection. 


The front three fifths 


of the left side wall 
was approximately 
90 per cent covered 
with sponge ash. 
One spot, from one 
third to one half of 
the distance back 
contained slag ex- 
tending out 6 to 10 
in. thick. At the up- 
per burner level de- 
posit was heavier ex- 
tending back ap- 
proximately three 
fourths of the way 
and ranging in thick- 
ness from !/2 to 3 in. 


Front and rear walls were not visible at this elevation. 


Elevation 713/» ft. 


Front wall 


(Mud-Drum Level): 


Light spotty ash deposits 


were scattered over the 
sides of the tubes into 
which the firing circle was 
directed. 


There was no apparent 


change in the condi- 
tion of this wall at 
mud-drum level; 
however,down about 
8 ft there appeared 
to be considerably 
more ash, and as 
near as could be seen 
there was semifused 
slag just above the 
burners. 


L 


B 


4 
. 
I 
23 
L 
re, 
E 
R 
ay 
E 
; 
ne 
ej 
fo 


MUMFORD, BICE—FURNACE PERFORMANCE FACTORS—IV 


Right wall The condition of the right The right side wall was Front.................. 5 per cent at S-A 2 
wall was the same as that considerably dirtier 20 per cent at S-A 3 
of the front wall, except than at the first in- er ec ee 5 per cent at S-A 1 
that possibly light spotty spection, being ap- 5 per cent at S-A 2 
deposits were slightly lar- proximately 75 per 15 per cent at S-A 3 
ger individually. cent covered with 10 per cent at S-A 1 
nodules of sponge 10 per cent at S-A 2 
ash at this level and 
increasing to Dat S-Al = 15+ 4 = 3.75 percent— 4 per cent 
a solid cover from 1 ZatS-A2 = 20+ 4= 5.0 percent— 5 percent 
to 3 in. thick down 8 LatS-A3 = 35 + 4 = 8.75 percent— 9 per cent 
or 10 ft below the by difference, S-A 0 = 82 per cent 
mud drum. 100 per cent 
Rear wall Small spotty deposits of There was no apparent Zone effectiveness factor = (82 +4X0.7+5xX0.5+9*xX 
sponge ash were scattered change in the condi- 0.3) + 100 = 0.90 
over most of the rear wall tion of this wall just 
and were relatively numer- below mud-drum 
prs tle gr Upper Burner Zone (20.2 per cent of total area): As explained 


10 ft down the de- i” the text, the front and rear walls were not visible in the upper 
posit appeared to be burner zone; therefore it has been necessary to assume that 
considerably heav- their over-all condition was equivalent to the average of the right 


and left walls. 
Left wall The left wall appeared to be The rear half of this 
clean. It is quite probable wall was covered First observation (18A): 
that the same type of de- with plainly visible : 
posit, as noted on the front thin dry nodules of Right.............+-+-- 10 per cent at S-A 1 
, 15 per cent at S-A 2 
walls, was on the sides of sponge ash. Ap- 
10 per cent at S-A 3 
the tubes not visible from proximately 8 ft be- Left 10 
the door (front) from low this level the 15 per cent at S-A 2 
which this wall was wall appeared to be ‘ 
viewed. Sat S-Al = 20 +2 = 10 per cent 
S-A2 = 30+ 2 = 15 percent 
Boiler screen Semifused slag was just be- The bottom of the slag- YatS-A3=10+2= 5 percent 
ginning to form on th@bot- screen tubes was by difference, S-A 0 = 70 per cent 
tom half of the slag screen covered with semi- 100 per cent 
tubes. fused and running 
slag; thickness being Zone effectiveness factor = (70 + 10 X 0.7 +15 0.5 + 
. approximately 1 in. 5 X 0.3) + 100 = 0.86 
on the left-hand side ; 
and 3 in. on the Second observation (18B): 
right-hand side. 10 per cent at S-A 
Elevation 724 ft: 25 per cent at S-A 2 
Front wall There were light spotty ash There was no apparent 20 per cent at S-A 3 
deposits visible from the change in the condi- oh 10 per cent at S-A 1 
left wall door; however, tion of this wall. 25 per cent at S-A 2 
20 per cent at S-A 3 


these deposits were not 


visible from the right wall 


Dat S-Al = 20 + 2 10 per cent 


door. = 
Right wall There were light spotty ash There was no apparent S-A * 

deposits on part of the change in the condi- by difiecence,8-AG® « percent 

right wall at this elevation. tion of this wall. y ia . 
Left wall The left wall appeared to be The left wall appeared ——— 

clean. to be clean. Zone effectiveness factor = (45 + 10 X 0.7 + 25 X 0.5 + 


Boiler screen On the left-hand side the The only change in the 20 X 0.3) + 100 = 0.705 


i diti he sl 
front one third of the tubes condition of the slag Sone all etal 


had 1/35 to '/, in. of dust. screen was an in- 
On the right-hand side the crease in thickness of First observation (18A): 
front half of the tubes had the semifused slag ep eer 10 per cent at S-A 1 
up to 1 in. of semifused on the right side ji Ee ee ee eee 15 per cent at S-A 1 
slag which was spotty and from 1 to 2 in. and Rear and Screen........ 15 per cent at S-A 1 
uneven. more nearly uniform 10 per cent at S-A 1 
than before. 
Elevation 784 ft: = at S-A 1 = 50 + 4 = 12.5 per cent — 12 per cent 
by difference, S-A 0 = 87.5 percent — 88 per cent 
All walls and the roof were clean at this elevation, except for what 100 per cent 
appeared to be a normal thin coating of dust. 
There appeared to be more flame (or incandescent gas) at the top of Zone effectiveness factor = (88 + 12 X 0.7) + 100 = 0.964 
the furnace than noted previously, except when,burners were tilted 
upward 30 deg. Second observation (18B): 
15 per cent at S-A 


Evatu Num- 
ATION OF SURFACE INCREMENTS IN TERMS oF S-A Num 10 per cent at S-A 2 


BERS AND CALCULATION OF EFFECTIVENESS Factors Right..............-..-20 Der at 1 
Hopper Zone (14.7 per cent of total area): A zone-effective- 15 per cent at S-A 2 
hess factor of 0.98 was assigned, as no deposits were noted during 15 per cent at S-A 3 
either of the two furnace observations; this in accordance with Rear and screen......... 1b per cent at S-A 1 
adopted procedure described in the preceding text. 
Lower Burner Zone (14.1 per cent of total area): First and Left 15 per cent at S-A 1 
Second observations were combined for evaluation in this zone as ‘oc Se 10 per cent at S-A 2 
follows: 10 per cent at S-A 3 
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Yat S-Al = 65 + 4 = 16.25 per cent — 16 per cent a eee ae O per cent 
> at S-A 2 = 50 + 4 = 12.5 percent — 12 per cent SP on ee 10 per cent at S-A 1 
Yat S-A3 = 50 + 4 = 12.5 percent — 12 per cent 10 per cent at S-A 2 
by difference, S-AQ = _ 60 per cent ' 5 per cent at S-A 3 
100 per cent Roof 0 
Zone effectiveness factor = (60 + 16 X 0.7 +12 xX 0.5 + at S-A 1=20+5 = 4 per cent 
12 X 0.3) + 100 = 0.808 TatS-A2=10+5 = 2 percent 
ZatS-A3 = 5+ 5= 1 percent 
Outlet Zone (24.1 per cent of total area): First and second observa- by difference, S-A 0 = 93 per cent 
tions were combined for evaluation in this zone as follows: 100 per cent 
POP at BA 1 Zone effectiveness factor = (93 + 4X 0.7 +2 0.5 + 
Right........:......... 5 per cent at S-A l 1 X 0.3) + 100 = 0.971 


TABLE 7 COMPUTATION OF TOTAL FURNACE EFFECTIVENESS FACTORS 
-——Effectiveness factor——_ Effectiveness factor X per cent 


area 
Area, Test No. Test No. Test No. Test No. Test No. Test No. 


Zone per cent 18A 18B 18 (avg) 18A 18B 18 (avg) 

14.7 0.98 0.98 0.98 14.4 14.4 14.4 
Lower burner............... 14.1 0.90 0.90 0.90 27.9 12.7 12.7 
ee ee 20.2 0.86 0.70 0.78 17.4 14.1 15.8 
Sere 26.9 0.96 0.81 0.88 25.8 21.8 23.7 
ee ee 24.1 0.97 0.97 0.97 23.4 23.4 23.4 

100.0 93.7 4 90.0 
0.94 0.86 0.90 
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An Investigation of the Variation in Heat 
Absorption in a Pulverized-Coal-Fired 
Water-Cooled Steam-Boiler Furnace 


Discussion’ 


W.F. Davipson.? In Part I, Figs. 5 to 16 show, on a developed 


diagram of the furnace walls, the averages of the measured << Er lrg 0 
values of AT’. ‘“Isotherms’’ are then drawn, and these form the } 

basis for some of the discussion. It is disturbing to observe, on 730++---22 enek ta. Lene 
studying these figures, that the pattern of the isothermals is so 26% EXCESS aR 
often discon’ inuous acvoss the “hinge lines’’ between the walls. 720-47" 
For instance, in ig. 5, at the lower part of the furnace the “40” 
isotherm for the left wall seems to have no continuation on the 10] 43 
rear wall, but rather to join, approximately, with both a 60 
and a 70 isotherm. A 100 isotherm, shown as an open = 70074 4, 


line on the rear wall, seems to come next to a 40 isotherm on the 
left. wall. 

This is not to argue that conditions on the adjacent wall sur- 
faces may be quite different, but only to say that the changes will 
not be discontinuities. 

On the basis of the data, to explore the possibilities of develop- * 
ing a set of isotherms which would not show these discontinuities, cal 
Figs. 5, 10, and 15 of the paper have been selected and redrawn. ANG oF 
The results are sown as Figs. 1, 2, and 3 of this discussion. A 
comparison with the original figures will show that in most areas Fie. 2) Revisep Isoraermar ST DiaGram ar Env or Test No. 14 

* the changes have not been great, but that in other areas, especi- (Revision of Fig. 10, Part 1.) 
ally near the corners of the furnace, they have been significant. 


REAR 


' The discussion of papers in this Symposium has been com- fuevaron a 


bined into a composite of all four papers. Where reference is to nm eo o, 

individual papers, the ‘‘Part’’ number in question will be desig- b---35 ROOF | ¥ 

nated, rather than the title and authors. Footnotes and illustra- TEST_NO 

tions will be numbered consecutively throughout the discussion. f Fue 
? Research Engineer, Consolidated Edison Company of New York, S 


New York, N. Y. - Fellow ASME, 


740 
TEST NO 3 (i 
@5% EXCEss am 
720-4 
700+ 
* Fic. 3. Revisep IsorHermMaLt AT Diacram, Test No. 18 
- > 7 (Revision of Fig. 15, Part I.) 
eeol...s6 As an incidental result, it is evident that one set of data may 
yield quite different “pictures” depending on the “artistic.tem- 
6704 6g perament”’ of the draftsman. 
605 ever F. G. Exy.* In considering furnace heat absorption it is 
x. Wi well to bear in mind that this is not measured directly, but is 
‘Fic. 1 Revisep Isorsermat AT DiaGram Test No. 3 3 Research Engineer, Research and Development Division, The 
(Revision of Fig. 5, Part I.) : Babcock & Wilcox Company, Alliance, Ohio. Mem. ASME. 
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calculated as a difference between two quantities which are meas- 
ured by very different basic means. Therefore it is important 
that all factors involved in the calculation be used as nearly as pos- 
sible in terms of absolute values, and of these the measurement 
of furnace gas temperature is probably the most difficult. 

This discussion is essentially a report of supplementary work 
carried out recently at Tidd Station, under the auspices of the 
Committee, for the purpose of checking the accuracy of gas- 
temperature measurement when using a single-shield high- 
velocity thermocouple, and for a preliminary verification of the 
need for applying correction to the reported gas temperatures, 
as discussed in Part IV of the symposium. 

It is commonly accepted that the temperature indicated by a 
thermocouple in a furnace would be influenced by the rate of gas 
flow over the hot junction, which tends to heat the thermocouple 
up to true gas temperature, and by radiant transfer to or from the 
couple depending on its exposure and the nature of surrounding 
surfaces. In water-cooled furnaces, remote from zones of active 
combustion, a bare exposed thermocouple invariably will read 
below true gas temperature. By placing a refractory shield 
around the thermocouple junction much of the radiant effect is 
overcome. The use of multiple shielding, with all portions 
heated by the gas stream, further reduces the influence of sur- 
rounding surfaces. Rate of gas-mass flow over the thermo- 
couple junction is a direct and important factor in developing 
equilibrium at or near the true temperature of the gas. 


TRANSACTIONS OF THE ASME 


PYROTRON 
RECORDER 


GAS FLOW 
ORIFICES 


Fic. 4 Scuematic ARRANGEMENT OF EQUIPMENT AND METHOD 
Usep ror ComparInG HVT ann MHVT MEasuREMENT OF Fur- 
NACE Gas TEMPERATURE AT TIDD PLANT 


Equipment used for checking these conditions at Tidd Station 
is indicated in Fig. 4 of this discussion, which shows the high- 
velocity thermocouple (HVT) used on the original tests, as- 
sembled with a multiple-shield thermocouple (MHVT) in close 
proximity, and the two inserted to a distance of 6 ft%into the 


/ 


7 


Uff) fff, 


L 


Fic. 5 Typrcat CHart SHowina Recorps or Furnace Gas TEMPERATURE 
As Measurep sy HVT anno MHVT Equipment SHown In Fic. 1 


SSS 

NSS 


FURNACE-PERFORMANCE FACTORS—DISCUSSION 


furnace cavity at door location E. Provision was made for 
measuring the rate of gas flow aspirated over each thermocouple, 
and the lead wires were connected to a two-pen Bailey electronic 
temperature recorder, with high-speed clock, for simultaneous 
measurement of comparative temperature records. Multiple 
shielding of the MHVT junction was composed of ten small 
porcelain tubes packed into the enclosing shield tube in such a 
manner that gas could be drawn through all spaces of the as- 
sembly, and the thermocouple junction itself was shielded by at 
least two porcelain surfaces from surrounding walls of the fur- 
nace. (In the dust-laden gases it was found that the small 
spaces rapidly became choked by fly ash, but reasonable records 
were obtained for periods of several minutes immediately after 
the gas flow was started. ) 

A characteristic chart record is illustrated in Fig. 5 of this dis- 
cussion. To the best of the writer’s knowledge, this is the first 
time that a continuous record has been obtained from an HVT 
measuring furnace gas temperatures. The timing of the clock 
is such that 2 hr on the printed chart corresponds to 5 min of 
operating time. Both pens were given a preliminary check 
against four set values of millivoltage impressed by a portable 
potentiometer, and were then connected to the two thermo- 
couples to produce the record shown between 12:17 and 12:21 p.m. 
Lead wires were then interchanged and the records were con- 
tinued from 12:22 to 12:27 pm. It is of general interest to note 
the rather rapid fluctuation in gas temperature, with amplitude 
of 50 to 100 deg F shown by both thermocouples, but of immedi- 
ate interest to note that the record of the single-shielded HVT 
was approximately 100 deg F below the record of the multiple- 
shielded MHVT. During this run the mass flow of gases over 
the HVT was maintained at a value corresponding to that used 
in the original furnace tests, while the mass flow over the MHVT 
junction was held at a high value in order to be well above any 
critical point of its characteristics. 


REFERENCE Curve 

4° Furnace 

= 
/ 
_ 
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TEMP. DIFF. 
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at 
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a 6 8 1o 12 
GAS MASS Flow in HVT SHIELD 


Fic.6 Errecr or Gas Mass FLow oN MEASUREMENT OF TEMPERA- 
TURE BY SINGLE-SHIELD HVT 


Fig. 6 herewith shows a correlation of data from a number of 
comparative tests run in this manner, but in which the mass flow 
over the HVT junction was varied and that of MHVT held at 
the same high value. The solid curves are for a platinum ther- 
mocouple and the dash curve for a chromel-alumel thermo- 
couple, both being compared to a platinum thermocouple in the 
MHVT. It will be ‘noted that a distinct trend to higher read- 
ings was indicated as mass flow was increased from lower values, 
Which fairly approximates the slope of the reference curve re- 
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ported by Mullikin, in reference (5) of the author’s Bibliography. 
(Part IV). 

Dealing now with the gas-temperature values reported for the 
Tidd furnace tests, in which mass flow over the HVT was re- 
stricted to about 4000 psf -per hr by limited capacity of the as- 
pirator used, it appears that an error of Approximately 40 deg F 
can be ascribed to low aspiration rate, and that an additional 60 
deg F is accounted for by difference in shielding effect between 
the HVT and MHVT equipment. Corrections to the reported 
data of about this magnitude were found necessary for reasonable 
correlation with the furnace-tube temperature survey as reported 
in Part IV. 


PROBE PosiNions (AT B) 
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1330 1403 q 1440 
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Time ©- 5-47 


Fic.7 Comparison or HVT ann MHVT Recorps UnpER Various 


ConDITIONS OF EXPOSURE AND LOCATION IN FURNACE 


An interesting disclosure of the effect of thermocouple ex- 
posure is indicated in Fig. 7 of this discussion, where comparisons 
of HVT and MHVT are shown for different probe positions at 
door location B. Here the major portion of boiler screen and 
superheater was located to the left of the thermocouples, and the 
upper furnace cavity was located to the right. The records show 
general similarity in following major changes of gas tempera- 
ture but indicate that the single-shield couple was most severely 
influenced by its surroundings. 

Further explorations of this nature are needed, at different 
locations in the furnace and at different zones of temperature, to 
establish a complete basis of correction for the reported tests. It 
is strongly recommended that in future work of the Committee 
the problem and techniques of measuring true gas temperature 
be thoroughly investigated and developed for practical use. 


A. A. Orninc.* The heat-transfer data of Part I, estimated 
from measured furnace-tube-wall temperatures, indicate that a 
major portion of the heat release occurs in a small portion of the 
furnace volume. The “isothermal AZ diagrams” are often ir- 
regular, due, at least in part, to irregular ash or slag deposits 
which were properly of primary interest to the Special Research 
Committee. These irregularities make it doubly difficult to 
estimate the location and size of the zone of intense heat release. 
However, it appears quite certain that the ability to change the 
portion of the total heat release absorbed in the furmace by tilt- 
ing the burners results from a change in the location of the re- 
gion of intense heat release. 

Shifts in the portion of the heat absorbed with rating are also 


‘Coal Research Laboratory, Carnegie Institute of Technology, 
Pittsburgh, Pa. Mem. ASME. 
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probably due to changes in position or size of this region. These 
changes might well be the subject of more direct investigations. 
As a minimum, it might be interesting to have data on flame in- 
tensity as indicated by a total radiation pyrometer sighted at 
various angles through the furnace weil doors. 

In Part IV some consideration is given to the question of 
the most appropriate basis for calculating the “furnace heat- 
absorption efficiency.” The suggestion “that furnace efficiencies 
should be based upon the heat available above saturation tem- 
perature rather than above 80 F,’’ because “the capability for 
absorbing heat above saturation temperature does not exist’ is 
somewhat misleading. Heat is required for producing super- 
heated steam and, even before the combustion gases reach the 
superheat temperature, it becomes more economical to extract 
the heat in a tube bank than by transfer to the cooled wall of the 
furnace chamber. Absorption of a portion of the heat in a less 
economical fashion is necessary in order to reduce the tempera- 
ture of the suspended ash so that it will not cause slagging dif- 
ficulties in a tube bank. 

Since a steam boiler serves the dual function of evaporating 
water and superheating steam, it is generally desirable that a 
fixed fraction of heat absorption should occur in the furnace walls. 
Accordingly, the better term would be the heat-absorption ratio 
rather than the heat-absorption efficiency which might suggest the 
desirability of 100 per cent efficiency. For the purpose of cor- 
relating heat-transfer data, the ratio of heat absorbed to total 
heat input above saturation temperature would appear desirable, 
but from the operational viewpoint, the ratio should be based 
upon the heat input above the gas temperature leaving the last 
evaporating or superheating section. From the design view- 
point, the ratio of real interest is that of heat absorption to the 
cost per square foot of radiant heat-absorbing surface. 


E. M. Powe.t.® Several interesting observations can be made 
from the data presented which might be more readily appreciated 
if given in terms of gas temperature rather than the designer’s 
term, absorption efficiency. For instance, the operator has at 
his command three primary methods for regulating the tempera- 
ture of the gases entering the convection boiler surface and 
' superheater. These are the variation of excess air, the control 
of ash accumulation on the furnace walls by the operation of 
furnace-wall blowers, and the variation of the angle of burner 
inclination. The tests have been planned so that these factors 
can be isolated and evaluated individually. 

In Fig. 10 of Part II are plotted six tests showing the varia- 
tion of furnace heat-absorption. efficiency with excess air for 
both clean and dirty furnace walls at essentially a constant rat- 
ing. Using the modified Hudson-Orrok equation in a similar 
manner to that described by the authors, correcting the data to 


5 Combustion Engineering Company, Inc., New York, N. Y. 
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a constant rate of heat release of 74,000 Btu/hr/sq ft and cal- 
culating the corrected average gas temperature leaving the fur- 
nace, the following can be observed (see Fig. 8 of this discussion): 

The morning tests with a clean furnace show gas temperatures 
of 1800, 1785, and 1792 F, corresponding to 35, 23, and 17 per 
cent excess air leaving the furnace, respectively. In other words, 
there is essentially no variation of gas temperature with excess air. 
The afternoon tests with a dirtier furnace show gas temperatures 
of 1797, 1838, and 1870 F, with 35, 26, and 15 per cent excess air 
leaving the furnace, respectively, or a total variation of 73 deg F. 
Because of the sequence in which the tests were run, allowing 
ash to accumulate at a constant excess air and rating, the fol- 
lowing can be concluded: With 35 per cent excess air, no ash 
will accumulate on the furnace walls since there was no change in 
gas temperature, and the rate of accumulation will increase as 
the excess air is reduced. This is particularly interesting since 
the starting point of gas temperature is the same for all tests. 

Similar calculations from Fig. 8 of Part IV, also indicate prac- 
tically no change in gas temperature with excess air. 

The long-term effect of ash accumulation and thorough clean- 
ing is illustrated in Fig. 12 of Part II. Converting these cor- 
rected points to gas temperature shows a decrease due to clean- 
ing at the start of the test of 45 deg F. The maximum increase 
in gas temperature after cleaning was 90 deg F (test No. 25D), 
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FURNACE-PERFORMANCE FACTORS—DISCUSSION 


after which the temperature returned to that existing before 
cleaning or 45 deg F above that for a clean furnace (see Fig. 9 of 
this discussion). 

The third important variable, burner inclination, is illus- 
trated in Fig. 14, Part II. Converted to temperature these data 
indicate a total change of 430 deg F, as the burner inclination is 
varied from —30 deg.to +30 deg with a dirty furnace (see Fig. 10 
of this discussion). The change with a clean furnace is essen- 
tially the same as with a dirty furnace between —30 deg to 
horizontal. Test No. 13 was incomplete, as stated in the paper, 
and probably does not represent. the true temperature as plotted. 
Confirming this opinion, other tests on units of this type have 
indicated that greater changes in gas temperature can be real- 
ized by tilting the burners upward above horizontal than tilting 
below horizontal, substantially as shown by the dirty-furnace 
The correlation, given in Fig. 8 of Part IV, shows a total 
variation of 385 deg F between burner inclination of —30 deg 
to +30 deg of which 140 deg F is below horizontal, and 245 deg F 
above horizontal. These temperatures were calculated at a 
release rate of 79,000 Btu/hr/sq ft. 

In conclusion these tests demonstrate that the maximum gas- 
temperature change that can be effeeted by a reasonable change 
in excess air may be as much as 75 deg F, and the effect of wall 
blowers may be 50 to 100 deg F. By comparison, the added 
flexibility in operation resulting from the application of tilting 
burners and the corresponding variation of 400 deg F can be 
readily appreciated. 


tests. 


AvuTHorR’s CLosuRE—Part 


Mr. Davidson’s critical appraisal of the isothermal patterns — 


included in Part I, while of interest; is hardly in accordance with 
the known facts involved in the tests. The contention that 
“conditions” on the adjacent wall surfaces . . . will not be dis- 
continuities” is simply not in agreement with these facts. 

In many instances, visual examination of the furnace walls 
during the tests revealed definite discontinuities in slag deposits, 
i.e., “dirty” areas, covered with slag or semifused slag of various 
thicknesses, immediately adjacent to ‘clean’ areas. Such lines 
of discontinuity occurred both within the confines of individual 
walls, and at the right-angle junctions of adjoining walls. Regular 
or smooth-flowing patterns for all walls, especially in furnace- 
wall zones near the burners, would be subject to questioning 
much more than would the irregular patterns evident to some 
degree in practically all of the isothermal plots reproduced in 
Part I, and especially in those applying to dirty furnace condi- 
tions. The “off-center” firing line of the burners is probably an 
important factor in the formation of these discontinuities. 

Referring to the proposed cevision of isothermal lines in the 
vicinity of furnace wall corners, the constant temperature lines 
approaching the corners of the furnace should logically be ex- 
pected to drop off sharply, due to the geometry of the furnace. 
The shielding afforded each corner zone by the wall adjacent and 
at right angles to it reduces the solid angle and correspondingly 
the radiant heat transfer to that portion of the wall. Also, the 
beneficial sweeping of walls by the hot gases is probably very 
much diminished in these corner areas so that convection transfer 
is also at a minimum. 

It appears pertinent to describe briefly procedure used in 
Selecting isothermal line paths for Figs. 5 to 16 inclusive of 
Part I. In all cases, the patterns used for these isothermal plots 
were carefully worked out by the author and his associates in the 
project, and were in no case turned over to others not directly 
associated with the test work. No attempt whatsoever was made 
to impart an artistic touch to the data. The plots were co- 
ordinated, as far as possible, with the “furnace observation 


from all four parts of the investigation, no attempt has been 
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reports” referred to in both Parts I and IV and with other 
related data obtained during the tests. 


Avutuors’ CLosurE Part II 


The authors wish to thank Mr. Ely and Mr. Powell for their 
contributions to this paper. Mr. Ely has estimated, on the 
basis of data from direct comparisons of single and multiple- 
shield, high-velocity thermocouples, that a positive correction of 
100 deg F to the SHVT is required to place the temperatures on 
the basis of the MHVT. This value agrees very well with the 
weighted average value of 85 deg F, derived by the authors from 
the same data used by Mr. Ely and applied to all of the tempera- 
ture data given in the present paper. Mr. Powell has modified 
Figs. 10, 12, and 14, to show the effect of excess air, time, and 
burner angle on the temperature of the gases leaving the furnace. 
The conclusions he reaches are of definite interest to boiler design- 
ers and operators. 

It should be mentioned at this point that the present paper is a 
revised form of a paper originally presented at the Semi-Annual 
Meeting in June, 1947, the revisions consisting of corrections of 
gas temperafures to the MHVT basis, based upon direct compari- 
sons of the SHVT and MHVT under actual operating conditions 
of the Tidd furnace. Since comparison tests could not be made 
during the course of the furnace-efficiency tests, Mr. Ely and the 
Combustion Research staff of the Bureau of Mines made them 
only a few weeks prior to the presentation of the paper and 
therefore too late to include with the other data. The revised 
paper given here, however, has incorporated a correction of 85 
deg F, and gas temperatures and enthalpies are reported on the 
SHVT and MHVT bases for comparison. 

The conventional MHVT becomes plugged very rapidly with 
ash in pulverized-coal furnaces and generally the SHVT has 
been used for measuring gas temperatures. However, since the 
SHVT is known to give lower temperatures than the MHVT, 
corrections are applied to SHVT data to place them on the 
MHVT basis. It has been agreed by the Furnace Performance 
Factors Committee that such corrections are unique to each 
furnace and depend largely upon the ratio of radiant to convective 
surface to which the shield is exposed. Therefore, part of the 
pending work by the Committee will be to devise and test vari- 
ous types of shields that are suitable for service in pulverized- 
coal furnaces, and yet as effective as the conventional MHVT 
with regard to indicating the true gas temperature. 


AuTuHors’ CLosuRE—Part IV 


Mr. Orning’s analysis of the significance of the relative pro- 
portion of furnace heat-absorbing (radiant) surface to tube bank 
(convection) surface is quite sound. From the designer’s point 
of view, this ratio is of paramount importance when considering 
over-all boiler unit performance, especially as regards required 
superheated steam temperature. However, as should be evident 


made to either test or analyze the performance of the entire 
boiler unit. 

In reply to the more specific question concerning the advis- 
ability of using “heat available above saturation temperature” 
as a basis for presenting furnace performance data, it should be 
stated that this was done only after a very careful analysis of 
the possible implications involved therein. It was finally agreed 
that this would provide a more nearly equitable basis for com- 
paring the relative heat-absorbing capacity of the particular 
furnace under test, with its characteristic shape and firing 
arrangement, with the heat-absorbing capacity of other furnaces 
with different shapes aad firing arrangements. Furthermore, it 
is the only basis of evaluating the absolute absorption. 
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I—Introductory Comments to a Series of 
Contributions on Gas Properties 


By F. G. KEYES,' CAMBRIDGE, MASS. 


The symposium of which this comment serves as an 
introduction is the result of a meeting in April, 1947, of 
the ASME Special Research Committee on Properties of 
Gases, at which it was decided to review the present availa- 
ble knowledge of the properties of twelve gases and to 
plan a program of investigations to amplify this knowl- 
edge to meet present-day application requirements. 
The twelve pure-substances are helium, argon, mercury, 
hydrogen, nitrogen, oxygen, carbon monoxide, water, 
carbon dioxide, ammonia, methane, and ethylene, to 
which the natural mixture air has been added because of 
its general importance. 


survey, as designated by the Committee, are the pressure- 

volume-temperature relation, specific heat, enthalpy 
(H), equilibrium constants for common reactions, and derived 
quantities, such as, entropy (S), and free energy (F), or the func- 
tion? F = H — TS, where T is the temperature. In addition, the 
following nonthermodynamic properties, are included: Heat 
conductivity, viscosity, diffusivity, emissivity, and sound veloc- 
ity. 

In view of the extended nature of the assignment, coupled 
with the fact that other members of the Committee are actively 
contributing new {information in the field of gas properties, the 
collaboration of six colleagues was requested. The complete 
list of contributors to the presentation of gas properties follows: 


r NHE gas properties of immediate interest in the present 


Mr. Serge Gratch, department of mechanical engineering, 
Towne Scientific School, University of Pennsylvania: “The 
Vapor Pressure and p-v-7' Data for He, A, Hg, He, N2, Os, CO, 
COs, Air.” 

Prof. George A. Hawkins, department of mechanical engi- 
neering, Purdue University: ‘A Brief Review of Available Data 
on Dynamic Viscosity and Thermal Conductivity for 
Twelve Gases.’ 


Prof. Gerhard Herzberg, Yerkes Observatory, University of 
Chicago: ‘Molecular Constants From Spectroscopic Data.” 
Prof. H. L. Johnston, department of chemistry, Ohio State 


' Department of Chemistry, Massachusetts Institute of Tech- 
nology. 

* These quantities by implication suggest the problem of the equa- 
tion of state or the correlation of the p-v-T data. The very con- 
siderable practical importance of discovering an accurate analytical 
form or forms for the purpose should provide the subject matter of a 
special communication, in view of the existing partial theoretical 
basis which now exists not only for the equation of state for pure 
gases but also for mixtures. An excellent summary of the status of 
the problem was presented some years ago by J. A. Beattie and W. H. 
Stockmayer.? 

“Equations of State,” by J. A. Beattie and W. H. Stockmayer, 
Reports on Progress in Physics, vol. 7, 1940, p. 195. 

Contributed by the Applied Mechanics and Heat Transfer Divi- 
sions, under the auspices of the Research Committee on Properties of 
Gases and Gas Mixtures, and presented at the Annual Meeting, 
Atlantic City, N. J., December 1-5, 1947, of Tue AMERICAN Society 
OF MECHANICAL ENGINEERS. 

Nore: Statements and opinions advanced in papers are to be 
understood as individual expressions of their authors and not those of 
the Society. Paper No. 47—A-161. 
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“‘Joule-Thomson Coefficients and Enthalpy Data.” 
Prof. Frederick G. Keyes, department of chemistry, Massa- 
chusetts Institute of Technology: ‘Vapor Pressure, Specific 
Volume and p-v-7' Data for HxO, NH;, CHy, C2H,.” 
Dr. John G. Miller, department of chemistry and chemical 
engineering, University of Pennsylvania: ‘Dielectric Constants 
and Refractivity Data.” 
Dr. Frederick G. Rossini, National Bureau of Standards: 


“Heats of Formation antl Chemical Thermodynamic Proper- 
ties.” 


University: 


PURPOSE OF SURVEY 


The general purpose of the survey is to review the state of 
present available knowledge of the properties of the twelve 
gases selected, and on the basis of this evaluation ultimately 
to map a series of investigations designed to complete our knowl- 
edge to a sufficient degree for the solution of problems of design 
and operation of gas turbines and rocket motors, as well as to 
solve the situations arising in combustion processes, flow prob- 
lems, and heat transmission. 

During the past 30 years there has been an accelerated output 
of accurate pressure-volume-temperature data for a wide range 
of substances. However, in the past, the demand for this infor- 
mation has greatly exceeded the supply in several directions, and 
now accurate information is needed at higher temperatures than 
are readily accessible to the early techniques of measurement. 
Thus the upper limit of the steam investigations, sponsored by 
this Society beginning in the early 1920's, reached a temperature 
of 860 F, which exceeds the temfserature of accurate measurement 
of volume and pressure‘for any substance. At present, however, 
reliable data are desired for some engineering projects to tem- 
peratures of at least 1500 F, and even higher in the case of some 
substances. 

It is believed that accurate data can be secured at these tem- 
peratures but, as already indicated, not by the use of the older 
methods above 900 F. To obtain the new inforntation, use can 
be made of flow methods for the measurement of enthalpy 
changes with pressure, methods which had been under develop- 
ment for some time prior to 1940. 

Information about the zero-pressure specific heats of gases of 
simpler composition, i. e., hydrogen, nitrogen, oxygen, carbon 
monoxide, can be computed satisfactorily from fundamental 
molecular constants obtained from the mutual relations of the 
spectral lines of the substances leading to the energy levels of the 
molecule. From these levels the zero-pressure specific heats can 
be computed accurately to very high temperatures, indeed with 
precision to several thousand degrees Centigrade. In the case of 
triatomic molecules, the spectral data are less easy to obtain 
and more difficult to interpret, while the molecules of greater 
complexity offer correspondingly greater difficulties. In his 
paper, Professor Herzberg will give a clear impression of these 
details of a development which has made great strides in the past 
20 vears. 


Wipe RANGE oF INFORMATION REQUIRED 


A great deal of exact information at atmospheric pressure is 
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lacking regarding heat conductivities, viscosities, and diffusivities, 
fundamentally transport phenomena, of energy, of momentum, 
and of mass. The pressure effects are but little known, and with- 
out increased knowledge, generally, the solution of flow and heat- 
transmission problems is much hampered. 

The measurement of radiation coefficients should also receive 
early attention, since exchange of energy by radiation takes on 
increasing significance as higher temperatures are encountered. 
Parallel with the investigation of radiation coefficients, it would be 
desirable to investigate the causes of the change of the coef- 
ficients under various circumstances. 

The analytical correlation of data on properties is very impor- 
tant since a reliable and accurate correlative relationship reduces 
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enormously the amount of experimental material required. 
For example, the development of the theory of intermolecular 
force has led to an understanding of the first-order departure of 
gases from the ideal gas law relating pressure, volume, and tem- 
perature, not only for pure substances but with important im- 
plications with respect to mixtures. An example will be given 
in the course of the present series of papers of the fidelity with 
which p-v-7' data may be correlated. 

A great deal remains to be discovered empirically about the 
correlation of the pressure and temperature effects for viscosity 
and heat conduction. To date a considerable basis exists for the 
temperature effect at low pressures, but little for the combined 
effects of pressure and temperature. 
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II—Molecular Constants From Spectroscopic 
Data 


By G. HERZBERG,! WILLIAMS BAY, WIS. 


A brief discussion is given of how from the study of 
molecular spectra those molecular constants can be ob- 
tained that are of importance for the calculation of ther- 
modynamic functions of gases in the ideal gaseous state. 
Subsequently, the existing data are reviewed for the spe- 
cific gases at present under consideration by the ASME 
Special Research Committee on Properties of Gases. 


HE zero-pressure thermodynamic properties of gases can 
be derived from a knowledge of the energy levels of the 
corresponding molecules. These energy levels can be ob- 
tained directly from the spectra of the molecules considered. 
Once their positions have been established, it is a matter of 
simple, though lengthy, calculations to predict with complete 
certainty and high accuracy the zero-pressure specific heat, en- 
thalpy, and reduced entropy of the gas under consideration. 
There are essentially three contributions to the energy of a 
molecule: namely, 1, that resulting from the motion of the elec- 
trons; 2, that due to the vibrations of the nuclei; and 3, that 
resulting from the rotation of the whole molecule (or in some 
cases of its parts with respect to one another). The electronic 
energy is entirely similar to that for atoms. It gives the largest 
contribution to the energy. Frequently, except at very high 
temperatures, only the electronic ground state need be considered 
in calculations of thermodynamic functions. In each electronic 
state the molecule may have various (discrete) amounts of vi- 
brational energy, and in each vibrational level it may have 
various (discrete) amounts of rotational energy. The vibra- 
tional and rotational energy levels are the most important for 
the calculation of thermodynamic functions. 
For a diatomic molecule the vibrational-energy levels are given 
by (in em~!) 
G(v) = w,(v + '/2) — + 3/2)? +.... 
Where v is the vibrational quantum number which can assume the 
values 0, 1, 2, . . . and where », is the (classical) vibrational 
frequency for infinitesimal amplitudes and w,7, (<<w,) a constant 
indicating the anharmonicity of the vibrations. For polyatomic 
molecules there are several “normal’’ vibrations of frequency ; 
and quantum number v,, and the vibrational energy is 
G(v,, Ve, U3, .. = (v, 1/9) + =z Lik (v; + 1/5) (v; + 1/4)+ ee 
Where the 2, are small anharmonicity constants. 
The rotational levels of a diatomic molecule are given in the 
simplest case by 
F(J) = BJ(J + 1) 


_' Professor of Spectroscopy, Yerkes Observatory of the Univer- 
sity of Chicago. 

Contributed by the Applied Mechanics and Heat Transfer Divi- 
sions, under the auspices of the Research Committee on Properties of 
Gases and Gas Mixtures, and presented at the Annual Meeting, 
Atlantic City, N. J., December 1-5, 1947, of Toe AMERICAN Society 
OF MECHANICAL ENGINEERS. 

Nore: Statements and opinions advanced in papers are to be 
understood as individual expressions of their authors and not those 
of the Society. 


where J is the rotational quantum number and B, is a constant 
slightly different for different vibrational levels of the same elec- 
tronic state 


B, = B,— av + 3/2) +... 
Here 


h 


where J, is the moment of inertia of the molecule in the equilib- 
rium position and a, is small compared to B, and indicates the 
interaction of vibration and rotation. For polyatomic molecules 
there are, in general, three moments of inertia about the three 
principal axes and the energy levels depend on their values in a 
manner similar to but more complicated than for diatomic mole- 
cules. 

The spectra of molecules correspond to transitions between 
these energy levels. The transitions between different vibra- 
tional levels give rise to “‘bands’’ each of which has a fine struc- 
ture which is determined by the different posstble transitions be- 
tween the various rotational levels belonging to the two given 
vibrational levels. Broadly speaking, it may be said that the 
separations of bands give the separations of the vibrational levels 
and therefore the vibrational constants w, and w,r,, or w; and 
x;,. Similarly, the separations of appropriaté fine structure lines 
give the separations of the rotational levels and therefore the 
rotational constants B, and a, or the moments of inertia of the 
molecule. 

If the vibrational energy is increased more and more, a point 
is reached eventually at which the particular bond is broken — 
and the molecule is dissociated. The dissociation energy in the 
case of diatomic molecules corresponds: to the maximum of the 
function G(v). The dissociation energy can also be determined 
from the spectrum of the molecule considered. However, this 
often requires a more detailed investigation of the spectrum than 
is necessary for the determination of the rotational and vibra- 
tional constants. A knowledge of the dissociation energies is 
necessary in addition to the knowledge of the thermodynamic 
functions if the equilibrium of gas reactions is to be predicted, 
particularly the equilibrium concentrations ‘of free atoms and 
radicals in molecular gases at high temperatures. 

With regard to the gases at present under consideration by the 
ASME Research Committee, the following remarks pertaining to 
their molecular constants may be made: 

For the monatomic gases and vapors He, A, and Hg, the energy 
levels are so accurately known from the spectrum that the ther- 
modynamic functions can be calculated with an accuracy which 
is limited only by the accuracy of the fundamental constants. 

In the case of the diatomic molecules Hz, Or, No, and CO, the 
rotational and vibrational constants are known with sufficient 
accuracy (1)? to obtain the thermodynamic functions with an 
accuracy of 0.1 per cent or better to fairly high temperatures. 
For all four molecules, further improvements of the molecular 
constants are possible and desirable for the calculation of the 


2 Numbers in parentheses refer to the Bibliography at the end of 
the paper. 
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thermodynamic functions at very high temperatures. In the 
ease of Oy, the rotational constants recently have been deter- 
mined with a much improved accuracy by Babcock and Herzberg 
(2). Moreover, O» is the only molecule of those being considered 
in this paper, for which excited electronic states become of im- 
portance for the calculation of thermodynamic functions at 
high temperatures. Precise data for these excited electronic 
states of O. have recently been determined at Yerkes Observa- 
tory (2, 3). 

The outstanding problem is the question of the dissociation 
energies of N, and CO. These are of importance not only for the 
calculation of equilibria of gas reactions but also for the deter- 
mination of the atomic heats of formation of many polyatomic 
molecules, the heat of sublimation of carbon, and other problems. 
For the dissociation energies of both Nz and CO, several con- 
flicting values appear in the literature, between which, as yet, no 
unambiguous decision has been obtained. In the case of N2 
some unpublished work of L. Herzberg strongly supports the 
value of 7.384 first given by Herzberg and Sponer (4). Work 
aimed at a decision of the question of the heat of dissociation of 
CO is in progress at Yerkes Observatory. 

For the polyatomic molecules CO., HzO, NH;, CHy, and C,H, 
the rotational and vibrational constants as yet are not known 
with as high a precision as those of the diatomic molecules just 
discussed. Nevertheless, except for the case of C,H, for which 
there is still an uncertainty about the identification of two of the 
normal vibrations, the available spectroscopic data (5) are suf- 
ficient to calculate thermodynamic functions up to 1000 deg K 
with an accuracy ef, say, 5 per cent. Most of the uncertainty 
results from the inaccuracy of the anharmonic constants z,;, thus 
far available. This inaccuracy will have an even larger effect at 
still higher temperatures. Work is in progress in this laboratory 
on the higher vibrational levels of CO. and CH,, which it is 
hoped will lead to more precise values for the anharmonic con- 
stants. Several laboratories are engaged in a further study of the 
vibrations of the C.H, molecule. 

The values of the rotational constants B, and a, have only a 
very slight effect on heat capacity and heat content, but do af- 
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fect appreciably entropy and free energy. As an illustration, 
the effect of the discrepancy between two recently published 
values of the rotational constant Bo of CO. may be mentioned. 
The author (5) some time ago derived a value of 0.3895 em! for 
this constant from measurements of Barker and Adel (6), and 
Cameron and H. H. Nielsen (7), while more recently A. He Niel- 
sen and Yao (8) obtained a value of 0.3910 from new measure- 
ments of the infrared band at 4.25 u. Depending upon which 
value is chosen, entropy values differing by 0.0076 cal/mole/deg 
are obtained. Very recently a more accurate B value, 0.39043, 
has been determined by the author from photographic infrared 
bands. With this value, the error in the contribution to the. 
entropy should be less than 0.002 cal/mole /deg. 

* There is no question but that an intensive study of the spectra 
of CO, H,O, NH;, CHy, and C,H, will make it possible to derive 
molecular constants and therefore thermodynamic functions of 
these molecules comparable in accuracy to those now available 
for the diatomic molecules discussed in this paper. 
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[l1]—Heats of Formation and Chemical 
Thermodynamic Properties 


By FREDERICK D. ROSSINI,' WASHINGTON, D. C. 


This report describes the tables of selected values of 
chemical thermodynamic properties issued by the Na- 
tional Bureau of Standards and presents a summary of 
values of the heats of formation of the molecules H.O, 
CO, CO,, CH,, C,H,, NH;, and the atoms O, H, N, C, all 
in the gaseous state. 


INTRODUCTION 


HE assembly of the table of values of the heats of forma- 
si in the International Critical Tables (1),? published in 

1929, was the first attempt ever made to collate all the pub- 
lished data involving heats of reaction, and to prepare there- 
from a self-consistent table of selected values of the heats of for- 
mation of the chemical substances. A revision and extension of 
these tables was published in 1936, in book form (2). How- 
ever, it became obvious that the continuous maintenance of a 
complete thermochemical table is a work too great to be borne 
by individuals through part-time work as an “extracurricular” 
activity. 


NBS TaBies or CHEMICAL THERMODYNAMIC PROPERTIES 


In 1940 the National Bureau of Standards officially undertook 
the responsibility of maintaining tables of thermochemical and 
other chemical thermodynamic data by assigning one investigator 
to work full time on this project under the direction of the author 
in the NBS Section on Thermochemistry and Hydrocarbons. 
Since then, the full-time workers on this project have been in- 
creased to four, and the first lot of tables was issued as of March 
31, 1947. The U.S. Office of Naval Research added its material 
support to this project beginning January 1, 1947. 

The NBS tables of chemical thermodynamic properties are 
being issued in loose-leaf form in three series, as follows: 


In Series I, for all the chemical compounds for which necessary 
data are available, selected values are given of the following 
properties: 

(a) AHf°2s.1, the heat of formation at 298.16 deg K 
(25 deg C), from the elements in their standard states. 

(b) AFf°s.16, the free energy of formation at 298.16 deg K 
(25 deg C), from the elements in their standard states. 

(c) logieKfoss.1s, the logarithm of the equilibrium constant of 
formation at 298.16 deg K (25 deg C), from the elements in their 
standard states. 

(d) S°ogs1¢, the entropy at 298.16 deg K (25 deg C), for the 
standard state. 

(e) C°, 298.16, the heat capacity at 298.16 deg K (25 deg C), for the 
standard state. 


1 Chief, Section on Thermochemistry and Hydrocarbons, National 
Bureau of Standards. 


* Numbers in parentheses refer to the Bibliography at the end of ° 


the paper. 

Contributed by the Applied Mechanics and Heat Transfer Di- 
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(f) AHf%o, the heat of formation at 0 deg K, from the elements 
in their standard states, 

In the tables of Series I, the compounds are arranged in groups 
according to a standard order. Fig. 1 shows a reproduction of 
Table 8-1 of Series I, covering certain compounds of the hydrogen 
group. 

In Series IT, for all the chemical compounds for which necessary 
data are available, selected values are given of the following 
properties: 


(a) The temperature, heat, and entropy of transition (from one 
crystalline form to another). 

(b) The temperature, heat, and entropy of fusion. 

(c) The temperature, heat, and entropy of vaporization. 


Also, in the tables.of Series II are included, as appropriate and 
known, values of the corresponding pressures. The order of 
arrangement of the substances in Series II is the same as in Series 
I. Fig. 2 shows a reproduction of Table 10 of Series II, covering 
certain compounds of the chlorine group. 


In Series III, for individual compounds as known or calculable, 
from 0 deg K to high temperatures (in some cases to 5000 deg K), 
selected values are given of the following properties: 


(a) AH/f°,, the heat of formation at the given temperature, 
from the elements in their standard states. 

(6) AFf°,, the free energy of formation at the given tempera- 
ture, from the elements in their standard states. 3 

(c) logioKf7, the logarithm of the equilibrium constant of 
formation at the given temperature, from the elements in their 
standard states. 

(d) (F°; — H*,)/T, the free energy function at the given tem- 
perature, for the standard state. 

(e) (H°, — H%s)/T, the heat content (enthalpy) function at the 
given temperature, for the standard state. 

(f) S°,, the entropy at the given temperature, for the standard 
state. 

(g) H°; — H%, the heat content (enthalpy) at the given tem- 
perature, referred to 0 deg K, for the standard state. 

(h) C°,, the heat capacity at the given temperature, for the 
standard state. 


In Series III, only one compound is covered in each table. 
Fig. 3 shows a reproduction of the table of Series III giving 
values for carbon monoxide. 

One set of these tables, with supplements as issued, is being 
made available to each university department of physics, chem- 
istry, or engineering. U. S. Government laboratories, research 
institutions, and industrial laboratories may obtain one set each 
upon request to the National Bureau of Standards. It is planned 
to have new tables in one or more of the three series issued each 
quarter. Complete sets of references to the data from which the 
selected values have been obtained. will be issued later. 


Unit or ENERGY 


Calorimetric measurements of energy in the United States have 
been based on the international joule as derived from mean solar 
seconds, and the units of international ohms and international 
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Series _! . Table 8-1 — Hydrogen (at. no., 1; at. wt., 1,0080) 


Substance | | Logokf | 
At At 298.16% (25 °C) 

Formula Description State | kcal/mole | kcal/mole | kcal/mole caV/deg mole| cal/deg mote} 
1s 9 51.620 52.089 48.575 -35.60481 27.393 4,968 
| 365.133 | 367.083 
H* std. state, hyp.m=1 aq 0.000 0.000 0.00000 0.000 0.000 
He g 0.000 0.000 | 0.000 0.00000 Siv2i1 6.892 
Ho aq 
OH g 10.0 10.06 8.93 -6.546 43.888 7 141 
OH™ g -75. -76.4 
OH” std. state,hyp.m=1] aq -54.957 | -37.595 | 27.5567 | -2.519 | -32.0 | 
H20 water Q -57.1043 -57.7979 | -54.6351 40.04695 45.106 8.025 

liq —68.3174 | -56.6899 41.55301 16 .716 17.996 
H202 -31.63 
lig 44.84 
std. state, hyp.m= aq -45.68 
in 1 420 aq -45.43 
2 HeO aq -45.55 
5 aq -45.64 
Notional Bureau of Standards, Washington, D.C. March 31, 1947; June 30, 1947 
Fig.1 Seiectep VALUES OF CHEMICAL THERMODYNAMIC PROPERTIES FOR HypROGEN COMPOUNDS 
Series ll Toble 10. — _ Chlorine (at. no., 17; at. wt., 35.457) 
Substance Process Pressure| Temperature OH As ACp 
Formula | Description Type mmHg °C °K kcal/mole | cal/deg mole|cal/deg mole 
Cl. Fysion liq -100.98] 172.18 8.892 fuse 
Vaporization liq Q -100.98] 172.18 
Vaporization lia q 760 -34.05]} 239.11 4.878 20.40 -8.76 
C10. Vaporization liq 760 ii. 284 1.43 
C120 Vapori zation lig 760 1.9 | 275.1 6.11 22.2 
C1207 Vaporization lig a 85.31 25.00] 298.16 7.96 26.7 
Vaporization| liq 9 760 81.5 | 354.7 ‘7.88 22.2 
HC] Transition ¢, II -174.74] 98.42 0.2843 2.889 
Fusion oe | liq “114.19 158.97 0.4760 2.994 2.10 
Vaporization liq g 760 -85.03 | 188.13 3.86 20.5 -7.14 
HC1*2H20 Fusion c liq 760 -18 258 2:0 9.7 
CIF Vaporization liq ] 760 -100.3 | 172.9 5.34 30.88 
ClFs . Vaporization liq g 760 11.4 | 284.6 5.74 20.2 
C10eF Vaporization| liq g ~ 760 -5.8 | 267.4 5.60 20.9 
Notional Bureau of Standards, Washingtoh, 0.¢. June 30, 1947 
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Series LLL Table _23 _— __Carbon compounds 
Substance CO (ga); mol. wt., 28.010 
y Temperature °K 
prepay | Gate 0 50 | 100 | 150 | 200 | 250 [298.16] 300 | 400 f 500 
kcal/mole | -27.2019 -26.5967 |-26.4933 | -26.4157|-26.4131 |-26.317 | -26.295 
kcal/mole | -27.2019 -30. 7342 +31.7819 | -32.8079|-32.8464 |-35.007 -37.184 
Login Kf | 33.58452 | 27.78357 | 24.04778 23.92832] 19.12679| 16. 25296 
(F°=Hg)/T | cal/deg mole Q -37.574 }-39.124 |-40.350 |-40.391 |-42.393 | -43.947 
(H®°-H$)/T | cal/degmok}] 0 6.9470] 6.9495| 6.9514] 6.9515] 6.9594 | 6.9799 
s° cal/deg mole} 0 44.521 | 46.074 | 47.301 | 47.342 | 49.352 | 50.927 
H°- Hg cal/mole 0 n389.40 {1737.38  |2072.63 2085.45 [2783.8 [3490.0 
Cy cal/deg mole} 0 6.956 6.958 | 6.965 6.965 7.013 | 7.120 
600 700 800 | 900 1000 | 1100 | 1200 | 1300 | 1400 | 1500 
OHf° kcal/mole | -26.330 | -26.407 | -26.511 |-26.635 | -26.768 | -26.909 | -27.056] -27.212 -27.376 | -27.545 
AF f° kcal/mole | -39.358 | -41.526 | -43.677 |-45.816 | -47.942 | -50.053 | -52.153| -54.235 | -56.308 | -58.370 
Logig Kf 14.33598] 12.5 11.93188} 11.12555] 10.47761| 9.94451] 9.49827} 9.11764] 8.78999] 8.50442 
(F°-H)/T | col/deg mole] -45.222 | -46.308 | ~47.254 |-48.097 | -48.860 | -49.554 | -50.196] -50.789 | -51.345 | -51.864 
(H®°-H$)/T | cal/deg mole} 7.0159] 7.0654 7.1247] 7.1895] 7.2569 7.3238] 7.3898 7.4538 7.5149} 7.5729 
cal/deg mole} 52.238 | 53.373] 54.379 | 55.287 | 56.116] 56.878 | 57.586] 58.243] 58.860 | - 59.436 
H°-He cal/mole {4209.5 [4945.8 [5699.8 [6470.6 |7256.5 {8056.2 |8867.8 |9689.9 {10520.9 | 11358.8 
Cy ° cal/deg mole 7.276 7.451 7.624 | 7.787 7.932] 8.058 8.167] 8.265 8.349 8.419 
Nationa! Bureou of Stondords, Washington, D.C. March 31, 1947 
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_ volts, in terms of which certification of standard cells and stand- 
ard resistances has been made by the National Bureau of Stand- 
ards. Beginning January I, 1948, certification of standard cells 
and resistances by the National Bureau of Standards has been 
made in terms of absolute volts and absolute ohms. Measure- 
ments of power made with apparatus so calibrated will be in terms 
of absolute watts, with the energy in absolute joules. At the 
present time, the National Bureau of Standards values for the 
absolute and international electrical units are such that (33) 


1.000165 absolute joules... .[1] 


For purposes of tabulation, and for more popular use, it has 
been found convenient to retain the calorie as the name of a unit 
of energy. Values of energy actually measured in international 
joules have been converted to a conventional thermochemical 
calorie defined by the relation (3, 4) 


1 international joule 


4.1833 international joules = 1 thermochemical calorie. . [2] 


With electrical energy being measured in terms of absolute units, 
beginning January 1, 1948, the thermochemical calorie may be 
defined as follows? 


4.1840 absolute joules 1 thermochemical calorie. . [3] 


Values of energy obtained from spectroscopic measurements 
are based upon “wave numbers,’ expressed in reciprocal centi- 


‘It is important to note that the thermochemical calorie differs 
from the IT steam calorie by a small amount, as follows: 
1 IT steam calorie = international watt-hour 
= 4.18605 international joules 
= 1,00065 thermochemical calories 
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meters. Conversion of wave numbers to the conventional 
thermochemical calorie is made by means of the relation (5, 6) 


1 wave number = 2.8585 + 0.0009 calories... .. {4] 


In the same set of fundamental constants the gas constant is 
(6) 


R 1.98719 + 0.00013 cal/deg mole 


with the absolute temperature of the ice point being taken as 


0 deg C = 273.160 + 0.010 deg K 


THERMOCHEMICAL TABLE 


The ideal thermochemical table is one which will permit calcu- 
lation of the heat of every chemical reaction. Obviously, it is 
impractical to list in a table the heat of every reaction, but the 
same end is accomplished by listing for each chemical substance 
its heat of formation from the elements in selected standard 
states. It is evident that, by proper selection, the number of 
chemical reactions whose heats must be determined will be 
about the same as the number of substances listed in the table. 
Some saving in the number of reactions to be measured will occur 
among the organic compounds because of certain simplifying rules 
for the increment in energy per CHe group, and because of certain 
correlations which may be made in the relation between isomeric 
structure and energy content (3, 7, 8, 9, 10, 11, 12). 

The value of the heat of formation of a given substance may be 
the result of the determination of the heat of one reaction, as for 
liquid water and gaseous carbon dioxide 


H.(gas) + 1/, (gas) = HO (liquid) 


[5] 
(7] 
i 
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C(c, graphite) + O.(gas) = CO,(gas)........ [8] 


For many other substances, however, the value will result from 
the measurement of the heats of a number of chemical reactions. 
For example, the heat of formation of gaseous methane involves 
appropriate addition (or subtraction) of three different reactions, 
including the two foregoing reactions and the following one 


CH,(gas) + 2 O.(gas) = CO.(gas) + 2 HO (liquid)... [9] 


From a complete table of heats of formation, the heat of any 
given reaction is calculated by taking the sum of the heats of 
formation of the products of the reaction and subtracting the sum 
of the heats of formation of the reactants. 


HEATs OF FORMATION OF 
H,0, CO, CO2, C2Hy, NH; 


Selected values of the heats of formation at 298.16 deg K 
(25 deg C) and 0 deg K, from the elements in their standard 
reference states, are given for each of these substances in Series I 
of the NBS Tables of Selected Values of Chemical Thermo- 
dynamic Properties, as follows 


H.(gas) + '/2 O2 (gas) = H2O(gas)......... [10] 
AHf °298.16 = —57.7979 += 0.0101 kcal/mole... [10a] 
= —57.1043 + 0.0101 kcal/mole...... {100} 
“C(e, graphite) + O2(gas) = CO (gas)...... [11] 
AHf °28.16 = —26.4157 + 0.0307 kcal/mole... . [11a] 
= —27.2019 + 0.0307 kcal/mole. ..... {11b] 
C(c, graphite) + O2(gas) = CO.(gas)........ [12] 
AHf = —94.0518 += 0.0108 kcal/mole. ... . [12a] 
AHf*, = —93.9686 + 0.0108 kcal/mole...... {120} 
C(c, graphite) + 2 H2(gas) = CHy,(gas)....... [13] 
AHf °29s.16 = —17.889 + 0.075 keal/mole...... [13a] 
AHf°s = —15.987 + 0.075 keal/mole....... {13b] 

2 C(e, graphite) + 2 H2(gas) = (gas)..... [14] 
AHf 29-16 = 12.496 += 0.066 kcal/mole...... [14a] 
AHf°o = 14.522 += 0.066 keal/mole........ {14b] 

1/. No (gas) + 3/2 He(gas) = NH;(gas)....... [15] 
AHf 298.16 = —11.04 + 0.10 kcal/mole....... {15a} 
AHf*s = —9.38 + 0.10 kcal/mole........ 


The foregoing values of heats of formation are believed to be 
reliable within the limits of uncertainty indicated (13). 

References to the sources of the foregoing values are as fol- 
lows: H,O(1, 2, 5, 14); CO (1, 2, 5, 15); CO, (1, 2, 17, 18, 19, 
20); CH, (1, 2, 9, 15); C.H,(1, 2, 10, 16); NHs (1, 2, 21). 
Additiona! references are given in the papers cited. 


HEaTS OF FORMATION OF 
Tue Gaseous Atoms O, H, N, C 


For convenience, the values of the heats of formation of 
the gaseous atoms are referred to the elementary molecules of the 
same substances. The heats of formation of the gaseous atoms of 
oxygen, hydrogen, and nitrogen are best evaluated from spectro- 
scopic values of the heats of dissociation of the corresponding 
diatomic elementary molecules into the monatomic atoms, each 
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in the gaseous state in the ground level of energy. With regard to 
gaseous monatomic carbon, values may be calculated in two ways 
as follows: One way involves the spectroscopic heat of dissocia- 
tion of gaseous carbon monoxide (into gaseous monatomic carbon 
and oxygen) and the heats of formation of monatomic gaseous 
oxygen and of gaseous carbon monoxide, as follows 


CO(gas) = C(gas) + O(gas)............ [16] 

Oo(gas) = O (gas) ..... [17] 

C(c, graphite) + O.(gas) = CO(gas)..... 

The sum of Reactions [16] and [18], less Reaction [17], yields 
C(c, graphite) = C(gas).............. {19] 


The second way of evaluating the heat of formation of gaseous 
monatomic carbon is to utilize experimental data on the vapor 
pressure of graphite as a function of temperature. The heat of 
sublimation of carbon is related to the change of vapor pressure 
with temperature by means of the thermodynamic relation 


where, for the process of sublimation, MH and AV are the incre- 
ments in heat content (enthalpy) and volume, respectively, per 
mole, P is the pressure, and 7 is the absolute temperature. In 
evaluating experimental data of the foregoing kind, appropriate 
accounting must be made, if significant, of that fraction of gaseous 
carbon which is diatomic rather than monatomic. 

Selected values of the heats of formation at 298.16 deg K 
(25 deg C) and 0 deg K, from the elements in their standard ref- 
erence states, are given for gaseous monatomic oxygen, hydrogen, 
and nitrogen in Series I of the NBS Tables of Selected Values of 
Chemical Thermodynamic Properties, as follows 


AHS°mas = 59.159 * 0.050 keal/mole...... [21a] 
AHf*, = 58.586 + 0.050 keal/mole......... (21) 

AHf = 52.089 + 0.010 kcal/mole...... [22a] 
= 51.620 + 0.010 keal/mole........ [22b] 

1/9 N2(gas) = N(gas)................ [23] 

AHf = 85.566 + 0.060 kcal/mole...... [23a] 
= 85.120 + 0.060 keal/mole........ [23b] 
C(e, graphite) = C(gas).............. [24] 


AHf = 126.362 or 171.698 kcal/mole... . . [24a] 
AHf°o = 125.055 or 170.391 keal/mole....... {24b] 


For the foregoing values, uncertainties are given for the values 
for gaseous monatomic oxygen, hydrogen, and nitrogen. With 
regard to the value for gaseous monatomic carbon, the situation 
is complicated by the fact that the published data are conflicting. 
For the heat of sublimation of graphite at 0 deg K, the most 
probable interpretations at the present writing yield two different 
precise values, one near 125 kcal/mole, and the other, near 170 
kcal/mole, as given by Equations [24a] and [245]. 

In 1936, at the suggestion of the author, G. Herzberg reviewed 
(22) the existing spectroscopic data on the energy of dissociation 
of carbon monoxide, as given by Equation [16]. Herzberg then 
concluded that, while there were several possible values, the most 
probable one was that which yielded the value near 125 kcal/mole 
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for the heat of sublimation of graphite at 0 deg K. Subsequently, 
other reports have appeared, some favoring a lower value (23, 24) 
and some favoring a higher value (25). In a recent comprehensive 
review of the entire problem, Long and Norrish (26) conclude 
that the value recommended in 1936 by Herzberg still appears to 
be the most probable one. New experimental data which are 
known to be in. progress in several different laboratories should 
help to settle this important question. In particular, reference 
may be made to the recent work of Brewer and Gilles who recom- 
mend the value near 170 kcal/mole for the heat of sublimation of 
graphite at 0 deg K. 

References to the sources of the values for the heats of formation 
of the gaseous atoms are as follows: O(27); H(28); N(29, 30, 
25); C(22, 23, 24, 25, 26, 31, 32). Additional references are given 
in the papers cited. 

Note added in proof: The new publication of L. Brewer, P. 
W. Gilles, and F. A. Jenkins, Journal of Chemical Physics, vel. 
16, 1948, appears definitely té fix the value for the heat of sub- 
limation of graphite at 0 deg K to be the one near 170 kcal/mole. 
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IV—Vapor Pressure, Specific Volume, p-v-7 
Data for H,, N,, O,, CO, CO,, Air, 
He, A, Hg 


By SERGE GRATCH,' PHILADELPHIA, PA. 


Accurate p-v-T data are available for the pure gases H:, 
N., He, and A, from very low temperatures to about 400 
C; for O, from —152 to 100 C; for CO from —70 to 200 C; 
for CO, from 0 to 150 C; for air from —145 to 200 C. For 
Hg, p-v-T data are practically nonexistent. With the ex- 
ception of the systems N.,-H, and N,.-CH,, p-v-T data for 
mixtures of the gases here considered are quite incomplete 
and certainly inadequate for accurate practical applica- 
tions. Adequate vapor-pressure data are available for all 
the pure gases here considered, but not for their mixtures. 
The theory of gas properties has been developed sufficiently 
to be useful for formulation and reasonable extrapolation 
of existing data; however, present theory is inadequate for 
reliable a priori calculation of gas properties, except for the 
simplest molecules. 


INTRODUCTION 


URING the last half-century an extremely large amount 
D of accurate p-v-7 data for pure gases has been collected. 
Following the amazingly accurate and extensive re- 
searches of Amagat (1, 2)? and of his contemporaries, many in- 
vestigators have contributed experimental information on the 
p-v-T relations of real gases. The main contributors have been 
(1) Holborn and co-workers at the Physikalisch-Technische Reich- 
sanstalt; (2) Onnes and co-workers at the University of Leiden; 
(3) Bartlett and co-workers at the Fixed Nitrogen Laboratory; 
(4) Keyes and Beattie at M.I.T.; (5) Michels and co-workers at 
Amsterdam. These investigators have covered adequately the 
temperature range from the normal boiling point of oxygen to 
about 400 C in the case of almost all common pure gases. The 
pressures covered. by these investigators, in general, extend to 
about 100 atm; however, Michels and others have extended the 
pressure range to 3000 atm in the case of some gases. While 
the experimental information on pure gases may be considered 
adequate, in general, data on technically important gas mixtures 
are scanty or altogether absent. 

It is not practical to attempt here a complete critical review 
of all available gas-compressibility data; however, an attempt 
will be made to give a general survey sufficiently complete to 
indicate the ranges of conditions for which sufficient information 
is available and to point out the miain needs for additional re- 
search. For this purpose we shall omit mention of the older 
p-v-T' data, which, generally, are not sufficiently accurate on the 
basis of present standards. Several excellent reviews of the data 
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available before 1930 are available (75, 110, 132); therefore this 
paper will omit mention of the less important papers published 
before that date, and will place emphasis on the more recent 
p-v-T work. 

The vapor pressure of the pure gases’ considered in this report 
is known with sufficient accuracy for all usual practical applica- 
tions; however, the liquid-vapor saturation data for mixtures 
are not known with comparable accuracy and completeness. 
Probably, with the growing importance of liquefaction methods 
for gas separation, it will be necessary to obtain additional data on 
the liquid-vapor equilibrium of some of the more important 
mixtures." The vapor-pressure data obtained befofe 1924 have 
been reviewed and formulated quite adequately by Crommelin in 
the section of ‘International Critical Tables” on vapor pressure 
(29, 64). Therefore this paper will consider only liquid-vapor 
and solid-vapor equilibrium data obtained since 1924. Unfortu- 
nately, this report is not complete in this respect, since some 
important recent results of Russian determinations of liquid- 
vapor equilibrium for mixtures are unavailable to the author. 

It is interesting to note that vapor pressures, latent heats of 
evaporation or sublimation, and p-v-7' data are interrelated 
through identical relations of thermodynamics. These relations 
have been used to obtain vapor pressures from p-v-7' data or 
vice versa (32). Unfortunately, this procedure depends very 
strongly upon an accurate knowledge of the thermodynamic 
temperature scale. Experimental measurements are usually 
made on the international seale; the relation of this to the thermo- 
dynamic scale is known quite accurately in the range 0 to 
100 C; the accuracy of the knowledge of this relation at very 
high or very low temperatures is questionable. Therefore very 
careful gas-thermometry research should be undertaken to mini- 
mize this serious source of uncertainty in the correlation of vapor- 
pressure data with p-v-T data. 

The usefulness of the available p-v-T data depends markedly 
on the reliability of their formulation, since quite often it is 
necessary to use values of the properties at temperatures higher 
or lower than those at which the experimental determinations 
have been carried out; great care is required to make the extra- 
polation reliable. During the first two decades of this century, 
compressibility data were usually formulated by means of em- 
pirical equations of state. The number of equations of state used 
is too large to permit a detailed discussion here. The reader is 
referred to the excellent review by Otto (132) on this subject. 
Probably the best of the equations of state with a small number 
of adjustable constants is the Beattie-Bridgeman equation 


where 


p = absolute pressure 
v = specific volume 
R = universal gas constant 
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T = absolute temperature 
c, Bo, b, Ao, a = empirical constants 


An excellent survey of the applications of the Beattie-Bridge- 
man equation has been given by Beattie and Stockmayer (11). 
Table 1 summarizes the Beattie-Bridgeman constants for the 
gases considered in this report. Mercury is not included since 
the available p-v-7 data for mercury vapor are insufficient to de- 
termine the five Beattie-Bridgeman constants. The constants 
for Nz in Table 1 may be used also for CO with fair accuracy. In 
general, the Beattie-Bridgeman equation fits the experimental 
data rather well, at least for densities smaller than one half the 
critical density and pressures lower than 100 atm. In the case of 
CO;, however, the deviations of this equation of state from the 
experimental data are definitely larger than the uncertainty of the 
data (102). ’ 


TABLE 1 CONSTANTS FOR BEATTIE-BRIDGEMAN EQUATION 
OF STATE (11) 


Units: Atm, liter/mole, deg K; R = 0.08206; ice-point temp = 273.13 deg K 
Gas Ao a Bo b 10-* X c¢ Mol wt 


He 0.0216 0.05984 0.01400 0.0 0.0040 4.00 
0.02328 0.03931 0.0 5.99 39.91 
Hs... 0.1975 —0.00503 0.02096 —0.04359 0.0504 2.0154 
Nz... 1.3445 0.02617 0.05046 —0.00691 4.20 28.016 

O: 1.4911 0.02562 0.04624 0.0004208 4.80 32 


Air... 1.3011 0.01931 0.04611 —0.01101 4.34 28.964 
CO:.. 5.0065 0.07132 0.10476 0.07235 66.00 44.000 


Nore: The constants in this table are based upon the ‘International 
Critical Tables’ values of the general physical constants and molecular 
weights. Revision of this table to agree with the newer values of these 
constants is not justified, since the changes would be well within the limits 
of accuracy of the Beattie-Bridgeman equation. 


In order to apply the Beattie-Bridgeman equation to gas mix- 
tures, it is necessary to have suitable combination rules for ob- 
taining the constants for the mixtures from those of the constitu- 
ent gases. Suitable combination rules have been obtained by 
theoretical considerations and by comparison with experimental 
data (11, 12, 144). However, these combination rules have not 
yet been tested widely enough to be considered completely re- 
liable. 

As mentioned, the Beattie-Bridgeman equation cannot be 
used in the case of Hg, since in this case the experimental p-v-7’ 
data are not sufficiently extensive and accurate to determine the 
Beattie-Bridgeman constants. In such a case the only possible 
procedure consists of using the principle of corresponding states 
(11, 47); this method is applicable as long as the critical con- 
stants are known. Even though this principle does not hold ac- 
curately, it may be used with fair reliability if nonpolar gases are 
treated separately from polar gases (79). 


THEORY 


During the past three decades great progress has been made in 
the application of statistical mechanics to the treatment of real 
(“imperfect”) gases. The theory of real gases may be discussed 
best by writing the equation of state in the virial form 


D 
v v v 


where B(T), C(T), D(T), ... . are pure temperature functions 
called, respectively, second, third, fourth, . . . virial coefficients. 
It may be shown that these coefficients are related to the inter- 
molecular forces; thus in the case of molecules with a spherically 
symmetric force field (42, 94) 


B(T) = — e~BWW/kT) gp [3] 


wheré N is Avogadro’s number, k is Boltzman’s constant, and 
E(r) is the intermolecular potential of a pair of molecules sepa- 
rated by a distance r. Mayer and others (94) have obtained 
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general expressions for the relation of all the virial coefficients to 
the intermolecular potentials. 

In order to apply relations of the type of Equation [3] it is 
necessary to know the intermolecular potential.” Only in the case 
of very few molecules is it practical to calculate Z(r) a priori. 


In general, it is necessary to assume the form of £(r), leaving only 


few parameters to be adjusted from experimental values of 
B(T). A satisfactory assumption appears to be the Lennard- 
Jones potential 


E(r) = 6 E,, 


where £,,, ro, and s are constants for a given molecule. It is 
necessary to have s > 6; usually it is satisfactory to assume s = 
12. With this potential it is possible to perform analytically the 
integration indicated in Equation [3]; the result may be expressed 
as 


2 
BUD) aN [5] 


where y = E,,/kT and f,(y) is a relatively simple function of y 
and of the parameter s. Tables of this function for some values 
of s are available. This method of formulating second virial co- 
efficients has been applied in the case of most common gases with 
good success (25, 55, 80). Some modifications are necessary in 
the case of polar molecules (143, 144), and some refinements 
are needed in the case of light molecules at very low temperatures 
(33, 34, 35, 36). In general, this semitheoretical method of for- 
mulating second virial coefficients is quite satisfactory and per- 
mits a reasonably reliable extrapolation of the experimental data. 
However, it must be noted that the integral in Equation [3] is 
relatively insensitive to the exact. form of the short-range repulsive 
forces if the temperature is low; hence good agreement with ex- 
perimental data at relatively low temperatures does not represent 
an effective test of the validity of the potential used for small 
values of r. Since the integral in Equation [3] is more sensitive 
to the exact value of E(r) for small r at high temperatures, the 
extrapolation to very high temperatures by the method just out- 
lined is somewhat uncertain. Possibly this state of affairs will 
be remedied in the future by the determination of the short-range 
forces by other experimental methods, such as the collision cross- 
section measurements of Amdur (3, 4). ; 

The theoretical calculation of the third and higher virial co- 
efficients becomes more complicated. Some success has been 
achieved in the case of the third virial coefficient (27, 94, 109), 
but the theoretical calculation of higher virial coefficients appears 
impractical at present. Fortunately, these coefficients decrease 
in magnitude with increasing’ temperature; therefore the fact 
that theory cannot be used at present for the extrapolation of 
the fourth and higher virial coefficients is not too serious a 
matter. 

It is interesting to note that the theory outlined has been used 
to relate the Beattie-Bridgeman constants to the intermolecular 
forces. Thus according to Hirschfelder and Roseveare (55), 
for molecules satisfying the Lennard-Jones potential with s = 12, 
the following relations hold approximately between the constants 
in this potential and the Beattie-Bridgeman constants 


) 


A 
E,, = 0.04127 x 10 RB, 


= 1.249 By [6] 
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Furthermore, Corner (26) states that, for Lennard-Jones mole- 
cules, to a close approximation 


a/Bo = 0.45; b/By = —O.1............. [7] 


These relations are especially useful to derive combination rules 
for the Beattie-Bridgeman constants for mixtures, since fairly 
accurate combination rules for £,, and ro may be obtained by 
theoretical considerations. In order to, discuss these combina- 
tion rules it is necessary to outline the present state of knowl- 
edge of the theory of gas mixtures. 

Until rather recently almost everybody clung to the belief 
that the p-v-7' relations of gaseous mixtures should be related in a 
very simple way to the p-v-7 relations of the pure constituents. 
Results of this faith in the “ultimate simplicity of nature” were 
Dalton’s rule, Amagat’s rule, the Lewis-Randall fugacity rule, 
and several other equally inaccurate conjectures on the relation 
between the properties of mixtures and the properties of pure 
gases. More recently, however, ‘some progress has been made 
toward a more accurate and rational solution of the problem of 
gaseous mixtures. Thus it has been shown that the second virial 
coefficient of a gas mixture depends upon the composition in 
accordance with the equation 


where z,, z; are mol fractions; the B;,’s for i = j are the second 
virial coefficients of the pure constituents, while for 7 # 7 they are 
interaction coefficients which depend on the force between unlike 
molecules. On the basis of Equation [3] it is not difficult to ob- 
tain rational combination rules for the interaction coefficients in 
terms of the second virial coefficients for the pure gases. Thus 
for molecules with spherical symmetry if the Lennard-Jones 
potential with s = 12 is used, so that the potential may be written 
as 


then it is possible to obtain the parameters for the interaction 
coefficients by averaging geometrically » and averaging arith- 
metically ro = (A/u)'/*. From these relations and from Equa- 
tions [6] and [7] it is easy to obtain suitable combination rules 
for the Beattie-Bridgeman constants for mixtures. By similar 
methods it is possible to derive rational combination rules in 
the case of polar molecules (144). For higher virial coeffi- 
cients, the theoretical treatment is analogous in principle, but of 
course the actual details of calculation are much more compli- 
cated. 

Summarizing, the theory of intermolecular forces has been 
developed sufficiently to permit a rational formulation of the ex- 
perimental data; unfortunately, in the case of mixtures the 
available experimental information is meager and therefore the 
theory of gaseous mixtures has not yet been subjected to suffi- 
ciently exhaustive verification to insure its reliability as a pre- 
dictive tool. 


EXPERIMENTAL DaTa 


(a) Hydrogen. A summary of the main body of recent p-v-T 
data for hydrogen is given in Table 2. 

From an examination of Table 2 it is evident that the p-v-7T 
data for H, have been determined over a sufficient range of tem- 
perature and pressure to allow the derivation of a reliable formula- 
tion. The second virial coefficient for H; has been formulated 
by Keyes (80), using practically all the available data, by means 
of a rational method based on the theory just outlined. Keyes’ 
formulation is 


B = 1'/* (60.000 — 380.56 r'/# — 2494.8 r) (ce per g) 


TABLE 2 COMPRESSIBILITY DATA FOR HYDROGEN 


Temp range, 
deg C Max press, atm 


Reference eg 
Leiden isotherms (ref. 31, 37, 113, 114, 
120, 121, 122, 123, 125, 126, 127, 128, 


PTR isotherms (ref. 49, 52, 57, 59, 61,62) —208 to 200 200 
Bartlett, et al (ref. 6, 7, 8)............ —70 to 400 1000 
Basset and Dupinay (ref. 10).......... 0 5000 
Kohnstamm and Walstra (ref. 88, 151). . 15.4 and 20 1000 
Michels, et al (ref. 99, 100, 104)......... 0 to 150 3000 ¢ 
0 and 20 205 
Townend and Bhatt (ref. 147)......... 0 and 25 600 


Zlunitsyn and Rudenko (ref. 154)..... — 208 to —182 1000 


@ Johnson obtained at 30 C (with 0.01 per cent consistency) ps = 24875.08 
+ 14.822 p + 0.003553 p? (cc atm/mole). 


where + = 1/7. Corner (27) has determined the constants in 
the Lennard-Jones potential to fit the second as well as the third 
virial coefficient of H, De Boer and Michels (33, 34, 35) have 
calculated the second virial coefficients of H, and D, using more 
accurate expressions for the potential, obtaining good agreement 
with the experimental data. 

The normal boiling point of H; is 20.39 deg K (22, 50, 53, 56, 
64,71). ‘The triple point of H: is 13.96 deg K (56), and the triple- 
point pressure is 53.85 mm Hg (92). The vapor pressure of Hz 
in the range 14 to 21 deg K, according to Henning and Otto (50), 
is given by 

46.1045 


logi0 Pam = 4.80204 + 0.0167335 7 — 


where p,,» iS the vapor pressure in mm Hg, and T is the absolute 
temperature in deg K (with ice-point temperature 273.16 deg 
K). The critical constants of H, are (64) 


t, = —239.9 deg C 
P. = 12.8 atm 
d, = 0.0310 g per cc 


(b) Nitrogen. A summary of the main body of recent p-v-T 
data for nitrogen is given in Table 3. 


TABLE 3 COMPRESSIBILITY DATA FOR NITROGEN 
Temp range, 


Reference eg C Max press, atm 
Leiden isotherms (ref. 131)............. —146 to 20 60 
PTR isotherms (ref. 49, 51, 52, 59,60)... —130 to 400 200 
Bartlett, et al (ref. 6, 7, 8)............ —70 to 400 1000 
Basset and Dupinay (ref. 10).......... 0 §000 
eee —183 to 200 5800 
Keyes and Burks (ref. 81)............ 0 to 200 300 
Michels, et al (ref. 107, 108, 133)...... 0 to 150 3000 
Smith and Taylor (ref. 141, 142)...... 0 to 200 300 


The p-v-T data for Nz; have been determined accurately from 
—183 to 400 C. The pressure range covered is extremely wide. 
Noteworthy are the measurements of Benedict (13) which ex- 
tend over a very wide temperature range with extremely high 
pressures. Keyes (80) has formulated the second virial coefficient 
of N; in a manner similar to the one used for the H, formulation, 
obtaining 


B = (10.08 — 766.115 — 1.7545 X 108 (ce per g) 


Corfier (25, 27) has determined the constants in the Lennard- 
Jones potential to fit the second and third virial coefficients of 
N2. 

The normal boiling point of N2 in 77.36 deg K (70, 56, 50). 
The vapor pressure of liquid and solid N, has been determined 
and formulated differently by several investigators (39, 70, 82, 
83). Probably the Leiden formulation (70) is the most accurate. 
The triple point of N, is 63.15 deg K (70) and the triple point pres- 
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sure is 94.0 mm Hg (70, 83). The critical constants of N»2 are 
(64) 


t. = —147.1 deg C 
Pe. = 33.5 atm 
d, = 0.311 g per cc 


(c) Oxygen. A summary of the main body of recent p-v-T 
dat& for oxygen is given in Table 4. 


TABLE 4 COMPRESSIBILITY DATA FOR OXYGEN 
Temp range, 
deg C 


Reference eg Max press, atm 
Leiden isotherms (ref. 89, 111, 129, 149). —152 to 20 60 
PTR isotherms (ref. 51, 58)........... 0 to 100 100 
Masson and Dolley (ref. 92)............ 25 125 


Since the Leiden isotherms below 0 deg C cover only the range 
to 9 atm, the p-v-7' data for O2 may be considered adequate only 
for the temperature range from 0 to 100 C. Probably the most 
reliable available formulation of the second and third virial co- 
efficients of OQ. is the one obtained by Corner (27), using the 
Lennard-Jones form of the intermolecular potential. This formu- 
lation, however, cannot be considered sufficiently reliable be- 
cause of the inadequacy of the experimental data. 

The normal boiling point of O2 is 90.19 deg K (43, 56, 72, 76). 
The main recent determination of the vapor pressure of O, is that 
of Dodge and Davis (39). The vapor pressure of O2 in the range 
66-90 deg K is represented adequately by their Equation [50] 


408.740 
i 


Pmm = 7.86224 — 0.0049832 7° — 


with the same units as in the corresponding equation quoted for 
H:. The triple point of O, is 54.33 deg K (56). The critical 
constants are (64) 
t, = —118.8 deg C 
Pe 49.7 atm 
d, = 0.430 g per ce 


(d) Carbon Monoxide. The relatively ‘meager p-v-7' data for 
carbon monoxide are summarized in Table 5. 


TABLE 5 COMPRESSIBILITY DATA FOR CARBON MONOXIDE 


Temp range, 
Cc 


Reference deg Max press, atm 
Goig Botella (ref. 18)......... 0 to 20 130 
25 170 
Townend and Bhatt (ref. 147). 0 and 25 600 
Bartlett, et al (ref. 9)......... 


—70 to 200 1000 


The available p-v-7 data for CO are almost identical with the 
corresponding data for N2; therefore usually the equation of state 
for Ne is used also for calculations for CO. 

The main determination of the vapor pressure of CO is that 
of Crommelin et al (30). The normal boiling point of CO is 
81.6 deg K (30, 56); the triple point is 68.1 deg K (30, 56); 
the triple-point pressure is 0.15146 atm. The critical constants 
are (93) 

t, = —140.2 deg C 
Pe = 34.58atm 
d, = 0.3010 g per ce 


(e) Carbon Dioxide. The main body of p-v-7 data for to, 
has been obtained by A. Michels, et al (97, 98, 101, 102, 103, 116), 
who have also determined the melting curve of this substance, as 
well as several other properties. The only other significant p-v-7 
data for CO, are the famous but relatively inaccurate data of 
Amagat (2), those of Lowry and Erickson (90), and those of 
Keesom in the neighborhood of the critical point (67). The 
Michels p-v-T data cover the range from 0 to 150 C up to pres- 
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sures of 3000 atm. Below 1000 atm, the Michels’ data are proba- 
bly accurate to 0.02 per cent. Although these data are extremely 
accurate, they do not cover a sufficient range of temperatures to 
allow the derivation of a reliable equation of state. Probably the 
best formulation is the one given by Corner (27). The formula- 
tion used by Corner takes into account the fact that the symme- 
try of the force field surrounding a CO, molecule is more nearly 
cylindrical than spherical. The author, however, believes that 
Corner’s formulation cannot be considered definitive, since it is 
based upon data which cover only a very narrow temperature 
range. Sweigert’s method of extrapolation of the experimental 
CO, data is even less reliable, since Sweigert (145) uses for this 
purpose the principle of corresponding states, which cannot. be 
expected to be followed closely by CO,, because of the marked 
difference between this molecule and most other nonpolar mole- 
cules. 

The vapor pressure of liquid and solid CO, have been deter- 
mined quite accurately by many investigators. It will suffice 
here to mention the measurements of Bridgeman (19), of Giauque 
and Egan (45), of Heuse and Otto (53, 54), and of Meyers and van 
Dusen (96). A more complete bibliography is given by Meyers 
and van Dusen (96), who have formulated all the vapor-pressure 
data obtained before 1933; the Meyers and van Dusen formula- 
tion is undoubtedly the best available. The normal sublimation 
point of CO, has been investigated quite extensively as a possible 
thermometric fixed point. The best value is probably —78.514 C 
on the international scale (96, 54, 53, 45); some discrepancies in 
reported values of the normal sublimation point of CO, may be 
due to a slight difference between the thermodynamic and the 
international temperature scales, a difference which is usually 
ignored. The triple point.of CO, is at —56.602 C, 3885.2 mm 
Hg (96). The critical constants of CO, are (98, 24) 


t, = 31.04 deg C 
Pp. = 72.85 atm 
d, = 0.467 g per cc 


(f) Air. The most important p-v-7' data for air are summa- 
rized in Table 6. 


TABLE 6 COMPRESSIBILITY DATA FOR AIR 


Temp range, 
Reference deg C Max press, atm 
Leiden isochores (ref. 135).... —145 to 20 60 
PTR isotherms (ref. 63)...... 0 to 200 100 
Burnett (ref. 30 60 


It is clear that the p-v-7' data for air are not quite adequate, 
since they cover only the range —145 to 200 C at moderate pres- 
sures. = 

Since air is a mixture of several gases (mainly nitrogen, oxy- 
gen, and argon), the determination of the liquid-vapor equilibrium 
consists of the measurement of the composition of the vapor in 
equilibrium with liquid of given composition as a function of the 
temperature or of the pressure. In addition, the saturation pres- 
sure must be determined as a function of the liquid or vapor 
composition and of the temperature. The main measurements 
of the liquid-vapor equilibrium for this system have been carried 
out by Dodge and Dunbar (40), who covered the range —196 to 
—148C. 

(g) Helium. The compressibility of helium has been measured 
over an extremely wide temperature range by a large number of 
investigators. Am excellent review of the available data for this 
substance has been given by Keesom (69). A partial list of refer- 
ence on the p-v-7' data for helium is given in Table 7. 

The experimental coverage of the p-v-7' data for helium is ex- 
cellent, and the theoretical study of the properties of this gas 
has been carried out very thoroughly. Probably the best theo- 
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TABLE 7 COMPRESSIBILITY DATA FOR HELIUM 


Temp range, 
Reference deg C Max press, atm 
Leiden jouthoene (ref. 17, 73, 77, 78, 85, 
112, 115, 117, 118, 119, 136, 148). —271.5 to 100 60 
“a isotherms ‘wef. 49, 51, 52, 58, 59, 60, 
—258 to 400 200 


Michele and Wouters (ref. 106)........ 0 to 150 300 
Buchmann (ref. 20) —260 to —253 


Gibby, Tanner, Masson (ref. 46)....... 25 to 175 125 
Wiebe, ym er Hens (ref. 153)........ —70 to 200 1000 


4 Johnson obtained at 30 C (with 0.01 per cent consistency) pv = 24875.08 
+ 11.802 p — 0.001094 p? (cc atm/mole). 


retical calculation of the second virial coefficient of this gas is 
the one by de Boer and Michels (35, 36). The results of these 
theoretical calculations are in excellent agreement with the experi- 
mental data. Keyes (80) gives the following formula for the sec- 
ond virial coefficient of helium 


B = +'/* (16.4873 — 74.09 r'/? — 24.6 7) (ce per g) 
with the same notation as in the formulas previously quoted for 
the second virial coefficients of hydrogen and nitrogen. 

The vapor pressure of helium has also been investigated quite 
thoroughly (15, 16, 68, 74, 84, 138, 139). Bleaney, et al (15, 16) 
have measured the vapor pressure of liquid helium from about 
0.8 deg K to 1.6 deg K. They have formulated their values in a 
manner consistent with the identical relations of thermodynam- 
ics. Keesom (69) lists different formulas for the vapor pres- 
sure of helium on various temperature ranges. The normal 
boiling point of helium is,4.216 deg K; at the \-point, 7) = 2.186 
deg K, p = 3.83 cm Hg (138, — The critical constants of 


helium are (69) 
T, = 5.20 deg K 
P. = 2.26 atm 
d, = 0.06930 g per ce 
(hk) Argon. The most important p-v-7 data for argon are 


summarized in Table 8. 
TABLE 8 COMPRESSIBILITY DATA FOR ARGON 


Temp range, 
Reference deg C Max press, atm 
Leiden isotherms® (124)........ —150 to 20 60 
PTR isotherms (52, 59, 60, 63).. —100 to 400 200 
Masson and Dolley (92) 125 


@ The Leiden data for argon are in error miuiinbe to Cragoe (28). 


§ The vapor pressure of liquid argon from 84 to 90 deg K is repre- 
sented very accurately by the formula (38) 


339.3 
log10 Pam = — TT + 1.75 logi T — 0.006737 T + 3.9506 
where p,,,, is the vapor pressure in mm Hg. The normal boiling 


point of argon is 87.3 deg K (43). The triple point of argon is 
83.9 deg K (56), The critical constants of argon are (64) 


t, = —122.4 deg C 
P. = 48.0 atm 
d, = 0.531 g per cc 


(t) Mercury. Practically no significant p-v-7' data are availa- 
ble for mercury. The only recent determination is the one of 
Klemm and Kilian (86, 87) at 500 and 1000 C, and pressures lower 
than l atm. The accuracy of their measurements is insufficient 
to deduce any information on the equation of state for mercury. 
The very extensive literature on the vapor pressure of mer- 
cury has been reviewed by Ditchburn and Gilmour (38), who 
give the following equations (except for an obvious mistake in 
sign, which is corrected here): 
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— 0.8 logweT + 10.3736 (for liquid Hg) 


10€10 Pam = — 


10g10 Pam = — ion + 8.641 (for solid Hg) 


where p,,,, is the vapor pressure in mm Hg. The normal boiling 
point of mercury according to Blaisdell and Kaye (14) is 356.57 
C on the international scale, or 356.7 C on the thermodynamic 
scale. The melting curve of mercury has been determined by 
Michels, et al (105) to 3000 atm. The critical constants of mer- 
cury are (64) ‘ 

t, = 1650 deg C 

p. = 3500 atm 

d, = 5 g per ce 


(j) Gaseous Mixtures. A limited amount of p-v-7 data for few 
binary mixtures is available, but practically no information is 
available on mixtures of three or more gases, with the exception 
of air, which has been discussed previously. Only in the case of 
H.-Nz mixtures may the available information be considered 
sufficiently complete. A summary of the most important availa- 
ble data on binary mixtures is given in Table 9. In addition to 
the references listed in Table 9, the following references may be 
mentioned: Edwards and Roseveare (41) have determined 
second virial coefficients of the following binary mixtures at, 
25 deg C: H.-N2, N.-COz, H:-C,H,, 
He-N:, He-CO.. The method used by Edwards 
and Roseveare appears capable of great accuracy, but it requires 
the knowledge of the second virial coefficients of the pure gases. 
To date this method has been used only at low pressures and only 
at a single temperature. Gerry (44) has determined second 
virial coefficients for H,O-CO, mixtures from 50 to 90 C. Bartlett 
(5) has obtained some data on the H,O-N; system, but these 
data appear to be only moderately accurate. Markham and Kobe 
have carried out some measurements at 25 C and approximately 
atmospheric pressure with mixtures of O2, Nz, CO2, N:O (91). 
The system N2-H.-NH; has been investigated by Kazarnovskii, 
et al (66). 


TABLE 9 COMPRESSIBILITY DATA FOR GASEOUS MIXTURES 


Temp range, 

Reference Mixture deg C Max press, atm 
Verschoyle (ref. 150)........ oN: 0 and 20 205 
Bartlett, et al (ref.6,7,8).... H2s-Ne —70 to 400 1000 
Wiebe and Gaddy (ref. 152)... 0 to 300 1000 
Holborn and Otto (ref. 59)... Ne-He 0 to 400 100 
Gibby, et al (ref. 46)........ 2He 25.to 175 12 
Haney and Bliss (ref. 48).... N2CO:2 25 to 125 5 
Keyes and Burks (ref. 81).... N2CHa 0 to 200 300 
Masson and Dolley (ref. 92).. OA 25 125 
Torocheshnikov (ref. 146).... N:CO —200 to —150 25 
H:-CO 25 170 
Townend and Bhatt (ref. 147) H:CO 0 and 25 600 


* CONCLUSIONS 

The temperature and pressure ranges covered by available p-v-T 
data for Hz, Nz, O2, CO, CO:, Air, He, A, Hg, and their mixtures 
have been summarized in the paper. Fig. 1 illustrates the sub- 
stange of this summary. The available data are amply adequate 
in the case of helium and hydrogen; for these gases, measure- 
ments have been carried out over an extremely wide temperature 
range, and moreover the theory has been developed to such a 
point that the formulation of the existing data must be considered 
quite reliable. The data for argon, nitrogen, and air are not as 
extensive, but are probably sufficient for most practical purposes. 
The range covered by the data for oxygen, carbon monoxide, and 
carbon dioxide does not appear sufficient to allow reliable extra- 
polation to the high temperatures of interest in gas-turbine design 
or to the low temperatures of interest in liquefaction processes. 
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GRATCH—IV—VAPOR PRESSURE, SPECIFIC VOLUME, p-»-T DATA 


No significant compressibility data are available for mercury. 
With the possible exception of the hydrogen-nitrogen system, the 
available p-v-7’ data for gaseous mixtures are definitely inade- 
quate. 

The vapor pressures of the substances considered in this report 
have been determined with sufficient accuracy in so far as the 
pure gases are concerned. However, with few exceptions, the 
data on liquid-vapor equilibrium for mixtures of these substances 
are definitely inadequate. 
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V—Vapor Pressure, Specific Volumes, and 
p-v-T Data for H,O, NH, CH,, C,H, With 


Comments on Mixtures 


By F. G. KEYES,' CAMBRIDGE, MASS. 


Because of its importance wherever thermodynamics is 
used, reference is made to the need of improved knowledge 
of the reJation of the international scale of 1927 to the 
thermodynamic scale. The published results of James A. 
Beattie comprise comparisons between the scales from 32 F 
to 832.28 F and indicate that the thermodynamic-scale 
temperature as a maximum is 0.26 deg F greater than the 
international scale at about 750F. The newthermometric 
information makes possible a thermodynamic consistency 
test of vaporization data, vapor pressures, and volume data 
from the steam investigation sponsored by this Society up 
to 1935. It is suggested that additional volume data are 
desirable above 860 F. Comments are offered on the 
known thermodynamic properties of water, ammonia, 
methane, ethylene, and mixtures of a number of the 
eleven pure gases of the list selected by the Research Com- 
mittee on Properties of Gases and Gas Mixtures. 


INTRODUCTION 


for the substances water, ammonia, methane, and ethvlene, 
and mixtures, are considered in the present paper. Under 
the steam-research program, sponsored by this Society, our knowl- 
edge of all thermodynamic properties of water and steam came to 
exceed that of any substance in the range of pressure and tem- 
perature experimentally determined. The accuracy and consist- 
ency of the data provided by the international co-operative effert 
fostered by the Steam Research Committee is an impressive ex- 
ample of the enduring value of a broadly conceived and executed 
program of research. It will be recalled that the stimulus which 
led to the formation of the old Technical Subcommittee of the Spe- 
cial Research Committee of the steam-research group, under the 
chairmanship of George A. Orrok, was the complete lack of data 
in the ranges of pressure and temperature desired for advanced 
steam-turbine design. A similar stimulus exists now prompting 
the verification of the existing data and the suggestion, where 
needed, of new experimental research over extended ranges of 
pressure and temperature in the interest of sound progress in the 
design of gas turbines, rocket motors of various types, and other 
problems of applied thermodynamics. In addition, attention to 
the nonthermodynamic data, viscosity, heat conduction, sound 
velocities, spectroscopic properties, absorption, and emissivity of 
radiation, is required for the solution of problems of design where 
heat transmission under flow conditions enter. ‘ 
At the time of the first Steam Research Committee meeting 


4 NHE vapor pressures, specific volumes, and heat quantities 


' Professor of Physical Chemistry, Massachusetts Institute of 
Technology. 

Contributed by the Applied Mechanics and Heat Transfer Divi- 
sions, under the auspices of the Research Committee on Properties of 
Gases and Gas Mixtures, and presented at the Annual Meeting, At- 
lantic City, N. J., December 1—5, 1947, of Tae AMERICAN Society OF 
MECHANICAL ENGINEERS. 

Nore: Statements and opinions advanced in papers are to be un- 
derstood as individual expressions of their authors and not those of 
the Society. Paper No. 47—A-165. 


(1921), the program proposed seemed formidable indeed, and the 
time estimated was to run several vears to reach the proposed 
goal. To one who took part in the earlier program, the present 
proposed objective appears, if not more difficult, much more 
diversified, and perhaps years of effort maw be required to satisfy 
the needs of the rapid developments in applied mechanical engi- 
neering. The practical need for the results isevidently increasingly 
insistent, and engineering design may il! afford the delays and 
frustrations which the lack of accurate basic data entails. 

It is of interest at this time to note that under the Department 
of Scientific and Industrial Research of the British Government, 
a comprehensive mechanical-engineering program of research will 
be carried out. The broad list includes research on heat transfer, 
properties of substances, and mechanics of fluids. In the inter- 
est of conservation of effort and experimental resources, it might 
be desirable to promote international co-operation in the proposed 
broad program of research of the present ASME Special Research 
Committee, along lines resembling the steam-research program. 


Tue PROPERTIES OF WATER AND STEAM 


In the report on the Third International Steam Tables Confer- 
ence (1)? of 1935, there will be found a reference to commitments 
made by several of the participating national groups with respect 
to further research. In fulfillment of the commitments, Osborne, 
Stimson, and Ginnings carried out a highly important series of 
vaporization measurements from 0 to 100 C. The heat capacity 
of liquid water in the same range was also measured. Abroad, in 
1939, an investigation of volumes in the critical region of water 
was reported upon by Hans Eck (2), which substantially con- 
firmed the values obtained earlier by Osborne, Stimson, and 
Ginnings, and by Smith and Keyes. The group (3) at the Massa- 
chusetts Inst?tute of Technology reported in 1938, upon measure- 
ments of the change of enthalpy of the vapor with pressure at 
constant temperature in the region from about 40 to 125 C begun 
in 1932. The latter measurements supplied data of state in a re- 
gion below 100 C by a flow method, thereby providing important 
information which had been unobtainable earlier by usual meth- 
ods. 

There also appeared independent precise information on vapor 
pressures in the region 73.5 to 128.6 C by Moser and Zmaczynski 
(4), in 1939, working at the Reichsanstalt. These data are of 
special value in view of the fact that no exact measurements of the 
vapor pressure of water have appeared in this region since the 
publication of a correlative summary of the early material in 1919, 
by Scheel and Heuse. 

Publications reporting the results of an investigation of funda- 
mental importance in all fields of applied thermodynamics be- 
gan to appear in 1930. This research (nine published papers by 
James A. Beattie and his collaborators, D. D. Jacobus, J. Kaye, 
J. M. Gaines, Jr., T. C. Huang, M. Benedict, H. T. Gerry, C. A: 
Johnson, and B. E. Blaisdell, working at M.I.T.) established the 
temperature of melting ice on the thermodynamic scale to be 


2 Numbers in parentheses refer to the Bibliography at the end of 
the paper. 
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273.16 + 0.01 deg K, or 459.69 + 0.02 deg F; and developing 
high accuracy in the use of the gas thermometer, obtained a new 
value for the normal boiling point of sulphur, a fundamental cali- 
bration point for the present international scale (1927). The value 
obtained by Beattie and his colleagues indicated a value higher 
than the accepted sulphur point (444.6 C) by at least 0.1 deg C for 
the thermodynamic temperature. The normal boiling point of 
mercury (356.58 C) was also determined on the thermodynamic 
scale and found to differ from the temperature indicated by the 
platinum resistance thermometer under specifications of the inter- 
national scale of 1927. Dr. Beattie has*generously provided 
data for a graph, Fig.1, showing the differences his investigations 
provide for the departure of the international scale from the pres- 
ent international scale. Fig. 2 shows the parts per thousand dif- 
ferences in the vapor pressure of water due to the temperature 
differences appearing in Fig. 1.* 


Pe-P, 


+05 PARTS PER 1000 


Fic. 2 


The correlation of thermodynamic data, their testing for con- 
sistency and precision, can be relied upon only to the extent that 
our knowledge of the relation of temperature-indicating devices 
(secondary thermometers) to the thermodynamic scale can be 
perfected. Gas-thermometer readings suitably extrapolated to 

* A summary of important results of the thermometric investiga- 
tion will be found in ‘‘Temperature,’’ published by Reinhold Publish- 


ing Corporation, in 1941, under the names of J. A. Beattie, B. E. 
Blaisdell, and Joseph Kaye. 


AUGUST, 1948 


zero pressure are a primary standard and indeed are the most 
practical means of realizing the thermodynamic temperature. 

At present, modern gas-thermometer practice, represented by 
Beattie’s published contributions, extend from 0 to 444.7 C, 
whereas it is essential that the investigations be carried to the gold 
point (1063 C or 1945.4 F). The latter temperature is sufficient 
to establish certain connection with the radiation pyrometer 
for accurate measurements of higher temperatures. 

The use of the new data on the relation of the international 
scale of temperatures to the thermodynamic scale is exemplified 
through the intercorrelation of the available water-vaporization 
measurements of Osborne, Stimson, and Ginnings, the vapor- 
pressure values of water from three independent sets of measure- 
ments by Egerton and Callendar, Osborne, Stimson, Fioch and 
ainnings, and Keyes, Smith, and Gerry, allin excellent agreement 
and the values reported for the volume of steam obtained by 
Keyes, Smith, and Gerry, supplemented by the measurements of 
Collins and Keyes. All of these measurements were made using 
precision platinum resistance thermometry in accordance with 
the specifications of the international scale of 1927. Accordingly, 
in view of the high accuracy of the steam data, a correlation 
through the equations of thermodynamics of the vaporization 
data with the volume data should be satisfactory if use is made 
of Beattie’s difference required to convert international tempera- 
ture assignments to thermodynamic-scale values. 

The process of making the calculations begins with a listing of 
the data (Bur. Stand. RP 983) for the vaporization quantity, y, 
together with the temperature-scale difference, 7’ — 6, where 7 
designates thermodynamic-scale temperature, and 6 the corre- 
sponding international scale, and the values of dp/dé@ and v, @ 
dp/dé are available. From the thermodynamic equation y = 
vs T dp/dT, where v, is the specific volume of the saturated vapor, 
and p the pressure, the specific volume v; may be computed pro- 
vided d@/dT is available. Finally, if the values of v, and 7’ are 
substituted in the equation of correlation for the volume data 
p = f(v,T), the resulting pressures should agree with the directly 
measured values of pressure corrected of course to the thermody- 
namic scale from the international scale on which the measure- 
meats were taken. The result is given in Table | and a deviation 


» graph in Fig. 3.4 


Additional Steam Data Desirable. The most urgent need in the 
case of steam is for data in the range above 460 C or 860 F; the 
limit of the earlier steam investigation. Data above this tempera- 
ture are not required to pressures higher than 80 atm or about 
1176 psia. It is believed that in the desired temperature range 
the use of the flow method to measure the change of the enthalpy 
with pressure at constant temperature would provide the most 
exact data in the most convenient way. It would also be desirable 
to have new measurements on the vapor pressure of water from 0 
to 150 C, using the highly precise and reproducible platinum re- 


4It will be recalled that the equation of correlation for pressure, 
volume, and temperature, or equation of state, is based upon the ideal 
gas laws p = RT/v, where 7' is the true thermodynamic temperature. 
Accordingly, when the deviations are small, or for (R7'/ pv) not greatly: 
exceeding unity, the equation of state gives pressures approximately 
on the absolute scale even if the constants are not known with the 
highest accuracy. The equation of state used in the foregoing corre- 
lation is as follows 
log RT/pw = Yup" 
where 
°w =v—i,5 = Bexp. (—ap) 
wv = Wo (L + vip) where p is density, and 
Yo = AoT exp. where = 
vi = Awotexp. cr? . 
{8, A:, [a, Ao, cz (base 10)] are constants} 
(8 = 2.0624; a = 0.38; c: = 7.4238-10!; Ay = 1260.17; Ai = 
0.24253) 
Units are: cc per gram, normal atm, 7 = 273.16 + tdeg C. 
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KEYES—V—VAPOR PRESSURE, SPECIFIC VOLUME, AND DATA FOR H.O, NH;, CHy, 


TABLE 1 TEST OF THERMODYNAMIC CONSISTENCY FOR 
VAPORIZATION—VAPOR erie AND VOLUME DATA FOR 
a 

t vs cale Peale Pobs 

0 206381 .0 0. 2 0.006026 
50 12038 .6 0.121797 0.121786 
100 1673.4 0.99987 ys 
150 392.80 4.695 4.695 
170 242.79 7.810 7.811 
180 193.993 9.887 9.887 
190 156.47 12.377 12.375 
200 127.290 15.331 15.329 
210 104.346 18.811 18.807 
220 129 22.872 22.867 
230 71.530 27.579 27.573 
240 59.723 32.997 32.994 
250 50.097 39.196 39.197 
260 42.184 46.254 46.256 
270 35.636 54.231 54.247 
280 30.165 63 . 226 63 .250 
290 25.565 73.322 73.351 
300 21.658 84.637 84.646 
310 18.337 97.215 97.238 
320 15.470 111.224 111.232 
330 12.984 126.740 126.744 
340 10.795 143.913 143.925 
350 8.821 162.943 162.923 
360 6.960 184.011 183.977 


“vs calc = from vaporization data and vapor-pressure data from formula 
Y = ve dp/dT, using J. Beattie’s comparison of the thermodynamic 
and temperature scale 

peale = pressure given by equation of state based upon volume data for 
superheated steam 

a = vapor pressure observed on international temperature scale, but 
reduced to thermodynamic scale using Beattie’s data 


CALC. FROM VOLUME DATA 
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sistance thermometer. Aside from the foregoing suggestions, the 
thermodynamic data for water are complete and highly exact.$ 


PrRopERTIES OF AMMONIA, VAPOR AND LiquiD 


The data for this substance are neither as complete nor as accur 
ate as for water substance. Additional vaporization data are 
needed above 50 C or 90 F, and to the critical temperature, about 
132.9 C or 238.4 F. The volume data extend from —35 C to 325 
C, and the temperature range should be extended, but because of 
the instability of ammonia it would be difficult to exceed 500 C 
even with flow methods. However, for all present practical pur- 
poses, volume data at higher temperatures do not appear neces- 
sary. 

Additional Ammonia Data Desirable. The specific volumes of 
the liquid phase above 50 C or 122 F should be verified as well as 
the volumes for compressed liquid from 0 to 132 C. The specific 
heat or enthalpy of the saturated liquid is also required above 50 
C, and, in addition, vapor-pressure measurements above this 
temperature would be welcome. 


PROPERTIES OF METHANE 


Data for this substance in the region below the critical state 
(t. = —82.5 C or —116.5 F) are fairly complete. The vapor- 
pressure and saturation-liquid specific volumes (5) above 1 
atm pressure might be verified, and also the vapor pressure of 


5’ The limitation of spectroscopic data for water and other sub- 
stances required for a highly satisfactory calculation of Cp® for the 
vapors of the twelve gases, is discussed in Part II of this series by 
Dr. Herzberg. 
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the solid phase. Values for the pressure-volume properties are 
available (6, 7, 8) in the range 0 to 200 C to about 300 atm. 
There is great need of pressure-volume data below the critical 
temperature for the gas phase (p,is 45.8 atm) and also for the 
liquid phase. 

Additional Methane Data Desirable. Data on the vaporization 
quantities for the two-phase range virtually do not exist and are of 
great importance for all substances in view of the industrial and 
theoretical importance of perfecting our knowledge of liquid and 
gaseous mixtures. The specific heat of the liquid phase is known 
for 96 deg K only (9), and, accordingly, a comprehensive investi- 
gation is required. 

The specific-heat data of the solid phase are fairly complete, 
but the vapor pressure of the solid phase requires verification. 

Methane is one of the most abundant and potentially valuable 
natural assets the United States possesses, and full information on 
physical properties is important. 


PROPERTIES OF ETHYLENE 


Ethylene is chemically an unsaturated hydrocarbon. Its criti- 
cal temperature is 9.7 C or 49.46 F, and critical pressure 50.9 atm. ; 
melting point —169.4 C or —272.92 F. The substance has inter- 
esting possibilities as a refrigerant for very low temperatures. 
From the chemical point of view the substance is of fundamental 
importance. 

The pressure-volume behavior of ethylene has been obtained by 
Amagat (10), and Masson and Dolley (11). More recently Michel 
and Geldermann (12) have published measurements of the volume 
beginning at 0 C and extending to 150 C, and to pressures of 3000 
atm. Only asmall portion of the vapor-pressure curve (13, 14, 15) 
has been measured over the long liquid range 179 C. The vapori- 
zation values are entirely absent and also the specific heat of. the 
liquid phase... 

Additional Ethylene Data Desirable. Volume measurenrents be- 
low 0 C extending to —50 C are needed for both the vapor and 
liquid phases. The vapor-pressure curve requires extension from 
—47 C to the critical temperature. 

Complete heat-of-vaporization measurements are required, and 
the specific heat of the liquid phase. 


QUESTION OF MIXTURES 


The technically important mixture of the list of gases is air, 
comprised of nitrogen, oxygen, and argon as most abundant con- 
stitutents. In spite of its great.importance, the ternary mixture 
has not been sufficiently investigated to satisfy completely the 
requirements of the oxygen industry. 

The binary mixtures comprised of the pure gases of the list 
which have received some attention are methane-carbon dioxide 
(16) from 38 C to 238 C and 680 atm, for four mixtures and meth- 
ane-water for the same range. Some data also exist for argon- 
oxygen, argon-nitrogen, argon-ethylene, oxygen-nitrogen, oxygen- 
carbon dioxide, oxygen-ethylene, hydrogen-carbon dioxide, hy- 
drogen-nitrogen, nitrogen-methane. However, these data are in 
no case complete in the sense that a wide range of temperature or 
pressure has been covered, and the two-phase region is very in- 
complete. No vaporization measurements have been made, ex- 
cept in the case of nitrogen-oxygen (17). There are practically no 
heat-of-vaporization measurements except for the latter mix- 
ture (18). The specific heat of liquid mixtures is also entirely 
lacking. 

Industrially, ammonia-water mixtures are of great importance 
in the refrigerating industry; and considerable, though incom- 
plete, data exist. The author finds, however, that the disagree- 
ment in the results of different investigators is large, particularly 
for the compositions of the vaper phase in equilibrium with liquid 
mixtures. 
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V I—Dielectric-Constant and Refractivity 
Data 


By J. G. MILLER,’ PHILADELPHIA, PA. 


The dielectric constant and refractivity data already 
established at lower pressures for the twelve gases under 
consideration need little improvement. A few outstand- 
ing gaps in these data are specified. Accurate high-pres- 
sure data have been published for only a few of the gases, 
principally hydrogén, nitrogen, carbon dioxide, and am- 
monia. Even with these four gases, improvement in the 
techniques of measuring dielectric constants at high pres- 
sures is needed so that more accurate and more extensive 
studies can be made. 


IELECTRIC-constant data for gases are used principally 
to evaluate the molar dielectric polarization P, according 
to the Clausius-Mosotti function 


where ¢ is the dielectric constant of the gas at density d, and M is 
the molecular weight. The P values are of importance because 
of their relation to the polarizability, a, and permanent electric 
moment u (commonly called the dipole moment), of the molecules 
of the gas. In turn, the polarizability and dipole moment are 
used in calculating the intermolecular potentials for the estima- 
tion of virial coefficients in p-v-T' studies. 


Low-PressurRE Data 


At low densities, corresponding to pressures in the neighbor- 
hood of 1 atm, and at the relatively low frequencies at which 
dielectrie constants are most accurately measured, the Debye 
equation has been shown valid in the form 


where N and k are Avogadro’s number and Boltzmann’s constant, 
respectively, with 7 the absolute temperature. This equation 
shows that if no transitions in intramolecular states occur with 
changing temperature, the dipole-moment value may be obtained 
from the slope of a plot of P against 1/7’, the intercept determin- 
ing the polarizability. This temperature-variation method is 
regarded as the most accurate one for measuring dipole moments. 

A second method of determining dipole moments utilizes the 
Lorentz-Lorenz? function for the molar refraction R, in terms of 
the square of the index of refraction n 


n? 1 M 
n?+2d 
1 Associate Professor of Chemistry, Thermodynamics Research 
Laboratory, Towne Scientific School, University of Pennsylvania. 
? Hereafter in this paper the Clausius-Mosotti and Lorentz-Lorenz 
functions will be referred to by the symbols C-M and L-L. 
Contributed by the Applied Mechanics and Heat Transfer Divi- 
sions, under the auspices of the Research Committee on Properties 
of Gases and Gas Mixtures, and presented at the Annual Meeting, 
Atlantic City, N. J., December 1-5, 1947, of Tue American Society 
OF MECHANICAL ENGINEERS. 
Nore: Statements and opinions advanced in papers are to be 
understood as individual expressions of their authors and not those 
of the Society. Paper No. 47—A-166. _ 


The n values are most accurately measured at frequencies in or 
near the visible spectrum. If these values are extrapolated to 
infinite wave length, and the nw value so obtained is substituted 
in the L-L function, the molar refraction Ra, that results is a 
constant for the gas. The R« value measures the induced polari- 
zation, that is, the part of the dielectric polarization P, in excess 
of the contribution by the permanent dipoles 
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Thus if P and Ra are determined at the same single tempera- 
ture, the value of u can be calculated readily from the two figures. 
The values of @ and yu are usually in good agreement with the 
estimates obtained by the first method in the case of diatomic 
molecules where infrared vibrations are absent or contribute little 
to the dielectric constant. Agreement for polyatomic molecules 
can be exact only in those rare cases where the extrapolations of 
the refraction data employ dispersion formulas which include 
the infrared-vibration terms. The contribution of infrared terms 
to the dielectric polarization is commonly called the ‘atomic 
polarization.” 

The dipole moments of all the gases under discussion have 
been determined satisfactorily by the temperature-variation 
method. Table 1 lists the most accurate values determined at 
low pressures in that way. 


TABLE 1 DIPOLE-MOMENT VALUES DETERMINED BY TEM- 
PERATURE-VARIATION METHOD AT LOW PRESSURES 


Bibliography 
refegence (date) 


1(1926) 
2(1927) 
3(1935) 
4(1946) 
5(1927) 
6(1931) 
Carbon dioxide.......... 0.06 1(1926) 
0 7(1928) 

8(1934) 

9(1937) 

4(1946) 

10 10(1928) 
10 8(1934) 
1l 11(1943) 
12(1925) 

8(1934) 

015 6(1931) 
11(1943) 

5(1927) 

015 6(1931) 
11(1943) 
4(1946) 
13(1936) 
14(1919) 
15(1926) 
8(1934) 
1(1926) 
8(1934) 
8(1934) 
11(1943) 
16(1930 
17(1935 
18(1935) 


Gas X 10)8e.s.u. 


Ammonia........ 


SER 


It is noted that, except for NH;, CO, and H,0, these gases are 
nonpolar, the dipole moments being zero within the experimental 
error. Of these nonpolar molecules, only the case of CO, has 
caused contentiori during its history, the earlier, less accurate, 


645 


: 
: 
33 
; 
e+ 2 d 
is 
< 
3 


646 TRANSACTIONS OF THE ASME 


temperature-variation measurements indicating a w value of 
approximately 0.1 < 107'8 e.s.u. for this molecule. 

It is unsafe to judge the status of the low-pressure dielectric- 
constant data for these gases only by the agreement shown for 
the dipole moments determined in this way. The excellence of 
the results may depend more on the precision of the measure- 
ments than upon their absolute accuracy because the tempera- 
ture coefficient of the dielectric constant rather than the constant 
itself determines the accuracy of the dipole moment obtained. 

The absolute accuracy of the data is better tested by the 
second method, especially in the case of the nonpolar gases. 
According to this method, P should equal R., which requires 
that « and n?,, should be equal at the same density and tempera- 
ture for such gases. The comparison is conveniently made with 
the N.T.P. values of these quantities because the data are usually 
reduced to these figures in the literature. The test is in most cases 
a safe one because refractivity data are usually highly accurate. 

Table 2 presents the most accurate N.T.P. data obtained 
from dielectric-constant measurements made at low pressures 
for the nonpolar gases. In each case, the data obtained from the 
dipole-moment studies, reported in Table 1, have been listed. 
In addition, in most cases there are shown data from measure- 
ments made primarily to establish the absolute values of the 
dielectric constants. Dielectric-constant values, determined 
before 1920, are not reliable because modern techniques were 
not available before that date. For historical interest, some of the 
earlier values are listed, together with some International 
Critical Tables figures. 

ABLE 2 N.T.P. VALUES OF DIELECTRIC CONSTANTS 


ORT AINED FROM_ LOW-PRESSURE DATA AND _ N.T.P. EX- 
TRAPOLATED REFRACTIVE INDICES OF NONPOLAR GASES 


Bibliog- Bibliog- 
raphy raphy 
reference reference 


€ (date) n2 (date) - 


1.000550¢ 5 (1927) 1.000556 22 (1924) 
1.00056 19 (1929) 1.0005554 23 (1932) 
1.000553 2 20 (1929) 1.0005540 24 (1940) 
1.000550 6 (1931) 
1.000545 21 (1946) 

Carbon dioxide. .... 1.000980 ¢ 1 (1926) 1. 000882 b 25 (1920) 

e 1.000987 7 (1928) 1.0009754 26 (1928) 

1.00098 19 (1929) 1. 000884 b 24 (1940) 
1. 000989 © 8 (1934) 
1. 000982 © 9 (1937) 
1. 000986 59 (1944) 
1.000997 ¢ 4 (1946) 

Tee 1.00146 27 (1885) 1.00137 5 28 (1931) 
1.00145¢ 12 (1925) 
1.00145¢ 8 (1934) 

ee eee 1.000074 29 (1908) 1. 000068 6 30 (1908) 
1.000073 6 (1931) 1.000069 31 (1925) 
1.000070 ¢ 11 (1943) 1.000070 6 (1931) 
1.000068 21 (1946) 1. 000069 6 23 (1932) 

Hydrogen.......... 1.000265 32 (1924) 1.000272 33 (1909) 
1.000259 5 (1927) 1.000272 »5 34 (1921) 
1.000275 6 (1931) 
1.000264 © 11 (1943) 
1.000268 ¢ 4 (1946) 
1.000272 21 (1946) 

Se A 1.00182 35 (1922) 1.001706 36 (1933) 
1.00170 13 (1936) 

Methane........... 1.00094 37 (1874) 1. 0008844 38 (1940) 
1.00095 27 (1885) . 
1.00094 © 14 (1919) 
1.00096 15 (1926) 
1.000878 © 8 (1934) 
1.000878 © 9 (1937) 

PO 1.000581 1 (1926) 1.000589 6 41 (1910) 
1.000589 39 (1931) 1.000586 42 (1934) 
1.000587 © 8 (1934) 1.000588 6 43 (1936) 
1.000579 40 (1939) 
1.000580 21 (1946) 

1.000547 44 (1910) 1.000528 33 (1909) 
1.000518 32 (1924) 1.000530 6 45 (1927) 
1.00051 19 (1929) 1.000532 6 46 (1932) 
1.000531 ¢ 8 (1934) 1.000531 6 43 (1936) 
1.000542 ¢ 11 (1943) 
1.000523 21 (1946) 


@ Corrected by Hector and Woernley, Bibliography reference (21). 

+ Calculated by writer from refraction or dispersion data given in reference 
listed. 

Reduced to N.T.P. by writer. 

4 Dispersion formula used for extrapolation includes infrared vibration 
terms. ° 
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For argon, helium, hydrogen, nitrogen, and oxygen, it is ap- 
parent that the best measured values of ¢ — 1 are equal to n*. — 1 
within 1 to 2 per cent at low pressures. The refractivity data for 
these gases are at present more accurate than the dielectric- 
constant data. In view of this and the theoretical and experi- 
mental evidence shown for the equality between « and n?. for 
these substances, it is suggested that this equality be accepted for 
them. In this way the important use of these gases as the most 
common and most reliable standards for gaseous dielectric- 
constant determinations would be improved, and further im- 
provement would most readily be worked by increase in the 
accuracy of the refractivity and compressibility data. 

The studies, of mercury vapor by Wiisthoff and by Wolfsohn 
are the most accurate published to date. No improvement of 
their excellent results appears urgent in view of the lack of inter- 
est of the dielectric behavior of this gas. 

No reliable dispersion formula including infrared terms has 
been published for ethylene. It is fairly certain that here the 
atomic polarization is considerable so that it is not surprising 
that the value of n?.0, obtained by the Lowery (28)* equation is 
lower than «. The dielectric-constant values are self-consistent, 
and at present infrared-refraction data for this gas would be of 
importance both to test the dielectric-constant data and to aid 
our understanding of atomic polarization.‘ 

In the case of methane, the earlier diclectric-constant values 
are definitely in question, owing to the careful refractivity studies 
of Rollefson and Havens and the dielectric-constant studies of 
Watson’s group. Further experimentation dealing with the 
absolute value of ¢ for this gas is desirable. 

The ¢ values for carbon dioxide are generally considered (47, 
48) in satisfactory agreement with the value of n?~ obtained from 
the Fuchs (26) dispersion formula, which includes the contribu- 
tion of atomic polarization to the refractivity. Although the 
differences are small, in general, the consistency with which the 
« values exceed the n? value is of interest. The importance of 
this gas warrants further study of its refractivity. Despite the 
indirect evidence both for and against the anomalous rise ‘in 
the dielectric constant in the temperature range 25 to 40 C, re- 
ported by Fox and Ryan (40), 1939, it is surprising that no fur- 
ther detailed investigation has been made to settle the question 
of its existence. 

The data for the polar gases are not shown in Table 2. In the 
casg of water and ammonia, the large moments make the con- 
tribution of @ to e much smaller than that of u?/(3k7'), so that the 
test employing refraction data is quite uncertain (47). With car- 
bon monoxide, where the moment is much smaller, no adequate 
dispersion formula is available for the test. It is apparent that 
the existing data for these three gases are satisfactory, except for 
the purpose of exact estimation of the atomic polarization. 

Although water vapor (49) has been studied up to 150 mega- 
cycles without apparent change in its dielectric constant, the 
field of very high frequencies has not been investigated for the 
polar gases. Such studies are of interest in relation to anomalous 
dispersion studies in condensed media. 


3 Reference numbers in Tables 1 and 2, and numbers in parentheses 
appearing in the remainder of the paper refer to the Bibliography at 
the end of the paper. 

4 Dr. E. Bright Wilson, Jr., has kindly called our attention to the 
work of A. M. Thorndike, A. J. Wells, and E. Bright Wilson, Jr. 
(Journal of Chemical Physics, vol. 16, 1947, pp. 157-165) in which, 
from a study of the absorption intensities of the chief infrared ab- 
sorption bands of ethylene, they have estimated the atomic polariza- 
tion of that substance in good agreement with the values determined 
from the visible index. and the dielectric constant by Watson and 
Ramaswamy (43). They also report that their values for the ab- 
sorption intensities reproduce an observed dispersion curve con- 
structed from unpublished data supplied them by R. Rollefson and 
R. Havens for the refractive index of ethylene. 
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MILLER—VI—DIELECTRIC-CONSTANT AND REFRACTIVITY DATA 


Finally, for all of these gases, higher-temperature dielectric- 
constant data are lacking, although Goldschmidt and Hélemann 
(50) have studied the L-L function of carbon dioxide up to 800 C, 
noting a slight rise in the function above 400 C. They attribute 
this rise to excitation of higher vibration states. Further work 
would be useful in estimating the effect of higher vibration states 
on the polarizabilities and dipole moments of the gases. 

In summarizing, we may cite the need of the following data 
at low pressures for the gases under discussion: 


1 Infrared refractivity data to estimate the n?. values for 
ethylene, carbon dioxide, and carbon monoxide. 

2 Dielectric-constant values for methane and carbon dioxide 
(between 25 and 50 C for CO,). 

3 High-frequency and high-temperature dielectric-constant 
data for all the stable gases. 


Data 


Data have been reported for several of these gases at high 
pressures. With increase in density, the magnitude of the di- 
electric constant rises so that increased accuracy can be gained 
in the determinations of ¢, especially if pains are taken in design- 
ing the measuring condenser to prevent distortion under pres- 
sure. In this way, with accurate compressibility data available, 
the C-M funetion can be evaluated and extrapolated accurately 
to normal pressure. This has been done for several of the gases 
and, when combined with studies at several temperatures, has 
afforded valuable information concerning their dipole moments. 

The most important use of the high-pressure values is, however, 
to guide theoretical work on the dielectric behavior of condensed 
systems. Gases serve well in this respect because their densities 
can be regulated to provide a continuous approach to the liquid- 
state conditions. 

Such data are lacking or far from complete for argon, carbon 
monoxide, ethylene, helium, mercury, methane, oxygen, and 
water vapor. For argon, only the L-L function has been studied, 
Bennett (24) having shown that this function is constant at 0 
and 30 © up to a pressure of 18.5 atm. The only C-M values 
mentioned in the literature for helium are some unpublished 
values obtained in Keyes’ laboratory and stated (48) to show no 
trend with temperature or density. Methane has been studied 
only by Uhlig, Kirkwood, and Keyes (51). These workers showed 
that at 0 and 100 C and up to 175 atm, the C-M value is inde- 
pendent both of temperature and density. Oxygen was studied 
many years azo by Occhialini (52) at one temperature, 13.5 C, up 
to a density of 110 amagat, the C-M function being constant up 
to this density. Eadie and Satterly (53) studied the refraction be- 
havior at 21 C, at 5210 A, up to approximately 40 atm. In- 
spection of their data shows that the L-L function is constant 
over this range. 

The high-pressure studies of hydrogen and nitrogen have been 
reviewed by Keyes and Oncley (48). Since no more work has 
been published for these substances since that time, we may con- 
veniently draw from the conclusions presented in that review. 

Extensive data by many workers on the C-M function of 
hydrogen show no systematic deviation for it with change in 
density and temperature between 0 and 100 C and pressures up 
to 1425 atm. 

The dielectric behavior of nitrogen has been studied as ex- 
tensively as that of hydrogen, temperatures from 0 to 150 C 
being used, and pressures up to 1000 atm. Keyes and Oncley 
summarize the data for nitrogen by stating that the C-M function 
by a faint apparent trend suggests the expectation of a positive 
density dependence. Theoretical study by Keyes’ group (54, 
55, 48) predicts that for hydrogen, helium, oxygen, and nitrogen, 
rise in pressure will indeed cause an increase in the C-M values. 
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Unfortunately, the increase is close to the experimental error, 
which is about 1 in 500 over the range studjed, the largest 
effect predicted being that for nitrogen, about 1 per cent at 
1000 atm. 

For both hydrogen and nitrogen, the high-pressure e values, 
when extrapolated to N.T.P., agree very well with the values 
measured at low pressures and quoted in Table 2. 

Keyes and Oncley cite the lack of L-L function data at high 
densities for structurally simple substances. The only data known 
are those of Magri (56) for air up to 200 atm at 15 C, of Eadie 
and Satterly for oxygen, and of Bennett for argon and for nitro- 
gen (24) up to 13 atm at 0, 30, and 50°C. Over the limited pressure 
ranges pursued, the L-L function is constant for these gases. 

The results of the dielectric-constant studies of carbon dioxide 
at high pressures have been the most perplexing. Following the 
early studies of Occhialini (52), which were carried up to only 
50 amagat, the investigations were reopened by Keyes and Kirk- 
wood (57) in 1930. In this and subsequent work at Keyes’ labo- 
ratory, a rise in the C-M function was detected with initial rise 
in pressure. Later work in Michels’ laboratory disagreed with 
this finding and, only after careful inspection of the experimental 
errors and correction of all the dielectric-polarization data availa- 
ble at the time, were Keyes and Oncley (48) able to bring the 
values into substantial agreement. Their study of the data 
revéaled that the C-M function values showed an initial positive 
dependence on density but went through a maximum around 
300 amagat and then decreased with rise in density. This con- 
clusion was verified later by the extensive work of Michels and 
Kleerekoper (58) who carried their measurements to 1544 atm at 
100 C, and 1687 atm at 50 C. Theoretical considerations (48, 
55, 60, 61, 62) also confirm this behavior although the theory is 
incapable of predicting the position of the maximum at present. 
An additional achievement of the high-pressure measurements 
has been their strong confirmation of the nonpolarity of carbon 
dioxide. 

The L-L function of carbon dioxide has received more attention 
at high pressures than that of any other gas. Phillips (63), 
Oleson and Bennett (64), and Michels and Hamers (65) have 
contributed the most accurate data, the last-named workers 
making their measurements at 25, 32, 50, and 100 C over a pres- 
sure range up to 2400 atm. The results of all these workers 
gree in showing a decrease in the L-L function with increases 
in pressure, no initial rise being noticeable. Furthermore, the 
decrease in the L-L function is not parallel with that of the C-M 
function. Lack of explanation of the difference in behavior of 
the C-M and L-L functions with increase in density mars the 
whole picture of the high-pressure studies. 

Ammonia is the only polar gas whose dielectric behavior has 
been studied over a wide pressure range. It has been investi- 
gated only in Keyes’ laboratory, but by several workers there. 
The results have been summarized by Keyes and Oncley (48). 
The measurements have yielded the important finding that the 
dipole moment of ammonia is independent of temperature and 
ef density up to 4.48 moles per liter. Furthermore, the C-M 
function shows a definite positive trend with pressure, rising 
initially at the rate of 5 per cent per hundred atmospheres. The 
theoretical treatment of this C-M behavior is a difficult task, 
although some progress has been made on it (57, 54, 48, 66, 67). 

Due to the small size of the effects produced in the values of the 
C-M and L-L functions by change in density, several of these 
gases, especially the simpler ones, should be studied over wider 
ranges of pressure and temperature than attempted to date. 
This will call for improved techniques, especially for the dielectric- 
constant measurements. At the same time, better p-v-7' data 
will be required. Success with the simpler gaSes would prepare 
for similar extensive studies of carbon monoxide and ammonia. 
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High-frequency dielectric-constant measurements would be of 
even greater interest at high densities than at the lower pressures 
for the polar gases. 

[Three publications dealing with pertinent material have 
appeared since this article was written. The first two, from 
Michels’ Laboratory (A. Michels, H. Lebesque, L. Lebesque, 
and S. R. deGroot, Physica, vol. 13, 1947, pp. 337-342, and 
A. Michels, A. Botzen, and S. R. deGroot, Physica, vol. 13, 1947, 
pp. 343-348) report that the L-L functions of nitrogen, measured 
from 1 to 2000 atmospheres at 25 C, and of ethylene, from 1 to 
2300 atmospheres at 25 and t00 C, show an initial increase with 
rise in pressure, pass through a maximum, and then decrease. 
While the maximum is pronounced only in the case of ethylene 
at 100 C, the final decrease is definite for both gasés, in agree- 
ment with theory and the behavior shown by carbon dioxide. 

The third publication, by A. van Itterbeck and K. deClippeleir 
(Physica, vol. 13, 1947, pp. 459-464) deals with the dielectric 
constant and the C-M function of carbon dioxide in the range 0 
to 100 C and up to 16 atmospheres. The results agree well with 
the extrapolations of the higher pressure values of Michels and 
Kleerekoper (58) and show a maximum polarization in the 
neighborhood of 50 C. This work may well reopen the contro- 
versy concerning the structure of carbon dioxide (9, 40).] 
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VII—A Summary of Experimental Deter- 
minations of Joule-Thomson Effects in Gases 


By H. L. JOHNSTON% ann DAVID WHITE? 


A record is given of work on temperature effects which 
accompany the free expansion of gases from the classic ex- 
periments of Joule and Thomson in 1852-1862, down to 
present time. For purposes of summarizing present 
knowledge of Joule-Thomson data, more detailed informa- 
tion, which has been published since 1920, isincluded. Re- 
liable methods are now available for the derivation of data 
of this character, which are of practical value in the ther- 
modynamic treatment of gases under pressure. These 
are described briefly. 


INTRODUCTION 
r SHE classic experiments of Joule and Thomson (1, 2)? on 


the temperature effects that accompany the free expansion 

of gases, were performed between the years 1852 and 1862. 
Numerous investigators (3 to 21, inclusive) continued experi- 
ments of this type in the decades prior to 1920. Summaries of 
their work prior to 1905 and prior to 1919 are given by Kester 
(11) and by Hoxton (23), respectively. The objects of these in- 
vestigations were: (a) the determination of gas liquefaction effi- 
ciencies; (b) measurements of enthalpy as a function of pressure; 
(c) measurements of heat capacity as a function of pressure; (d), 
evaluation of molecular attractive forces; (e) establishment of 
the ice-point temperature on the Kelvin Scale; and (f) checks on 
the reliability of high-pressure gaseous data of state. The work 
prior to 1920 may be summarized by the general statement that, 
with few exceptions (15, 16, 19, 20, 23), the data were limited in 
scope both with respect to pressure range and temperature 
range, and were generally lacking in experimental precision. The 
gases, represented in the few relatively good pieces of work prior 
to 1920, have since been examined with greater thoroughness and 
greater accuracy. For the purpose of summarizing present 
knowledge of Joule-Thomson data, reference therefore can be 
limited to work published since 1920. 


APPARATUS 


Four types of apparatus have been used in measuring the 
Joule-Thomson effect: (a) throttling; (6) porous plug with axial 
flow; (c) porous plug with radial flow; and (d) the “isothermal 
method.” 

Joule and Thomson performed their initial experiments by the 
throttling method, which consists of measuring the temperature 
change which accompanies direct expansion through a needle 
valve or other orifice. They were unable to obtain reproducible 
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results in their throttling experiments and quickly abandoned the 
method in favor of the porous plug. 

The difficulties with the simple throttling method were clari- 
fied by the experimental work of Bradley and Hale (15), and that 
of Dalton (16). They arise from heat flow along the valve, 
exaggerated by the influence of the so-called “kinetic-jet’’ effect 
associated with the high-velocity gas stream, and from errors of 
temperature measurement on the downstream side of the valve, 
likewise due to the high gas velocity. Because of these difficulties 
the method was generally abandoned after 1909, although Dalton 
himself obtained good results, on air over rather limited pressure 
and temperature ranges, by use of a glass valve. 

Recently, Johnston and co-workers (54, 55, 56) have overcome 
these difficulties with a valve of new design and have obtained 
good results on hydrogen and on deuterium down to 64 deg K. 

The porous plug used by Joule and Thomson, and by most 
later workers, owes its advantage to the low thermal conduc- 
tivity of the ceramic material from which it is usually fabricated. 
The original form of the plug used by Joule and Thomson, and by 
most subsequent workers up to 1920, was that of a solid cylinder. 
The gas flow through capillary pores in the material was parallel 
to the axis of the cylinder. This form of porous plug is today 
referred to as “‘porous plug with axial flow.”” Disadvantages were 
the necessarily large pressure drop required to force gas through 
the plug, and the relatively small rate of flow. There is also flow of 
heat in the metal housing around the plug. 

The porous plug with axial flow is a distinct improvement 
over the earlier form of plug and is the form of porous plug 
generally used since 1920. The principle of the axial-flow plug 
was actually conceived by Regnault (3), shortly after Joule and 
Thomson’s early work. Regnault passed the gas inward 
through the porous wall of a hollow enclosure. An opening 
through the wall carried off the low-pressure gas. Regnault 
himself abandoned Joule-Thomson experiments almost imme- 
diately, and his radial-flow plug escaped notice. It was de- 
veloped, in improved form, into an apparatus of high accuracy 
by Burnett and Roebuck (18) in 1910, but experimental results 
om gases were not published by the hatter authors until after 
1920. Burnett and Roebuck’s plug is a porous ceramic thimble 
of relatively thin wall. The gas passes inward through the wall of 
the thimble and flows out through the open end. This form 
of plug possesses advantages over the axial-flow plug both in the 
matter of heat leak and of increased flow of gas. 

The isothermal method is essentially the throttling method 
with heat added to the cold low-pressure stream in sufficient 
amount to offset the Joule-Thomson cooling. The heat is sup- 
plied electrically, and from measurements of the heat added, the 
amount of gas passed through the valve, and a knowledge of the 
heat capacity of the low-pressure gas, the Joule-Thomson tempera- 
ture drop can be computed. The method was first employed by 
Buckingham (13) in 1910, but was developed as an instrument for 
precision work by Keyes and Collins (41), and independently by 
Eucken, Clusius, and Berger (40) in 1932. This method reduces 
substantially the heat leak present in the original design of 
throttling apparatus, but does not remove it entirely because of 
the ‘“‘kinetic-jet”’ effect. This effect is less prominent at low - 
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rates of mass flow, and so the isothermal method is best adapted 
to work at low pressures. 


EXPERIMENTAL 


The most extensive program of Joule-Thomson effect measure- 
ments on inorganic gases, and. probably the most accurate, has 
been that carried on at the University of Wisconsin by Roebuck 
and co-workers. Pure gases investigated have included air (27), 
Nz (34), CO, (26, 36), He (32), and A (33). The pressure range 
was from 1 to 200 atm on all of the gases, and the temperature 
range was from 300 C down to —56 C for CO.; to —100 C for 
air; to —150 C for N2 and A, and to —190 C for He. 

The Wisconsin data were taken with the radial-plug apparatus, 
and Joule-Thomson coefficients computed from the slopes of the 
isenthalps. 

Roebuck and Osterburg (35, 37) also measured Joule-Thomson 
effects on helium and nitrogen, and helium and argon mixtures. 
Their earlier work (32) contained some data on mixtures of 
helium and air. The results with mixtures were rather surprising 
in that considerable amounts of the heavier impurity could be 
added to helium without much influence on the Joule-Thomson 
coefficients, but the coefficients for the heavier gases prove 
very sensitive to small amounts of helium. A proper theory for 
gas mixtures is practically nonexistent. 

Knoblauch (28) and Haisen (29) have also measured Joule- 
Thomson effects in air, using an apparatus of the axial-flow type, 
in which the plug was made of asbestos. However, their data 
are more limited and less accurate than those obtained by Roe- 
buck. 

Eucken, Clusius, and Berger (40) used an isothermal throttling 
apparatus to measure Joule-Thomson effects in air at tempera- 
tures close to 200 C, and for pressures up to 50 atm. 

Zelmanov (53), by means of throttling experiments, has de- 
termined the Joule-Thomson effect for helium for the tempera- 
ture range 6 to 20 deg K and for pressures up to 60 atm. This 
supplements the data of Roebuck and Osterburg (32), but leaves 
a 60-deg gap. 

Eumorfopoulos and Rai (30) also measured the Joule-Thom- 
son effect in air by means of a radial-flow apparatus, up to pres- 
sures of 10 atm, and between 20 and 100 C, and obtained values 
a little higher than those found by Roebuck. ; 

Keyes and Collins (41) have also furnished some data on both 
CO, and No, as well as on NH; and on water vapor. Their data 
were taken with the isothermal-expansion type of apparatus and 
were all under pressures of 5 atm., Some of the data for water 
vapor were for pressures as low as 50 mm. Except for some of the 
work with steam, which was carried to 125 C, temperatures were 
between 30 and 75 C. Their results were characterized by high 
accuracy (0.5 per cent in the measured heat), and their method is 
particularly adaptable to measurements at low pressures. 

The data by Johnston and co-workers (54, 55, 56), obtained 
by an improved throttling apparatus, are the only reliable data 
on hydrogen, and on deuterium. The accuracy obtained in the 
measurement of Joule-Thomson effects is thought to be of the 
order of 1 per cent for deuterium, but may be a little less accu- 
rate than this for hydrogen, which was run before some improve- 
ments were made in the apparatus. The pressure range covered 
was from 17 to 200 atm. The temperature range was from 64 to 
80 deg K, which is a region of interest in the operation of hydrogen 
liquefiers, and at 25 C. 

Joule-Thomson data for steam were included in the sys- 
tematic sets of determinations which preceded the preparation 
of the Steam Tables, by a committee of this Society. The 
accurate work of Keyes and Collins, who measured Joule- 
Thomson effects for steam up to 125 C, has already been re- 
ferred to. The principal portion of the Joule-Thomson data for 
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steam was collected by Kleinschmidt (25), who used a porous 
plug of alundum and who carried his measurements to 600 C. 
The pressure range was to 40 atm. Other data were supplied by 
Callendar (31), who used a type of calorimeter based upon the 
throttling principle. 

This effectively summarizes the existing Joule-Thomson data 
on inorganic gases, including the very sparse material on their 
*mixtures. A roughly equivalent amount of work has been done 
on hydrocarbon gases. Two groups of workers have participated 
in this program. One group, at the University of Michigan, 
under the direction of G. G. Brown, has used a throttling ap- 
paratus, similar to that used by Callendar (31) and embedded in 
a block of magnesia. They have determined data for naphtha and 
for pentane (39); for Dowtherm A (43), which is a mixture of di- 
phenyl] and dipheny] oxide; and for benzene (42). Pressures went 
to 70 atm for benzene, pentane, and naphtha, and to 30 atm for 
Dowtherm A. Temperatures were to about 100 C for naphtha 
and pentane; to 380 C for benzene; and to 500 C for Dowtherm. 

The other group, at the California Institute of Technology, 
headed by Sage and Lacey, has employed apparatus with the 
radial-flow porous plug. An alundum fine-grained extraction 
thimble was used for the purpose. This group has obtained 
data (44 to 51, inclusive) on propane, normal butane, normal 
pentane, methane, ethane; and on mixtures of methane and 
ethane, of methane and butane, and of methane and propane. 
Their data were taken over the temperature range of 20 to 104 C, 
except for the last two mixtures for which data were taken to 
150 C. Pressures went to 37 atm for propane; 15 atm for n- 
butane; 6 atm for n-pentane; 100 atm for methane; 40 atm 
for ethane, and to 100 atm for the three mixtures with methane. 
Sage and co-workers claim limits of accuracy that range from 
1 to 3 per cent. 


CONCLUSION 


As this summary shows, there are no data at all for O., CO, 
NO, and C,H,, which are among the industrially important gases, 
and data are scant for NH;, and Hs». There are no data for CH, 
below room temperature, and data for air, Ns, and A, which are 
among the more complete, extend down only to within 50 to 100 
deg of their boiling points. There is a 60-deg gap in an important 
part of the temperature region for helium. Data on gas mixtures 
are limited to five examples. 

Reliable methods are now developed for getting data of this 
character, which are of practical value in the thermodynamic 
treatment of gases under pressure. Whether or not data of this 
character are accumulated, in any quantity, will depend upon the 
interest of groups which are concerned with the development or 
operation of high-pressure processes, or which are interested in 
supporting basic scientific and engineering programs. 
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VIlI—Brief Review of Available Data on 
the Dynamic Viscosity and Thermal 


Conductivity for Twelve Gases 


By G. A. HAWKINS,! LAFAYETTE, IND. 


A brief review of the available data relative to the dy- 
namic viscosity and thermal conductivity for twelve gases 
is presented inorder to show the need for future experimen- 
tal work. The values found in the survey for the thermal 
conductivity and viscosity for the various gases at a pres- 
sure of approximately 1 atm have been analyzed arfd aver- 
age values presented in the form of graphs to show the 
influence of the temperature. 


INTRODUCTION 


REVIEW of the literature available to the author rela- 
A tive to the dynamic viscosity and thermal-conductivity 

values for ammonia (NH;), argon (A), carbon dioxide 
(CO,), carbon monoxide (CO), ethylene (C,H,), methane (CH,), 
helium (He), hydrogen (H:), mercury (Hg), nitrogen (Nz), oxygen 
(O,), and steam (H,O) has been made. The purpose of the re- 
view of the literature was to show the extent of the existing data, 
and to emphasize the need for future experimental investiga- 
tions. It is realized that in the review of extensive literature it 
is often possible to overlook important sources of information. 
As a result, the author would appreciate receiving comments 
relative to any important work which has been overlooked. 


AVAILABLE INFORMATION ON Eacu GAs 


The information found relating to the dynamic viscosity and 
thermal conductivity is discussed for each of the twelve gases. 

Ammonia. All of the available data found in the literature 
dealing with the dynamic viscosity of ammonia are for a pressure 
of approximately 1 atm, and for temperatures ranging from 

-78.5 C to 441.1 C. The results reported in the various in- 
vestigations were plotted and found to be in good agreement. 
Average values based upon the available data are well represented 
by a straight line as shown in Fig. 1. 

Few data are available relative to the thermal conductivity of 
ammonia. The results which have been presented are based 
upon a pressure of 1 atm, cover a temperature range from ap- 
proximately —60 C to 100 C, and are in fair agreement. Average 
values for the thermal conductivity as based upon the existing 
data for a pressure of 1 atm are plotted in Fig. 2. 

Argon. All of the reported data dealing with the dynamic 
viscosity of argon are based upon a pressure of approximately 
l atm. The temperature range for this pressure is quite large, 
being —183 C to 1600 C. The various experimental results were 
plotted and were found to be in good agreement. The line shown 


1 Westinghouse Research Professor of Heat Transfer and Acting 
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of Gases and Gas Mixtures, and presented at the Annual Meeting, 
Atlantic City, N. J., December 1-5, 1947, of THe AMERICAN Society 
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of the Society. Paper No. 47—A-168. 


in Fig. 1 represents average values for the complete range of 
temperature at a pressure of 1 atm. 

The thermal conductivity of argon has been determined for a 
pressure of approximately 1 atm and for a temperature range 
from —183 C to 100 C. The experimental data are in good agree- 
ment, average values for which are plotted in Fig. 2. 

Carbon Dioxide. All of the reported work except for one in- 
vestigation deals specifically with the viscosity of carbon dioxide 
at a pressure of approximately 1 atm for a temperature range of 
—100 C to 1400 C. The agreement between the various data is 
satisfactory. Average values are represented by the curve in 
Fig. 1. 

Phillips (50)? conducted experiments at five temperatures 
(20 C, 30 C, 32 C, 35 C, and 40 C) for pressures from 1 atm to 120 
atm. These appear to be the only data showing the effect of 
pressure on the dynamic viscosity of carbon dioxide. 

Numerous values for the thermal conductivity of carbon dioxide 
are available for a pressure of 1 atm, and a temperature range 
from —85 C to 600 C. Disagreement exists between the results 
of various investigators between 100 C and 600 C. A curve repre- 
senting average values is shown in Fig. 2. 

One investigation (109) covers a pressure range from 1 atm to 
87 atm for temperatures ranging between 12 C to 50 C. Ata 
temperature of approximately 37 C, the increase in conductivity 
for a pressure change from 1 atm to 87 atm was found to be over 
fivefold. 

Carbon Monoxide. The viscosity data for carbon monoxide 
reported in the literature refer toa pressure of 1 atm and for tem- 
peratures varying from —192 C to 277 C. The curve shown in 
Fig. 1 represents the average values based upon all of the availa- 
ble data. The agreement between the data presented by the 
various investigators is quite satisfactory. 

Values are available for the thermal conductivity of carbon 
monoxide at a pressure of approximately 1 atm and a tempera- 
ture range from —190 C to 10 C. The existing data are in good 
agreement, average values of which are shown by the curve in 
Fig. 2. 

Ethylene. The available reported viscosity data are based 
upon a pressure of approximately 1 atm and cover the tempera- 
ture range from —79 C to 300 C. The agreement between the 
data of the various investigators is good,-and no serious differ- 
ences exist. The curve in Fig. 1 represents average values for a 
pressure of one atmosphere. 

Several experimental investigations dealing with the thermal 
conductivity of ethylene have been made at atmospheric pressure 
and for a temperature range from —70C to 100C. The ayaila- 
ble data agree in a satisfactory manner, and a curve repre- 
senting average values is shown in Fig. 2. 

Methane. All of the viscosity data are based upon a pressure 
of 1 atm and cover a temperature range from —182 C to 499 C 
and are in-good agreement. Average values based on the re- 
ported data are plotted in Fig. 1. ; 


2 Numbers in parentheses refer to the Bibliography at the end of the 
paper. 
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Values for the thermal cpnductivity of methane are available 
for a pressure of 1 atm and temperatures ranging from —180 C 
to 50 C. Serious disagreement exists at a temperature of 0 C. 
The available data have been plotted and the average values are 
shown in Fig. 2. 

Helium. Except for some experimental viscosity data at a 
pressure of approximately '/; atm, all of the other reported data 
are for a pressure of 1 atm and temperatures ranging from 
—260 C to 820C. The data, in general, agree in a satisfactory 
manner. The curve in Fig. 1 represents average values for the 
available data. 

Data are available for the thermal conductivity of helium for a 
pressure of 1 atm and temperatures ranging from —250 C to 
100 C. The experimental values when plotéed exhibit considera- 
ble scattering at temperatures below —100 C. Average values 
when plotted are represented by the curve in Fig. 2. 

Hydrogen. Approximately all of the available data are based 
on @ pressure of approximately 1 atm and cover a temperature 
range from approximately —257 C to 825C. The average values 
for 1 atm prgssure and various temperatures are shown by the 
curve in Fig. 1. Some data are reported for a pressure of approxi- 
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mately '/, atm for a temperature range of —-250 C to 20 C. In 
general, good agreement exists between the data of the various 
investigators. 

Considerabie data relative to the thermal conductivity of 
hydrogen are available for a pressure of 1 atm and a temperature 
range from —250C to 100 C. Serious disagreement exists for the 
various data at any given temperature within the specified range. 
Average values have been obtained and are plotted in Fig. 2. 

Mercury. Few data are available relative to the dynamic 
viscosity of mercury. All of the experimental values are for a 
pressure of approximately 1 atm and a temperature range from 
220 C to 610 C. The data of the various investigators agree 
fairly well. The curve in Fig. 1 represents average values. 

Except for the work of Schleiermacher (19), no experimental 
investigations dealing with the thermal conductivity of mercury 
vapor were found in the literature. In the reference cited a value 
of 77.2 (10~*) Joule/cm sec C is given for a temperature of 203 C. 
It is obvious that a great deal of experimental work is required in 
order to obtain additional data relative to mercury. 

Nitrogen. A number of investigators have determined the 
dynamic viscosity of nitrogen at atmospheric pressure for tem- 
peratures ranging from —100 C to 1400 C, and the agreement 
between the various investigators is satisfactory. Average 
values for the existing data are represented by the curve in Fig. 1. 

Several researchers (95, 125, 130) have studied both the effect of 
pressure and temperature on the dynamic viscosity ” nitrogen 
and the data agree within about 4 per cent. 

Considerable data are available relative to the thermal con- 
ductivity of nitrogen. At a pressure of 1 atm values are reported 
for a temperature range from —193 C to 100 C. These data when 

plotted show considerable scattering in the temperature range 
from —50 C to 100 C. The curve in Fig. 2 represents average 
values. 

Fritz (116) presented results which show the influence of pres- 
sure on the thermal conductivity of nitrogen. The pressure and 
temperature ranges for this work are approximately 1 atm to 97 
atm and 40 C to 60 C, respectively. For a temperature of 40 C, 
the thermal conductivity increased approximately 19 per cent 
for a pressure increase of approximately 97 atm. The increase 
in thermal conductivity with pressure for a given temperature 
was found to be nearly linear. 

Oxygen. All of the available data for the dynamic viscosity of 
oxygen are referred to a pressure of approximately 1 atm and for 
temperatures ranging from —191 C to 829 C. The agreement in 
data is satisfactory. Average values for the data are shown by 
the curve in Fig. 1. 

Data are available for the thermal conductivity of oxygen for 
a pressure of 1 atm and températures ranging from —193 C to 
100 C. In general, good agreement exists for the available data. 
Average values for the temperature range specified have been 
plotted in Fig. 2. 

Steam. Many workers have conducted investigations in an 
effort to determine the viscosity of superheated steam over 4 
wide range of pressures and temperatures. The serious lack of 
agreement between the various data was brought out in a recent 
paper (133) in which comparisons of the data at various pressures 
and temperatures are shown. Average values for the viscosity 
of steam for a pressure of 1 atm have been plotted in Fig. 1. 

A number of experimental and theoretical studies have been 
made relative to the thermal conductivity of superheated steam. 
Values have been reported for pressures up to 290 atm and tem- 
peratures of 550 C. The serious disagreement between the re- 
sults of the various investigations is clearly shown when the 
various data are compared. A discussion of the data on the 
thermal conductivity of steam was recently presented by Rudorff 


(132). 
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CONCLUSIONS 


The review of the available data on the dynamic viscosity and 
thermal conductivity of the twelve gases indicates a critical need 
for additional experimental work. Examination of Figs. 1 and 
2 shows that there is a serious lack of information in the range of 
temperatures and pressures encountered in engineering work. 

The lack of data and in some cases disagreement in results are 
not surprising when one considers the enormously difficult prob- 
lems which confront experimenters pursuing research work deal- 
ing with the determination of the thermal conductivity and vis- 
cosity of gases and vapors at elevated pressures and temperatures. 
The problems errcountered in the design of apparatus for high- 
pressure and temperature research are many and varied, and are 
often extremely difficult to solve. 

Before World War II, the engineers to a large extent relied on 
the basic research work of the European institutions to provide 
data on the thermal conductivity and viscosity of gases and 
vapors.: The data from these organizations will in all probability 
not be forthcoming in the immediate future at the same rate as in 
the past; hence every effort should be made to encourage engi- 
neers and scientists in this country to pursue research work deal- 
ing with these properties. . 
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Industry’s Requirements for Data 


on Gas Properties 


By N. A. HALL,! MINNEAPOLIS, MINN. 


A broad survey has been made among industries for 
which data upon the properties of the gases treated in this 
series of papers are of great importance. The require- 
ments specified, which are being submitted to the ASME 
Special Research Committee, will be of great aid in formu- 
lating the research program. Full co-operation in the 
work to be undertaken will be supplied by industry and 
Federal agencies. 


HE physical and thermodynamic properties of gases are 
among the tools used by mechanical engineers in many 
exact calculations. Standard tables of data on these 
properties summarize available knowledge of these tools which 
permits them to be used to advantage. As design requirements 
have become more exacting, however, it is apparent that our 
knowledge of these basic data is often inadequate. The accuracy 
of any analysis depends upon the reliability of the standard refer- 
ence data employed, and industry has a continuing requirement 
for more basic data to satisfy its increasing needs in this respect. 
‘This problem is not confined to any one industry or any one set 
of engineers. In response to a general demand, therefore, the 
ASME Special Research Committee on Properties of Gases and 
Gas Mixtures has undertaken to co-ordinate industry’s require- 
ments in this field as a preliminary step in organizing its proposed 
program of researche Fortunately, representatives from many 
industries have been among the sponsors of this activity, and a 
number of these representatives have been prominent in the work 
of the committee to date. 

In order to have at hand a comprehensive picture of the current 
and prospective needs of industry, the committee has sponsored 
a survey which endeavored to cover the field as fully as possible. 
From a review of the replies, three definite observations can be 
made. 


1 The needs for data on gas properties are varied and com- 
prehensive; the contemplated program of research cannot afford 
to specialize on any smal] number of gases. | 

2 The set of standard reference data to be established should 
be arranged so that it can grow and be revised continually as 
additional authoritative data become available. 

3 The need for data on gas mixtures is of major importance; 
few such data are available, and experience has shown that the 
properties of some of the more common mixtures cannot be calcu- 
lated reliably from the known properties of their components. 


INDUSTRIES CONSULTED 


Gas properties are involved in almost every industry requiring 
mechanical-engineering techniques, so that it has been necessary 


' Professor of Thermodynamics, Mechanical Engineering Depart- 
ment, Institute of Technology, University of Minnesota. 
Contributed by the Applied Mechanics and Heat Transfer Divi- 
sions, under the auspices of the Research Committee on Properties of 
Gases and Gas Mixtures, and presented at the Annual Meeting, 
Atlantic City, N. J., December 1-5, 1947, of Toe American Society 
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to approach a large number of organizations. In addition to the 
field of mechanical engineering, chemical engineering will have a 
major interest in this work. Petroleum refining, which has been 
called the largest chemical industry in the world, has as extensive 
a need for gas-properties data as any. In recognition of this 
fact, the American Petroleum Institute has been sponsoring at 
the National Bureau of Standards its Research Project 44 on the 
collection and evaluation of data on the thermodynamic proper- 
ties of hydrocarbons, and the basic gases, oxygen, nitrogen, 
hydrogen, CO, and CO,. The director of this project at the 
Bureau of Standards, Dr. F. D. Rossini, is also a member of the 
ASME Special Research Committee, and a veryclose liaison be- 
tween these two activities is to be expected. In connection with 
the work of the API project, it may be noted that replies received 
from the petroleum industry in the present survey indicate a need 
for high-pressure thermodynamic properties and for data on pro- 
cess gases not included in the API program. 

The chemical industry, including gas processing and handling, 
also has widely varied requirements. One of the greatest needs 
here is adequate information on mixtures of even some of the more 
common gases, such as oxygen and nitrogen. 

Although the refrigeration and air-conditioning industry has 
been established for many years, current developments in this 
field are characterized by an increasing amount of engineering re- 
finements. The wide use of newer and specialized refrigerants 
calls for many extensive data to determine optimum utilization. 
One can easily list twenty-five or more gases used as refrigerants 
of which at least one half have their major application in this in- 
dustry. 

In power development the manufacturers of steam and gas 
turbines, the railroads, and the aircraft industry are refining their 
designs, going to higher pressures and introducing new working 
substances. Each of these changes requires much more informa- 
tion on gas properties. 

While these represent the industries most concerned, the Fed- 
eral Government, as a major service agency and also consumer, 
sets the standards for many requirements. Accordingly, contact 
has been made with the Bureau of Standards, the Bureau of 
Mines, the National Advisory Committee for Aeronautics, the 
Office of Naval Research, the Navy Department, Bureau of Ships, 
and the War Department, Division of Research and Development. 
The needs reported by these agencies are extensive but specific. 
They call for information to aid in the design of power plants and 
propulsion systems, to enable more comprehensive study of com- 
bustion, to provide more reliable design in gas-handling and stor- 
age, among many other problems. 


Questions CONSIDERED 


In conducting this survey, a brief statement of the nature and 
pertinence of the project was submitted to each individual repre- 
senting a particular industry or service group. In preparing in- 
formation to be submitted, it was suggested that the following 
items be considered: 


1 The relative importance of the several technical gases. 
2 The relative importance of the several thermodynamic and 
physical properties. 
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3 The accuracy desired for data. 
4 The form of tables and charts for presenting technical data. 


In reviewing the replies received from these groups, it was ob- 
vious that the needs of industry are remarkably varied. At least 
75 specific gases or gas mixtures were mentioned, of which almost 
one half were considered to be of major importance by at least one 
individual. 

Priority oF INTEREST 


The individual gases mentioned may be summarized in groups 
which will be discussed in somewhat more detail, arrangéd in the 
general order of priority in Table 1, together with their more im- 
portant properties. 


TABLE 1 IMPORTANT GASES TO BE CONSIDERED AND THEIR 


PROPERTIES 
1 Basic gases 5 Inert gases 
2 Hydrocarbons 6 Dissociated gases 
3 Gas mixtures 7 Minor atmospheric gases 
4 Refrigerants and process gases 8 Propulsion gases 
Thermodynamic Properties 

Major Minor 
1 Constant-pressure specific heat 1 Vapor pressure 
2 Constant-volume specific heat 2 Heat of vaporization 
3 Internal energy 3 Joule-Thompson coefficient 
4 Enthalpy 4 Acoustic velocity 
5 Entropy 5 Entropy of vaporization 
6 Compressibility or p-v-T 6 Critical constants 

PuysicaAL PROPERTIES 

Major Minor 
1 1 Kinematic viscosity 
2 Thermal conductivity 2 Prandtl number 
3 Emissivity 3 Diffusivity 

CHEMICAL THERMODYNAMIC PROPERTIES 
Major Minor 
Free energy 1 Fugacity 
Heat of formation 2 Dissociation equilibrium constant 


2 
3 Free energy of formation 


Other gases were mentioned which were of specialized importance 
or were readily derivable from those listed. Generally, the six 
major thermodynamic and the three major physical properties 
appear to form a minimum set of requirements. 

For further detail it is convenient to examine the situations 
with regard to the several gas groups mentioned in Table 1. 


The basic gases appeared to be of primary importance in almost: 


every case. Included are oxygen, nitrogen, water vapor, carbon 
dioxide, hydrogen, and carbon monoxide. While the zero-pres- 
sure thermodynamic properties of these gases are of primary im- 
portance, developments in high-pressure processes and storage 
require more information on compressibilities up to at least 3000 
psia with accuracies up to three significant figures. However, at 
high temperatures up to 6000 deg R, combustion problems gen- 
erally appear not to require data at pressures of over 10 to 15 atm. 
Recent developments in gas-handling and separation have called 
for properties of these basic gases in the vapor state. It appears 
that industry’s top priority should be assigned to securing data 
for this group of the greatest possible accuracy, for a range of tem- 
peratures from well below the critical up to 6000 deg R, and for 
pressures up to at least critical at low temperatures, to several 
thousand psia at moderate temperatures, and somewhat less at 
extreme temperatures. 


The group of hydrocarbons, while primarily of interest to the © 


petroleum industry, is so widely used that its properties should be 
exhaustively considered. The immediate specific needs of the 
petroleum industry are being met by the API Project 44. In 
general, mention has been made of the need ef additional com- 
pressibility and vapor-phase data. Specific compounds for which 
such data are lacking include the pure and oxygenated, hydro- 
carbons through the C, range. 

While in many cases it was indicated that reasonably adequate 
data for pure gases were at hand, frequent reference was made to 
a serious lack of information on mixtures of gases. Many opera- 
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tions in petroleum-refining, gas separations, and combustion, to 
mention only a few, involve a great variety of mixtures. Since in 
only a few cases, such as air, is it possible to refer to a mixture of 
fixed composition, it is evident that either much more extensive 
tables must be provided, or adequate methods of computing prop- 
erties of mixtures from components must be developed. For 
some of the more common binary mixtures, such as oxygen-nitro- 
gen, nitrogen-methane, carbon monoxide-water vapor, and prob- 
ably several others, the first procedure will be justifiable. In 
general, however, the investigation of analytical methods appears 
to be particularly urgent. 

While the first three groups are of universal importance, the 
remaining, groups are in most cases of specialized interest. The 
need for data, however, is frequently very severe. The group of 
refrigerants and process gases has become very extensive. In- 
cluded are the chlorinated and fluorinated hydrocarbons, am- 
monia, the sulphur gases, SO. and H,S, chlorine, fluorine, mercury 
vapor, and others. In many cases properties of these gases have 
been obtained by the industry most concerned. For these, the 
thermodynamic, physical, and thermochemical properties are al! 
fairly equally important. For refrigerants the vapor-liquid prop- 
erties are of course most needed. Moderate accuracy on the 
order of two to three significant figures is desired. This group 
illustrates perhaps better than others the need for consistent, 
authoritative data. In too many cases the information available 
has been developed to meet specialized need so is very limited in 
scope. 

Inert gases form a consistent group which includes helium, 
argon, neon, krypton, xenon, and radon. Of these, helium is im- 
portant to industry because of its.unique physical and chemical 
properties and because of its availability. Argon is of interest 
primarily because it is a significant component of air. Neon has 
some slight use, while the others have negligible engineering ap- 
plication. Fairly complete data on helium are called for to facili- 
tate its handling and to evaluaté potential power or process use. 
Sufficient data on argon are required for proper analysis of air 
properties and of other oxygen-nitrogen-argon mixtures, 

In all combustion involving technical gases, in many chemical 
processes, and in all operations at extreme temperatures, signifi- 
cant quantities of dissociated gases will occur. Included are 
primarily atomic oxygen, hydrogen, and nitrogen, hydroxy], OH, 
and others such as NH, CH, and CN. Since these occur most 
frequently in high-temperature reactions, there is greatest need 
for low-pressure thermodynamic and chemical properties, includ- 
ing dissociation energies. Data are needed from room tempera- 
tures to at least 6000 deg R and higher if possible. Accuracy 
should be the same as that available for the basic gases. 

In certain specialized applications in aeronautics and combu:- 
tion, various minor atmospheric gases are of importance. Chief 
among these are ozone and the oxides of nitrogen. The prope!- 
ties of most importance will depend upon the use, but should in- 
clude the major thermodynamic and physical properties at 4 
minimum. 

The final group, identified as propulsion gases, includes certail 
vaporized metal oxides, fluorides, carbides, and nitrides, pal 
ticularly Li,O, Al,0s, B.Os, MgO, BF;, AIF;, and LiF. These have 
come into importance largely in military propulsion develop 
ments, and there appears to be an almost total lack of dats. 
Most needed are thermodynamic properties at extreme temper 
tures. 

In regard to accuracy, it is difficult to draw the line between the 
need for ultimate reference data and the advisability of meetiNé 
broad requirements. One individual writes that it would prob 
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accuracy of plus or minus 2 per cent rather than concentrate on 
extremely accurate data over a limited range of conditions. 
Another, however, states specifically the belief that the efforts of 
the special research committee should be directed toward obtain- 
ing data of the highest feasible degree of accuracy. It appears 
that a compromise insuring breadth of investigation with the 
least possible sacrifice in quality is in order. 


ACKNOWLEDGMENT 


The foregoing cannot possibly do justice to the extensive store 
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the work of the ASME special research committee, the evidence 
given in this correspondence should insure a strong and useful 
program. 


‘ 
| 
- : 
| 
ir 
re 
| 
ief 
er- 
in- 
all 
ar- 
ave 
op 
Ta 
ure 
| 


2 
ar 
‘ 
~ 
° 
f 
i 
. 


Facilities for, and Work Under Way in 


Gas-Properties Research 


By R. V. KLEINSCHMIDT,! STONEHAM, MASS. 


The Subcommittee on Research Planning of the Re- 
search Committee on Properties of Gases has made a sur- 
vey of laboratories believed to be interested in research 
on gas properties, to determine (1) work completed, (2) 
work in progress, (3) facilities and experienced personnel 
available but not now utilized, and (4) other laboratories 
that might be interested in developing such equipment 
and personnel, 


N order to make the compilation of data on the properties of 
gases as simple as possible, especially for the laboratories con- 
tacted, a tabular questionnaire (see following page), which ap- 

pears to have been as satisfactory as any such simplified form 
could be, was sent to a selected list of laboratories. Each recipi- 
ent was also asked to suggest others who should be contacted. 
In this way, a total of 40 laboratories were contacted, and 26 re- 
plies were received. Many of the replies were supplemented by 
letters and reprints, describing more fully the situation and facili- 
ties. Therefore the subcommittee has an extensive amount of in- 
formation of which this paper is a general summary. 

The subcommittee wishes to express its appreciation of the high 
degree of co-operation from those who supplied the basic data. 

The committee’s interest is divided into two fields: 


1 Thermodynamic properties, i.e., enthalpy as a function of 
pressure and entropy. This necessarily includes such data as 
specific and latent heats, specific volume, adiabatic exponent, k, 
ete. 

2 Mechanical-thermal properties, such as viscosity, thermal 
conductivity, thermal radiation, and absorption, etc. These are 
primarily of interest in the field of heat transfer and flow. 


Determination of the thermodynamic properties can be accom- 
plished in a variety of ways which furnish valuable cross-com- 
parisons and checks. Probably the simplest and most accurate 
method is to determine the ‘perfect gas’ specific heat, C, = 
(dH/dT), (at very low pressures), from spectroscopic measure- 
ments (in the case of the simpler molecules), or from direct calori- 
metric measurement in the case of complex molecules, or of chemi- 
cally reactive mixtures, and'then to determine the variation of 
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enthalpy with pressure by some form of Joule-Thomson measure- 
ment, either adiabatic, (d7/dP)y,or isothermal, (dH/dP),. 
These two types of measurement together with specific volume 
measurements will give all the data required for a complete ther- 
modynamic description of the properties of a gas as pointed out by 
H. N. Davis.? Other useful data as checks, or to cover pressure 
and temperature ranges, where direct measurements are not pos- 
sible, include measurements of specific and latent heats, and veloc- 
ity of sound. 

The survey showed that much attention is being devoted to the 
spectroscopic determination of the perfect gas, or zero-pres- 
sure specific heats over a wide range of temperatures. Ten 
laboratories reported work in progress and two others appeared 
interested in the field. Very little work is in progress in Joule- 
Thomson data required to determine deviations from the perfect 
gas laws at high pressures. Four laboratories had done such work, 
two have work in progress, and two are interested in such 
work. However, almost all of this work is at relatively low tem- 
peratures and pressures. 

In the mechanical-thermal] field, the situation is also not en- 
tirely satisfactory. Work on viscosity at four laboratories and 
work on thermal conductivity at three is going forward, but there 
is an urgent demand for more and better data of this nature for 
heat-transfer calculations. 

It is especially interesting to note that through the vigorous 
efforts of the API, extensive programs on hydrocarbon gases are 
under way, which account for over half the total activity in gas- 
properties measurements. 

Exclusive‘of the hydrocarbon gases, there are some sixteen gases 
considered by the committee to be of immediate general interest, 
and many others are of interest to certain industries. An indi- 
cation of the magnitude of the effort required to obtain the neces- 
sary data can be had from the fact that three of the best labora- 
tories in the country financed by the ASME Steam Properties 
Committee, spent from 4 to 10 years each to bring our 
knowledge of the properties of steam alone to its present state. 
Even now, further work at extreme pressures and temperatures is 
needed. 


SuMMARY 


The survey showed that there is urgent need for increased in- 
terest in gas-properties research, especially in Joule-Thomson 
measurements at high pressures and high temperatures. Ad- 
ditional work on viscosity, thermal conductivity, and thermal 
radiation is also required. 


2 “The Value of Joule-Thomson Observations for Computing 
Steam Tables,” by H. N. Davis, Physical Review, vol. 5, 1915, p. 359. 
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Generalized Thermodynamics of High- 


Temperature Combustion 


By H. C. HOTTEL,' G. C. WILLIAMS,? C. N. SATTERFIELD* 


The ability to calculate the performance of any proposed 
type of heating operation or power-plant combustion cycle 
requires a knowledge of the thermodynamic properties of 
the system. If the systems encountered consist of any 
combination of the four species, carbon-hydrogen- 
oxygen-nitrogen, in any reasonable proportion, the num- 
ber of thermodynamic charts necessary for a solution with 
minimum interpolation would be enormous without 
specially developed procedures. This paper presents a 
method of expressing the thermodynamic properties of the 
four-component system in a dimensionless form which 
permits putting the whole system onto a simple set of 
charts for easy engineering use. The present data have 
particular value in calculating flame temperatures and in 
solving the performance of liquid-fuel rocket power plants. 
The data span the range of operation of conventional com- 
bustion systems and thereforg also apply to systems such 
as furnaces operated with oxygen enrichment or very 
high preheat, as well as most usual power cycles. The 
method of use is illustrated by application to a rocket 
system. 


NOMENCLATURE 


The following nomenclature is used in the paper: 
H = enthalpy, above CO., A,O (vapor), O., and Nz at 
0 deg absolute 
Har value of enthalpy at 14.7 psia 
Hs value of enthalpy at 300 psia 
Hy fictitious enthalpy, based upon simplified gas com- 
position. For a fixed temperature, H, does not 
vary with pressure (see text) 
value of H; at 0 deg K 
value of H; at 2400 deg K 
yo 
Hy,2400 
Hs — 
H;,2400 Hy. 
S entropy, Btu/lb deg R, above CO2, H,O (vapor), On, 
and N, at 0 deg absolute, and each at 14.7 psia 
Siar value of entropy at 14.7 psia : 
S300 value of entropy at 300 psia 
S; fictitious entropy, based upon simplified gas com- 
position; for a fixed temperature S; does not vary 
with pressure (see text) 


H,;,2400 


H red,14.7 


Hrea,300 
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value of S; at 2400 deg K 
Siar + Sia2/Sy.2400 
Asoo + S300/Sy.2400 
an empirical quantity added to S/S;,240 to cause all 
values of Srea.14.7 to coincide at T = 2000 deg K 
= empirical quantity added to S/Sy.2«00 to cause all 
values of Sred.300 to coincide at 7’ = 2400 deg K 
Ais and Ajo, each varies with the atom-ratio combination 
but not with the temperature. 
Note: Above 1600 deg K, true equilibrium is assumed. 
Below 1600 deg K, the composition is assumed to be the same as 
at 1600 deg K. 


Sy,2400 
Sred. 4.7 = 
Sred. 300 = 
= 


A300 


INTRODUCTION 


The increasing interest in high-output or high-temperature 
combustion processes, involving special fuels or oxygen en- 
richment, emphasizes the desirability of a method of handling 
the problem of predicting performance which is free from 
the tedious procedure associated with calculation of thermody- 
namic equilibrium composition. Rocket power plants con- 
stitute a good example of the need; evaluation of their per- 
formances is often long and tedious, requiring the solution of 
several simultaneous algebraic equations, usually by trial-and- 
error techniques, to obtain an answer for one given operating 
condition. When the optimum operating conditions are to be 
determined or several fuel-oxidant systems studied, the time and 
effort required are often very considerable. Several thermo- 
dynamic-property charts have been prepared which greatly re- 
duce the work required in solving problems in internal-combustion 
and other motors, using hydrocarbon fuels with air as the oxidant 
(1-10 inclusive). Each of these charts treats one particular 
atomic composition corresponding to a fuel mixture of interest. 
In order to cover a range of atomic compositions with one or a 
few charts, various other techniques have been suggested (11, 12, 
13, 14); all of these, however, involve the use of simplifying as- 
sumptions which introduce a substantial error. 

The object of this study was to prepare a set of generalized 
thermodynamic data which encompass all probable compositions 
of interest of the four-component system, carbon-hydrogen- 
oxygen-nitrogen, and which have particular value in calculating 
flame temperatures and solving problems of performance of 
liquid-fuel rocket power plants. The data also span the range 
of operation of conventional combustion systems and therefore 
also apply to systems such as furnaces operated with oxygen en- 
richment or very high preheat. 

These generalized data present the properties of various ratios 
of carbon, hydrogen, nitrogen, and oxygen in chemical equilibrium 
at temperatures up to 3200 deg K, and at two pressures; 14.7 
and 300 psia. They may be used in solving problems involving 
chemical species which are composed of any two or more of these 
elements in almost- any proportions. The ratios considered in- 
clude those which are encountered with mixtures of fuels such as 
hydrogen, gasoline, alcohols, ammonia, organic amines, and’ 
hydrazine; and oxidants such as oxygen, air, hydrogen peroxide, 
and nitric acid. By means of these data, rapid determinations 


4 Numbers in parentheses refer to the Bibliography at the end of 
the paper. 
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may be made of adiabatic flame temperature at 14.7 or 300 psia, 
and available work or heat from any power or heating cycle 
working within these limits. Interpolation between or extra- 
polation beyond these limits is possible with not too great error. 


BasEs FOR THERMODYNAMIC FUNCTIONS 


A value of zero for the entropy, enthalpy, and internal energy 
was assigned to each of the products of complete combustion at 
1 atm pressure and 0 deg K, namely, CO, HO (vapor), O2, and 
N.. The value of the thermodynamic function of each chemical 
species is usefully divided into two parts, a “‘sensible’’ portion, and 
a “chemical” portion. The sensible portion is the change in 
value on cooling without change in state or composition to 0 
deg K. To this is added the change in value on complete com- 
bustion at 0 deg K, to form CO:, H,O (vapor), O2, and Ng, at 1 
atm pressure. For example, the enthalpy of CO at 300 deg K is 
equal to the heat evolved on cooling the CO to 0 deg K at con- 
stant pressure, plus the heat evolved on combustion to form CO, 
at 0 deg K. This calculation is made without regard to whether 
there is sufficient oxygen to complete the combustion, since O, 
introduced at 0 deg K adds nothing to H, S, or E, as just defined. 

The dead state at 0 deg K and 1 atm is the hypothetical gaseous 
state commonly used as a base. The thermodynamic functions 
with this base therefore do not include the contribu:ions of 
vaporization, or freezing, or of imperfect-gas behavior. These 
omissions are justified since these charts are for use in regions 
where all the constituents are gaseous and where deviations 
from perfect-gas behavior are small. 

Since the rate of chemical reaction becomes very slow at tem- 
peratures below 1600 deg K, and since most practical problems 
involve rather rapid processes, the composition of gas mixtures 
below 1600 deg K is considered to be “frozen” at the equilibrium 
value for 1600 deg K: This mixing of thermodynamics and reac- 
tion rates has a reasonable basis in experimental data. 

Since dissociation is negligible at 1600 deg K (except for very 
low pressures), usually only the water-gas equilibrium is involved 
in the stated assumption. Since the heat of this reaction is small, 
the values of the thermodynamic functions below 1600 deg K do 
not deviate greatly from those which would be calculated as- 
suming chemical equilibrium did exist. 


CALCULATION PROCEDURE 


Seventy-nine combinations of the ratios of the elements car- 
bon, hydrogen, nitrogen, and oxygen were chosen which covered 
the probable regions of interest. Each combination was ex- 
pressed in terms of the atomic ratio of carbon to oxygen C/O, 
hydrogen to oxygen H/O, and nitrogen to oxygen N/O. For 
each atom-ratio combination, the equilibrium gas composition 
was calculated for values of the temperature at 200 deg K in- 
tervals between 1600 deg K and 3200 deg K, and at two pressures, 
14.7 and 300 psia. The maximum temperature studied at 14.7 
psia was 3000 deg K. The equilibrium composition of the gas 
mixture was: calculated by conventional means, involving the 
solution of several simultaneous algebraic equations which ex- 
pressed the equilibrium relationships and material balances in- 
volved. When the composition has been found, calculation of the 
internal energy, enthalpy, entropy, and volume or molecular 
weight of the mixture is straightforward. 

Presentation of such results in the form, for example, of tem- 
perature-enthalpy diagrams would be objectionable from the 
standpoint of the enormous number of curves necessary to repre- 
sent an adequate number of composition ratios in the four-com- 
ponent system C-H-O-N. Therefore some generalized method 
of presentation was sought. 

In preparing generalized (or reduced) data, there exists the 
problem of balancing ease of use against accuracy in use in 
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their presentation. Thus it is highly desirable for accurate 
interpolation to use functions of enthalpy. and entropy which 
cause the data for the wide range of gas compositions to lie as 
close to a common curve as possible, but yet not make the func- 
tions so complicated that the advantage of rapid calculation is 
considerably nullified. 

Use of the enthalpy function (H-Ho), gives the various curves 
a common point at 0 deg K, but still leaves a wide spread at the 
higher temperatures. These curves may be brought together 
more closely at the higher temperatures and given another com- 
mon point by dividing this function by H;-Ho, where T' is some 
arbitrarily chosen temperature in the mean range of interest. 
The curves will now have a second point at 7’. 

It is also important that some means be provided for easily 
computing Hr and Hp for the element ratios representing any 
given fuel-oxidant mixture. Such a means has been developed 
in a set of simple rules which will be given. These rules permit 
the rapid calculation of a fictitious gas composition from which 
values of a fictitious enthalpy at 0 deg K, (Hy.0) and at 7 deg K 
(H;.r) may be calculated; these fictitious enthalpies are found 
to bring the generalized H-curves together at 0 deg and 7’ deg 
substantially as well as the true enthalpies would. 

The temperature picked for the second tie point was 2400 deg 
K (4820 deg R). This temperature is sufficiently high to be in 
the region of particular interest in combustion problems, yet not 
so .high that an appreciableeamount of dissociation occurs at 
pressures of 14.7 psia and above. Thus the real gas composition 
may be approximated closely in this region of temperature and 
pressure by the simple fictitious gas composition which does not 
include dissociated products. 

Summarizing, a dimensionless enthalpy ratio or reduced en- 
thalpy Hrea is obtained, defined as follows 


H — Hie 


Hee. = 
Hy.200 


in which 

H = true enthalpy of mixture, above COs, H:0 (va- 
por), O., Neat 0 deg K 

H; = fictitious enthalpy, or enthalpy of a fictitious 
mixture having the same atomic com- 
position as the actual mixture in question, 
but having a simpler molecular composi- 
tion. H and H; must of course refer to 
the same mass of mixture (see following 
text) 

Hy; Hy.200 = Values of Hy at 0 deg K and 2400 deg K, respec- 
tively. It isto be noted that Hy.o and Hy,2.o 
are both calculated from the one fictitious 
gas composition. 


Values of the function Hrea are plotted versus temperature 
in Figs. 1 and 2, for the two pressures of 300 and 14.7 psia. 

In an analogous manner, a reduced internal energy Eye, may 
be defined and used. No values of this function are presented 
in the present paper. 

The need for a readily calculable gas composition to use in- 
stead of the true composition in forcing a similarity of H-curves 
for different atomic-mixture ratios has been emphasized. In this 
fictitious composition the only components considered are alter- 
natively: 

(1) CO., O2, H,O, Ne, if the mixture contains less than the 
stoichiometric quantity of fuel, 


(2) Ne, if the mixture contains stoichiometric 
quantity of fuel, 
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(3) CO,, CO, H:O, Ne, if the mixture contains more than the 
stoichiometric quantity of fuel. 

If a system falls in the first or second category, the fictitious 
composition is easily calculated by simple material balances. 
If it falls in the third, an additional relationship is needed. As- 
sumption of equilibrium among ‘the four components of the 
“water-gas” reaction provides the needed relation. Empirically, 
it has been found that a satisfactory fictitious composition is ob- 
tained by using a constant value of 4.78 for the water-gas equilib- 
rium constant. The resulting relation is presented graphically 
in Fig. 5, which gives the fraction of total carbon present as 
CO,. With CO, and CO determined, an oxygen balance indicates 
the amount of the hydrogen present as water. 

Note that the shaded area in the lower left-hand corner of 
Fig. 5 represents atomic compositions for oxidant-rich systems. 
In this region the water-gas equilibrium does not occur, and all 
the carbon is present as COs. 

With fictitious gas composition calculated, and 
may be calculated by use of Table 1. Any consistent system of 
units may of course be used. e 


TABLE 1 VALUES OF prow enon AND ENTROPY OF COM- 


STION PRODUCTS 


Ho Huo S400 
Btu/lb-mol Btu/ib-mol Btu/lb-mol deg F 

102794 135218 46.544 
0 44689 65.60 
Co.. 120184 154620 63 .504 
eee 0 34146 61.83 
0 35779 65.90 
0 54031 76 .63 


The determination of Hrea raises the question of interpolation 
to allow for atomic composition of the mixture. At any par- 
ticular high temperature, say, 3000 deg K, the value of Area is 
found to vary from a maximum for the atomic-composition ratio 
C:H:O:N = 1:0:2:0toa minimum for the ratio C: H:O: N= 
1:0: 1:0. If at some fixed temperature the possible range of 
values of Hrea is divided into steps of arbitrary equal size, and 
identification numbers (referred to later as interpolation numbers) 
are assigned to these values, various atomic compositions will 
correspond to each value of Hrea, and lines of equal Hrea may be 
drawn on a composition diagram. Such lines appear on three 
small plots at the bottom left of the main 7’ — H diagrams in 
Figs. 1 and 2. 

Composition is represented as atomic ratio of carbon to oxygen, 
C/O, versus atomic ratio of hydrogen to oxygen, H/O, for each 
of three values of atomic ratio of nitrogen to oxygen, N/O. The 
condition to be satisfied in order that the lines on the small 
diagrams be identified with the corresponding lines on the 7 — 
Hrea diagram is that the same pattern of iso-Hrea lines (on atomic 
composition co-ordinates) be obtained at different temperatures. 
To an adequate approximation this is found to be so, e.g., if 
three different atomic compositions all have the same Hyrea at a 
particular température, they will also have the same Hrea at any 
other temperature. 

For convenience in drawing and because of the imperfect 
identification of any particular composition with the same inter- 
polation number at all temperatures, Figs. 1 and 2 show all of the 
curves crossing at one point between 2000 and 2100 deg K. 
Actually, however, the curves cross at various points in a region 
between 2000 and 2300 deg K, and in this region some of the 


curves will be outside the positions indicated (by a maximum 
of 20 deg K). 


DETERMINATION oF ENTHALPY OF UNBURNED MIXTURE 


Thermodynamic data on heats of formation and heats of com- 
bustion from the usual sources (ICT, Rossini and Bichowsky, 
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etc.) must be converted for the present purpose to the same basis 
as the attached charts giving H for the equilibrium products, 
namely, zero enthalpy at 0 deg K in a “‘dead state,” consisting of 
gaseous CO., H,O, O2, and Nz. Table 2 gives such data for a 
number of fuels and oxidants. Except where specified, these 
data represent the enthalpy of a liquid at 300 deg K (80 deg F) 
above the dead state at 0 deg K. The exeeptions, noted in the 
table, are fuels or oxidants which would be gaseous at normal 
temperature and pressure; on the assumption that they may be 
used as liquids stored at atmospheric conditions and pumped into 
the combustion chamber, their enthalpy is evaluated assuming 
them liquids at their atmospheric boiling points. 


DETERMINATION OF FLAME TEMPERATURE 


The adiabatic flame temperature is that at which the total 
enthalpy (sensible plus chemical) of the reactants (fuel plus 
oxidant) equals the total enthalpy of the products of reaction. 
The adiabatic flame temperature is determined by entering the 
Hrea — T plot on the proper interpolation line with the Hrea value 
calculated for the unburned mixture. If heat is transferred dur- 
ing the combustion process, the quantity of heat on the proper 
basis is added or subtracted from the enthalpy of the unburned 
mixture as just calculated. 


DETERMINATION OF ENTROPY S 


Analogously to the enthalpy function Hrea, an entropy function 
is desired which varies a minimum amount as atomic composition 
is changed within the four-specie system C-H-O-N. Let the 
true entropy be denoted as S with a numerical subscript to indi- 
cate pressure. 

If, for different compositions, S,;.7 is divided by a fictitious en- 
tropy S; evaluated at 2400 deg K on the basis of the same mo- 
lecular composition assumed in evaluating Hy, it is found that the 
quotient Si.7/Sy.200 still varies considerably with atomic com- 
position. However, the family of curves of S\.7/S, versus T so 
obtained can be made to coincide at a particular temperature by 
vertical shifting. The amount of shifting of a curve will be called 
A, with subscript to identify the pressure. (A is obviously a 
function of atomic composition only.) The result is a plot of 
+ called “reduced” entropy or Srea, 14.7, Versus 
temperature. Two such sets of curves are given in Figs. 3 and 4, 
for 300 and 14.7 psia, each set carrying its associated composition- 
interpolation plots at the right, analogous to those used for en- 
thalpy evaluation. 

Since relative rather than absolute values of entropy are of 
interest in rocket calculations, it is unnecessary to know sepa- 
rately the values Ay,.7 and Asoo. Knowledge of their difference 
is sufficient. This appears in Fig. 6 in the form of curves of 
constant value of (Ai; — Asoo) on composition diagrams similar 
to those used for composition-interpolation on Hrea and Srea, 
Note that in any process operating between 300 psi and 14.7 psi 
in which the entropy changes by an amount AS, 


— S300 = AS 
— S300/S; = A S/S; 
Adding Ais; — Asoo to both sides of the foregoing equations gives 
+ Arar) — (S300/Sy + Asoo) = A + Arar — Asoo 
from which 
Sred, 4.1 — Sret.s00 = A + — Asoo 


For a reversible process, AS = 0. 

Values for use in evaluating the fictitious entropy S, at 2400 
deg K are given for the various components in Table 1. Note 
that S, by definition includes only the temperature contribution 
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TABLE 2 ENTHALPIES OF SOME FUELS, OXIDANTS, AND DILUENTS 


At 291°K 
4H from Substance at 300°K to Com- 
Heat of Heat of bustion: Products at O°K 
Formation Combustion (See Footnote c) 

Chemical Specie (Note a) (Note b) Btu/1lb.mol Btu/lb. 

CH, methene 18,240 (g) 343,060 liq.(et-161°C) 21,400 
CaHe acetylene (a) -53,900 (g) 530,460 lic. (at-81.5°C) 20,390 
ethylene -11,000 (g) 563,440 liq. (at-104°C) 20,100 
CaH, benzene 783,400 1,362,670 17,460 
CeHig di-isobutylene 1,252,400 2,124,540 18,930 
CeHie n-octane 1,305 ,000 2,203,400 19,290 
CoHao nonane +65 ,040 2,477,200 19,330 
decalin 1,502,500 2,559,600 18,530 
CH30H methyl alcohol 67,450 281,340 8,784 
C2HgOH ethyl alcohol 67,140 540,320 11,733 
C,H3sOCHO furfural 559 , 500 979,560 10,200 
CHsNHa methyl amine 256,100 425,770 13,710 
(CHs )2NH dimethyl amine 14,700 678,960 15,260 
(CHs)aN tri methyl amine 578,600 970,250 16,420 
CaHgNH, ethyl amine 19,600 679,140 15,070 
(CHa )2(NHe)a ethylene diamine 14,500 743,420 12,370 
C,aHgNH, aniline 812,000 1,407 ,900 15,130 
o-toluidine 964,000 1,665,250 15,550 
HCN hydrogen cyanide -24,000 268 , 270 9,939 
CHsCN acetonitrile -11,800 §22,720 12,740 
CHsNC methyl isocyanide -27 ,300 541,620 13,200 
CiaHieNe 1,2 diphenyl hydrezine 1,598,800 2,786,760 15,140 
CHsNO2 nitromethane 27,600 285 , 660 4,680 
CaHsNO2 nitro ethane 33,000 552,240 7,360 
(Cis trinitrotoluene 820,700(8) 1,466,460 (solid) 6,458 
aHs(NOs)3 tri nitro glycerine 432,400 760,680 3,550 
He hydrogen 102,400 lia.(at-255°C) 50,790 
H20 water 68 ,370 -14,600 -810 
H202 hydrogen peroxide 45,200 28,840 848 
Os oxygen -1,818 lic. (at-183°C) -5? 
Os ozone -34,500 (g) 60,250 lia. (at-112°C 1,255 
Na nitrogen -1,440 liq. (at-196°C -51 
NHs ammonia 16,070 132,640 7,790 
NaH, hydrazine -12,050 238,370 7,440 
NaH,.H20 hycrazine hydrate 57,950 220,730 4,410 
HNOs nitric acid 41,660 -14,270 -226 
NH,NO3(s) smmonium nitrate 87,130 (8) 65,450 (solid) 998 
N20, nitrogen peroxide 6,140 180 1.96 

Air (gaseous) (21.0% 02-79.0% No) 3,750 130.4 


(e) 


Hr = heat of formation in calories per gram mol at 291°K and 1 atm from the elements in their 


stendard estates (carbon as solid) to compound in question, in the liquid stete unless specified 


gaseous or solid by (g) or (8). 


(b) 


= heat of combustion in calories per gram mol at 291°K and 1 atm from liquid fuel unless spec- 


ified otherwise, to gaseous CO,, No, end liquid H,0. 


(c) 


Heat evolved on cooling given compound in liquid form (unless specified otherwise) from 3500°K 


(unless specified otherwise) to O°K, plus heat released by burning with Og at O°K to give C03, 


(g), Oa, and Ne. 
(a) 
atmosphere pressure. 
pressure of 1.2 atmospheres. 


to entropy and consequently is independent of partial pressure 
of the components. 


CALCULATION OF PROPELLANT PERFORMANCE IN A ROCKET 
Motor ComsBusTION CHAMBER AT 300 AND GASES 
EXHAUSTING TO 14.7 Ps1a 


The flame temperature at 300 psia is first determined as out- 
lined, using Fig. 1. This temperature is then entered in Fig. 3 
to give a reduced value for Sa at 300 psia. If reversible expan- 
sion through the nozzle may be assumed, Srea. 14.7 — Seed. 300 = 
(Ais7— Asoo). The value of the last term is obtained from Fig. 6. 
To obtain the exit temperature after expansion to 14.7 psia, the 
value of Srea.u4.7 i8 entered in Fig. 4. The exit temperature 
entered in Fig. 2 gives the value of Hrea after expansion, and the 
change of enthalpy during expansion is obtained by difference. 


Acetylene sublimes at -84°C and 1 atmosphere pressure and has a triple point at -81.5°C and 1.2 
To exist in the liquid state, therefore, CaHg must be under a miniaum 


The rocket exhaust velocity is obtained from the adiabatic 
energy balance 


u = velocity 

W = mass of reactants 

g = unit conversion factor 

J = mechanical equivalent of heat 


Then the specific impulse u/g, is given by 


It is to be noted that the foregoing method of calculation 
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assumes that the chemical species involved remain in chemical 
equilibrium during expansion’ down to a temperature of 1600 deg 
K. Most rocket-performance calculations, on the other hand, 
assume that the gas composition is frozen during expansion, 
because of the simplification in the calculation that this assump- 
tion allows. The difference in the specific impulse, as calculated 
by the two methods, usually amounts only to a few per cent, and 
that only with high combustion-chamber temperatures.® 


aN 
IN 


* ATOM RATIO C/0 


0) 4 
ATOM RATIO H/0 


Fie. 5 Equitiprium Compostion or System 
OxyYGEN at 2000 Dec K, ConstperRInNG WaterR-Gas REACTION ONLY 
Values are given of ratio, r = mols CO:/mols (CO: + CO); refer to text.) 


FUNDAMENTAL THERMODYNAMIC DATA 


The basic data were taken or derived from a compilation by 
Hirschfelder, McClure, Curtiss, and Osborne (16). These data 
differ only slightly from those given by Lewis and von Elbe (17). 
Both compilations are based upon the same primary sources, 
with the exception that the values for water given by Hirsch- 
felder, et al, contain a correction for stretching of the water 
molecule, evaluated after the publication of Lewis and von Elbe. 
The small differences in values for other chemical species are due 
to slightly different interpolations between the points given in the 
primary sources. 


EXAMPLE OF OF GENERALIZED DaTa 
. 


The chemical engineer and mechanical engineer, in géneral, 
have different preferences in choice of base for combustion cal- 
culations; the chemical engineer prefers the molal basis, the 
mechanical, the pound. The charts of reduced functions of H 
and S obviously lend themselves equally well to the two bases. 
The following example will be calculated on a pound basis. 

Calculate the adiabatic flame température and specific impulse 
of the system ethyl alcohol-liquid oxygen in the weight ratio of 
1.5 lb of O, per 1 lb of C.H;OH. The mol ratio is 2.16 mol of O, 
per mol of C,H,OH. 

The propellants will be pumped as liquids into an adiabatic 
combustion chamber operating at 300 psia. The products of 
reaction will be expanded reversibly and adiabatically to a pres- 


5 In a number of calculations of the performance of commonly used 
propellants, the maximum difference obtained was about 6 per cent. 
The calculations assume the use of that noZzle in each case which pro- 
duces the same desired discharge pressure. Calculations by the two 
methods but based upon the same physical nozzle will show per- 
formances varying by more or less than the figure cited, depending 
upon which process the nozzle was designed to fit. 
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Atom Ratio C/O 


ATOM RATW: 


/O 


Atom Ratio ( 


Atom Ratio C/O 


Atom Ratio H/O 
Fic. 6 TRANSFORMATION FIGURES—QUANTITY (Ata — Asoo) AS A 
FuNcTION or COMBINATION 


sure of 14.7 psia, chemical equilibrium being maintained during 
expansion. 


The element ratios for this fuel-oxidant system and ratio are 


Cc H N 


0.376, 


= 1.13, 


° 2.0 30 40 $80 6.0 

1.0 2.0 3.0 4.0 8.0 6.0 = 
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Choose as a basis an amount of mixture containing one pound- 
atom of oxygen (16 pounds) 


Fictitious Gas Composition: 
The mixture contains 
0.376 C 1.13 H 1.00 O 


Since this corresponds to a fuel-rich mixture. one reads from 


CO, 
CO; + CO 
= 0.46 X 0.376 = 0.173 
0.376 — 0.173 = 0.203 
= oxygen remaining = 1.00 — 0.203 — 2 X 0.173 = 
0.479 
H, = 1.13/2—0.451 = 0.114 


On the basis of 1 lb of mixture 

oe (0.203 X 120,184 + 0.114 X 102,794) © 

~ 2X 0.114 + 18 X 0.451 + 28 X 0.203 + 44 X 0.113 
36,115 

~ 21.64 


0.46 


= 1670 


TRANSACTIONS OF THE ASME 


AUGUST, 1948 


X 0.726 X 1860 


Specific impulse = 32.2 


= 256 lb thrust per lb mass per sec 


This may be compared to a value of 243 reported by Wimpress 
and Sage (15), assuming frozen equilibrium after combustion. 
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(0.114 X 135,218 + 0.451 X 44,689 + 0.203 X 154,620 + 0.173 X 54,031) 


Hy, 2400 


ENTHALPY OF UNBURNED MIXTURE 


One pound of the fuel-oxidant mixture contains 0.60 lb of O2 
and 0.40 lb of C.H;O0H. From Table 2 the total enthalpy of 
1 lb of the mixture is 11,733 X 0.4 — 57 X 0.6 = 4659 Btu. 


H — Hyo 4659 — 1670 


= = 1.610 
Hy.2400 — 3530 — 1670 


From Fig. 1, using an interpolation number of 0.4, the adia- 
batic flame temperature at 300 psia is 3140 deg K. This may be 
compared to a value of 3177 deg K reported by Wimpress and 
Sage (15). 

From Fig. 3, using an interpolation number of 0.42, Srea. 30 = 
1.026. 

From Fig. 5, the quantity Ai7 — Aso = +0.005; hence 
Sred.us.r = 1.026 + 0.005 = 1.031. 

From Fig. 4, using an interpolation number of 0.64, the tem- 
perature after expansion = 2130 deg K. 

From Fig. 2, using an interpolation number of 0.42, Area. 14.7 = 
0.884. 


A Hrea = 1.610 — 0.884 = 0.726 


AH = 0.726 X (Hy.200 — Hy») = 0.726 X 1860 
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The Control of Structural Temperatures 
in Jet-Propelled Aircraft 


By G. F. ANISMAN! ano M. W. BLACKSTONE,? LOS ANGELES, CALIF. 


Laboratory tests were conducted for the purpose of 
obtaining empirical data on airplane structural cooling. 
This paper contains a description of the test equipment 
and the method of operation. Structural temperature 
measurements are reported for various insulating mate- 
rials. Data, which indicate the effect of cooling air flow 
in combination with the insulating materials, are also 
presented. Some of the data are analyzed, and the magni- 
tudes of effective conductances for use in preliminary de- 
sign work are presented. 


NOMENCLATURE 
The following nomenclature is used in the paper: 


c = specific heat, Btu/(lb) (deg F) 
Cy = apparent conductance of insulation, Btu/(hr) (sq ft) (deg 
F) 
D, = average with length equivalent diameter of fuselage, ft 
D, = diameter of tail pipe plus insulation, ft 
= combination form and emissivity factor, dimensionless 
G = mass velocity, lb/(hr) (sq ft) 
= forced-convection heat-transfer coefficient, Btu/(hr) (sq 
ft) (deg F) 
hy = total heat-transfer coefficient on outside fuselage surface, 
Btu/(hr) (sq ft) (deg F) 
hy = total heat-transfer coefficient on insulation surface, 
Btu/(hr) (sq ft) (deg F) 
k = thermal conductivity, Btu/(hr) (sq ft) (deg F) /ft 
dca = heat added to cooling air, Btu/sec 
dr = radiant heat transfer, Btu/sec 
qr = total heat transfer, Btu/sec 
Sp = fuselage surface area, sq ft 
Sp = tail-pipe radiating-surface area, sq ft 
to, = average cooling-air temperature, deg F 
= average fuselage skin temperature, deg F 
= average fuselage skin temperature, deg R 
= average insulation-surface temperature, deg F 
T,y = average insulation-surface temperature, deg R 
= room temperature, deg F 
= average tail-pipe temperature, deg F 


P 

u = viscosity evaluated at average cooling-air temperature, 
Ib/(hr) (ft) 

4, = Viscosity evaluated at inner-wall temperature, Ib/(hr) 
(ft) 


INTRODUCTION 


The advent of the turbojet-engine installation in high-speed 
aircraft has presented serious problems in the control of structural 
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temperatures which do not exist when reciprocating engines are 
employed. 

The maximum allowable structural temperature for use in de- 
sign is a disputed figure at the present time. Metallurgical tests 
conducted on aluminum alloys seem to indicate that yield strength 
and stress-rupture strength drop to low values at temperatures 
above 200 F. Basing an airplane structural design on these re- 
duced strength values would result in a heavy structure; there- © 
fore the design temperature is taken as 200 F. 

In order to achieve this allowable temperature, it is necessary to 
provide some method of limiting heat transfer from the hot tur- 
bine, tail pipe, and adjacent engine parts to the surrounding fuse- 
lage. 

It can be seen readily that the means available for temperature 
control are: (a) an insulating blanket around the hottest parts of 
the jet engine; (6) cooling air flow passing between the jet-engine 
radiating surfaces and the adjacent structure; (c) some combina- 
tion of cooling air flow and insulation; or (d) a close-fitting metal 
shroud around the engine and tail pipe with cooling air passing 
through the annular space between the shroud and engine. Vari- 
ous combinations of these four means have also been proposed. 

The methods chosen for structural temperature control have an 
important effect on airplane performace. Utilization of an insu- 
lating blanket only would result in a heavy blanket. This is 
undesirable because the added weight of insulation would be 
detrimental to take-off performance which is often critical in jet- 
propelled aircraft. Controlling structural temperatures by 
means of high cooling air flows and not using an insulating blanket 
would also be undesirable for two reasons: (a) The cooling drag 
during high-speed flight would be prohibitive; and (6) the energy 
carried away from the exhaust gases by the cooling air would re- 
sult in a lower energy content in the tail pipe which would in turn 
reduce the available jet thrust. 

During the tests described in this paper, only the first three 
means of temperature control listed were investigated. The 
tests were primarily concerned with method (c). The question 
of insulation versus shroud protection is still highly controversial, 
and the authors do not intend to imply that the use of a shroud is 
undesirable, but rather that this method of temperature control 
was not investigated during the tests described. 

From the considerations mentioned it should be evident that 
there is an optimum method of temperature control which would 
be satisfactory for both take-off and high-speed performance. If 
the combination insulation and cooling-air method of control is 
chosen, the problem finally becomes one of developing a satisfac- 
tory insulating material and determining the required cooling air 
flow to be used with it. 

Of course the insulation to be used must have the low. :t pos- 
sible thermal conductivity per unit weight, and, in addition, 
should have the following characteristics: (a) Effectiveness at 
the elevated temperatures encountered on a jet engine; (b) adap- 
tability to design and fabrication; (c) durability and ease of main- 
tenafice; (d) possession of handling qualities for ease of installa- 
tion and shipment as a spare part; and (e) ease of removability to 
permit frequent inspection of the tail pipe. 

A survey of available literature on the characteristics of high- 
temperature insulations revealed an almost complete lack of in- 
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formation on the subject. Also, a preliminary theoretical analy- 
sis indicated that the heat-transfer variables involved were so 
little known quantitatively that the mathematical approach could 
not be carried out to advantage without first obtaining experi- 
mental data. 

For these reasons, it was decided to undertake an experimental 
program in an attempt to establish the magnitudes of the radia- 
tion and convection conductances involved. It was further de- 
cided to conduct the program on a full-scale test stand, in order 
to obtain sufficient data upon which to base an actual airplane 
design, and to eliminate uncertainties introduced by scale effects. 

This paper concerns itself with a description of the test equip- 
ment and instrumentation developed. Also included are the meth- 
ods of testing, and the results obtained for three types of insulat- 
ing blankets. Some of these data are analyzed, and magnitudes 
_of conductances for use in preliminary design studies are pre- 
sented. 


DESCRIPTION OF TEST EQUIPMENT 


It was decided to construct only the tail pipe and surrounding 
fuselage rather than a complete engine installation, to facilitate 
ease of construction and operation of the test equipment. The 
full-scale section of fuselage constructed is typical of a high-speed 
jet-propelled fighter airplane. The test-fuselage frame dimen- 
sions, gage, and spacing are identical to an actual airplane. 

The test tail pipe is also identical to the actual tail pipe in size, 
and is fabricated of stainless steel. The ends of the tail pipe are 
sealed and covered with asbestos filler blocks. 

The forward end of the tail-pipe is supported by 4 cables, 90 
deg apart, and bolted to the fuselage frame. The center of the 
tail pipe is supported by trunnions duplicating those in the actual 
airplane as closely as possible. Fig. 1 indicates the position of 
bulkheads in the test equipment, the location of the trunnion sup- 
ports, and the test tail-pipe dimensions. 

Two methods of heating the tail pipe were considered for the 
test equipment, namely, a furnace circulating hot gases, and 
electrical heating elements. Furnaces were rejected because of 
the difficulty in maintenance and handling. Also, the tail pipe 
had to be easily removable from the fuselage so that the insula- 
tion could be inspected at regular intervals. Electrical elements 
also offered more accurate selective control and ease of operation, 
and were therefore selected. The heating elements are located 
inside the tail pipe and consist of a “‘squirrel cage’’ of stainless- 
steel tubes supported within the tail pipe at a uniform distance of 
1/, in. from the inner surface. Circumferential spacing is varied 
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to compensate for nonuniform convection effects on the inside of 
the tail pipe. There are three groups of tubes for each half- 
length of the tail pipe, each group having independently controlled 
electrical input as a means of obtaining uniform tail-pipe tempera- 
ture. Current is supplied to each of the six groups by the secon- 
dary of a 15-kva transformer. The cooling air flow is supplied by 
a centrifugal blower and controlled by a manually operated 
damper at the blower outlet. ; 

Iron-constantan thermocouples are installed at the top, bottom, 
and each side of the inner flange at every frame. In addition, 
they are installed on each side of the fuselage skin at each frame, 
and on the trunnion tracks. Nine equally spaced chromel- 
alumel thermocouples are installed circumferentially at the center 
of each half-length of the tail pipe. On the insulation itself, four 
thermocouples are equally spaced along the length of the tail pipe 
and every 90 deg around it. Fig. 2 indicates the location of the 
thermocouples. 

Cooling-air inlet temperature and temperature rise are meas- 
ured with calibrated platinum resistance grids fore and aft of the 
test section. Details of these grids are contained in a report by 
M. A. Sulkin (1). A bellmouth orifice, located at the blower 
inlet, is used to meter the cooling air flow. 

The insulating blankets are installed only on the tail pipe and 
not on the discharge nozzle, because clearance problems in the 
actual airplane make insulating the nozzle impossible. In Fig. 1 
the insulation extends from bulkhead 1 to bulkhead 10. 


DescripTION oF INSULATIONS TESTED 


Preliminary laboratory investigations indicated that several 
materials are relatively light in weight and possess sufficiently 
high thermal-resistance properties to warrant further considera- 
tion.- Fig. 3, which is reproduced from a paper by D. Jelanik (2), 
indicates that Amosite has a low enough thermal conductivity 
over the range of temperatures shown, to warrant further con- 
sideration. The thermal conductivity alone, however, would 
only be helpful in selecting a material that would provide the re- 
quired thermal resistance with minimum thickness, When 
weight is the most important consideration, the thermal resis- 
tance per unit weight is of primary importance. For this reason, 
Fig. 4, which is also reproduced from the paper (2) mentioned, 
was prepared. This figure indicates that leached Fiberglas is the 
most promising material. Amosite proved to be inferior to 
leached Fiberglas on a resistance per unit-weight basis. Based 


3 Numbers in parentheses refer to the Bibliography at the end of 
the paper. 
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on the findings of this investigation, three insulating blankets 
were fabricated for testing. Two were fabricated of the most 
promising insulating materials, and the third is a type of radiation 
shielding which also showed promise in preliminary investiga- 
tions. Starting with the hot side, the insulations are constructed 
as follows: 


Amosite: 


1 Knitted inconel wire mesh, 0.0045 in. 

2 African long-fiber asbestos (density 9-10 lb per cu ft). 

3 Glass cloth. 

This blanket is quilted in 12-in. squares. The installed weight 
is 0.60 psf. 

Radiation Shielding: 

1 No. 40 stainless-steel wire mesh with '/,-in. corrugations. 

2. Silver foil, 0.0005 in. 

3 No. 40 stainless-steel wire mesh with '/,-in. corrugations. 

4 Aluminum foil, 0.00045 in. 

5 No. 40 stainless-steel wire mesh with '/,-in. corrugations. 

6 Aluminum foil, 0.00045 in. 

7 No. 26 wire mesh. 


The installed weight is 0.89 psf. This insulation is not the 
lightest possible, since stainless-steel wire mesh was used only 
because aluminum wire mesh was not available. Also, lighter 
mesh than No. 40 could possibly be used. The installed weight 
with aluminum would be 0.35 psf. 

Leached Fiberglas: 

1 Knitted inconel wire mesh, 0.0045 in. 
2 Silver foil, 0.004 in. 

Leached fiberglas wool, '/s in.,3 Ib. 

4 Aluminum foil, 0.00045 in. 

5 Leached fiberglas wool, '/s in., 3 lb. 
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Fic. 5 Construction or LEACHED FIBERGLASS BLANKET 


6 Aluminum foil, 0.00045 in. 
7 Leached fiberglas wool, !/<in., 3 lb. 
8 Aluminum foil, 0.0045 in. 
9 Leached fiberglas wool, '/,in., 3 lb. 
10 Knitted’inconel wire-mesh screen, 0.0045 in. 
11 Aluminum-silicone-impregnated screen, 24 mesh. 


The installed weight is 0.33 psf after heat-treating. On the 
basis of information obtained during the preliminary laboratory 
investigation, the leached fiberglas was heat-treated at 1600 F 
for 16 hr prior to fabrication. This heat-treatment preshrunk 
the blanket, which minimized the possibility of the blanket de- 
veloping localized bare spots after installation. Fig. 5 is a view 
of this type insulation. 


EXPERIMENTAL PROCEDURE 


The principal variable was the amount of cooling ajr flow pass- 
ing through the annular space between the tail pipe and the fuse- 
lage. The procedure was the same for each of the three insula- 
tions tested. 

The blower damper was adjusted to give the desired air flow 
prior to raising the tail pipe to operating temperature. If non- 
uniform pipe temperatures occurred, the individual heating ele- 
ments were rotated circumferentially to compensate, and this 
process was repeated until a pipe temperature of 1200 F uniform 
within approximately 50 F was recorded. The test was re- 
peated for air flows varying between zero and 4.0 lb per sec, and 
for a tail-pipe temperature of 1500 F. During each run, fuselage, 
insulation-surface, and cooling-air temperatures were recorded. 
The cooling air flow and electrical input were also recorded. 


Discussion oF RESULTS 


The results of the tests at various air flows with each insulation 
are plotted in a similar manner; skin temperatures and inner- 
flange temperatures are plotted against bulkhead number for 


various air flows. From inspection of these basic data, other 
curves were then derived. 

Fig. 6 presents a typical curve of skin temperature versus bulk- 
head number for the leached fiberglas blanket at zero cooling 
air flow. Similar curves for the other two insulations indicated 
that both the trends and magnitudes of the temperature profiles 
were approximately the same. Plots of inner-flange temperature 
indicated that the profiles were similar to those of skin tempera- 
ture; however, the inner-flange temperatures at any bulkhead 
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were 10 to 20 F higher than the corresponding skin tempera- 
ture. The results for other air flows indicated that the general 
shape of the curve of temperature versus bulkhead number was 
the same for any gir flow, and only the magnitude of the tempera- 
ture decreased with increasing air flow. Due to the large volume 
of data gathered, only typical curves are included in this paper. 
The complete data are contained in recent report (3). 

From an inspection of Fig. 6 it can be seen that the most criti- 
cal cooling condition occurs at bulkhead 7, which is the aft trun- 
nion support. This can possibly be explained by considering 
what occurs as the cooling air flows from fore to aft. The coeffi- 
cient of heat transfer on the inside of the fuselage skin is increasing 
because of the increasing mass velocity, which would tend to cool 
the skin. Also, the cooling-air temperature is rising, which 
would tend to heat the skin. The two opposing trends result in a 
peak temperature, and this peak occurs at bulkhead 7 for all 
three insulations tested. 

For bulkhead 7, the critical cooling location, skin temperature 
and inner-flapge temperature were then plotted against cooling 
air flow, in order to determine the cooling-air flow required with 
each of the three insulations tested. 

Fig. 7 indicates that the leached fiberglas required the lowest 
cooling air flow to maintain a 200 F skin temperature at bulkhead 
7. This value is approximately 0.6 lb per sec. A similar curve 
for inner-flange temperature indicates that the leached fiberglas 
blanket requires approximately 0.75 lb per sec to maintain the 
inner flange at bulkhead 7 at 200 F. This curve may be found in 
reference (3), together with additional data for a 1500 F tail-pipe 
temperature. 

One set of data were taken with zero air flow and no insulation, 
in order to determine what structural temperatures might result. 
It was found that maximum structure temperature. occurred 
along the top of the fuselage at the bulkhead inner flanges. The 
results of this test indicate that the maximum structure tempera- 
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Fic.8 TEMPERATURE Rise Versus Coo.ine Arr Flow 
ture with no provision for cooling would be 640 F, and would 
occur at bulkheads 7 and 8. It should be pointed out that the 
thermocouples burned out before they were completely stabilized; 
however, the temperatures should still be indicative of the values 
that would exist if no provision were made for cooling. 

Fig. 8 presents the cooling air temperature rise as a function of 
cooling air flow for each of the three insulations tested. These 
data indicate that, at most values of cooling-air flow, the leached 
fiberglas blanket results in the lowest cooling-air temperature 
rise. This means that the least amount of heat is taken from the 
exhaust gases in the tail pipe, which would result in the highest 
available jet thrust. 


ANALYSIS OF RESULTS 


A rigorous and complete analysis of the heat-transfer processes 
occurring was not attempted because of its complexity, and be- 
cause the basic data obtained during the tests were sufficient 
upon which to base the airplane design. Some analysis was 
undertaken, however, in order to establish the validity of the 
results, and to determine the approximate magnitudes of the heat- 
transfer coefficients. 

The heat transfer by convection from the insulation surface to 
the cooling air is composed possibly of two components, the rear- 
ward flow of air through the annular space between the fuselage 
skin and the insulation surface transfers heat by forced convec- 
tion. Heat is also transferred by free convection owing to the 
displacement of the warmer and therefore lighter air up and 
around the hot tail pipe. Whether or not the two processes occur 
simultaneously is questionable, but it is felt by the authors that 
at the Reynolds numbers occurring during the tests, free convec- 
tion from the hot insulation surface does not play an appreciable 
role. 

A total heat-transfer coefficient for the air film on the insulation 
surface, based on the heat transferred by both forced convection 
and radiation was computed from 
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values rather than conducting a station-by-station investigation 
along the length of the tail pipe. The temperature t,;,, was evalu- 
ated as the average insulation-surface temperature, the tempera- 
ture (; , was evaluated as the average cooling-air temperature, and 
qr Was obtained from the electrical input. All data are contained 
in reference (3). The hydraulic diameter of the annular space 
was calculated from the known geometry by means of Equation 
[24] of reference (4), and the average value along the tail pipe was 
determined to be 1.7 ft. The average cross-sectional area 
was determined to be 6.7 sq ft from the essentially linear varia- 
tion of cross-sectional area with length. The viscosity was 
evaluated at the average cooling-air temperature, and Reynolds 
number was then computed. 

The total air-film conductance, computed from Equation [1], 
for each of the three insulations tested is presented as a function 
of Reynolds number in Fig. 9. The conductance is higher for the 
1500 F tail-pipe temperature, principally because the higher in- 
sulation-surface temperature results in a higher rate of radiant 
heat transfer. 

The values of conductances, presented in Fig. 9, are somewhat 
high, because a portion of the total heat transfer occurred through 
the uninsulated tail-pipe nozzle (bulkheads 10 to 15, Fig. 2). This 
portion of the total heat transfer would also tend to increase fur- 
ther the conductance for the 1500 F tail pipe over that obtained 
for the 1200 F tail-pipe. It is felt that the points which do not fall 
on the curves are scattered principally because of experimental 
error, especially where it was necessary to meter very low values 
of cooling air flow. ; 

It should be pointed out that between a Reynolds number of 
zero, where free convection might occur, and the critical Reynolds 
number where turbulent flow begins, there could be a region where 
laminar flow occurs. It is felt that the accuracy of the data did 
not warrant this refinement, and therefore Fig. 9 was drawn as a 
smooth curve for all values of Reynolds number. 

In an effort to compare the measured value of the total heat- 
transfer coefficient with theoretical values, forced-convection 
coefficients were calculated.‘ 

The viscosity at the insulation surface was evaluated at the 
arithmetic average of the cooling-air temperature, and the insula- 
tion-surface temperature. All other physical properties were 


4 Reference (5), Equation [1], p. 755. 
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evaluated at the average cooling-air temperature. These com- 
puted values of the forced-convection film coefficients are also 
shown in Fig. 9. 

Since the data and the results previously .discussed indicate 
that the leached Fiberglas is the most desirable insulating ma- 


terial, the remaining analyses are concerned only with the one 


blanket. 

In an effort to determine what percentage of the total heat 
transfer occurs by radiation from the insulation surface to the 
fuselage skin, the following analysis was completed: The radiant 
heat transfer was calculated approximately.’ The combination 
emissivity factor and form factor for two concentric cylinders, 
one completely enclosed in the other, was assumed to approxi- 
mate the geometrical relationship of the test equipment and was 
calculated.® 

The average value of this factor was determined, and was used 
to calculate the average radiant heat transfer. The radiant heat 
transfer was expressed as a coefficient to be used with the insula- 
tion surface to cooling-air temperature difference by means of 


Pin 4 
(7) ( ) | 


Sr (tin — tea) 


tin loa 


The results of this analysis indicate that the radiant heat-trans- 
fer coefficient varies from 1 to 7 per cent of the total heat-transfer 
coefficient in all cases. The radiant heat transfer was found to 
decrease with increasing cooling air flow, which is probably caused 
by the cooling of the insulation surface. 

It would be desirable to develop an empirical gquation which 
could be used to predict the forced-convection heat-transfer coeffi- 
cient that might exist under given conditions, since previous 
analysis has already shown that a standard equation from the 
literature is not satisfactory. This was done in the following 
manner: The computed radiant heat-transfer coefficients were 
subtracted from the total heat-transfer coefficients plotted in 
Fig. 9, which results in the value of the forced-convection film 
coefficients. ‘These experimental values are shown in Fig. 10 as 
a function of Reynolds number. 


6 Reference (6), Equation [305], p. 175. 
§ Ibid., Equation [312], p. 180. 
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@ 8 tance of the leached fiberglas blanket as a func- 
‘14 tion of the mean blanket temperature. The ap- 
bd EXPERIMENTAL DATA 

da © 1200° TauPiPe parent blanket conductance was calculated from 
= & 1500° TAILPIFE A 

a 

5 ra X 3600 
C, = [5] 
ic) Sp (tp —t zy) 

= m This conductance is termed apparent because a 
: 9 $ 0 portion of the total heat transfer is transferred 
~ P through the uninsulated tail-pipe nozzle, and the 
| conductance computed from Equation [5] there- 
a COMPUTED FROM fore will be high. 

° 6: 0.7 Yay \0-14799\ 015 

6 The mean blanket temperature was taken as an 
> 8 VA | average of the tail-pipe temperature and the out- 
3 o | side insulation-surface temperature. The appar- 
ie © ent conductance of the leached fiberglas blanket 

2 3 is presented as a function of mean blanket tem- 
es perature in Fig. 11. 

2 Fig. 11 shows a considerable amount of scatter 
in the data which could be due to either of two 
+ OR id 20 30 40 30 60 70 causes, namely, the effect of cooling air flow on 


REYNOLDS NUMBER — THOUSANDS the convective heat transfer through the unin- 


sulated nozzle, or, the effect of cooling air flow on 
the blanket outside-surface thermocouple readings. 


Fig. 10 Forcep-ConvectTion CoEeFrFICIENT VERSUS REYNOLDS NUMBER FOR 
LEACHED FIBERGLAS BLANKET 


An equation similar to Equation [{1]* was then fitted to the 3.0 
experimental data. Assuming that all the discrepancy between + 
the theoretical and experimental values is in the constant and in 
the Reynolds-number exponent, they were both empirically re- 2.8 y, 
evaluated. The equation which fits both the 1500 F and 1200 F J 
tail-pipe data most accurately is “ 2.7 PA 
k k My dD; 4 4 
The values computed from this equation are also shown in Fig. a 24 7 
10. This equation differs from the experimental values by a 
maximum ef 9 per cent. Mens 
It would also be desirable to determine the relative amounts of 3 2.2 . a 4 
the total heat transfer that are carried away by the cooling air and “ VA ° 
are transferred from the outside surface of the fuselage by com- 2 2.1 yr. 
bined radiation and free convection. This was done in the follow- 8 y, 
ing manner: » 
The total heat transfer was plotted against cooling air flow, and 
from the cooling-air temperature rise and cooling air flow, the Py 7 e 
amount of heat carried away by the cooling air was computed. wl 4 ——— 
The heat radiated and convected away from the outside of the S ie ; 
fuselage was then obtained from the difference gr — gc4. The 
total fuselage film coefficient then was computed from 4 =e 1 
Sp (tp — to) 
In order to compare these experimental values of the film coeffi- 
cient with values obtained theoretically, the total fuselage film a ee? 
coefficient was also computed.? The experimental results indi- Fic.11 Apparent BLanket Conpuctance Versus MEAN BLANKET 


cate that 2 to 7 per cent of the total heat input was lost from the 
outside surface of the fuselage at the higher values of cooling air 
flow. The heat balance at low values of cooling air flow was in- 
accurate because of the difficulties involved in metering cooling 
air flow. The average values of the experimental coefficients at 
any fuselage-skin temperature showed good agreement with the 
theoretical values; however, the individual points themselves 
showed a considerable scatter. 

An analysis was also made to determine the apparent conduc- 


" Reference (6), Equation [213], p. 93. 


TEMPERATURE FOR LEACHED FisperGiuas BLANKET 


CoNCLUSIONS 


From the data and analyses previously discussed, it can be seen 
that the leached fiberglas type of insulation was found to be the 
most satisfactory. Its handling properties were excellent, and 
its insulative properties resulted in lower cooling air-flow require- 
ments than either of the other two insulations tested. 

It was found also that the fuselage frame supporting the aft 
trunnion fitting is the most critical in so far,as cooling is con- 
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cerned. The cooling-air flow requirements finally used for the 
airplane design were those spe cman to keep the temperature at 
that frame to 200 F. 

The analyses of the heat-transfer processes occuring indicated 
that of the total heat transfer through the insulation, 1 to 7 per 
cent was by radiation, and the remainder was by forced convec- 
tion. Also, of the total heat input, 2 to 7 per cent was lost by 
free convection and radiation from the outside of the fuselage, and 
the remainder was carried away by the cooling air. 

Some information on the handling properties of all three insula- 
tions was also gathered during the series of tests. It was found 
that the insulating properties of the Amosite blanket deteriorated 
upon installation because of the tendency for the filler to shift 
inside the blanket and leave void spots.. The radiation shielding 
was found undesirable for three reasons: namely (a) it was diffi- 


cult to handle; (6) it had to be constructed directly on the tail pipe. 


rather than before installation; and (c) it was difficult to maintain 
the desired spacings between various layers of the shield. 

Under actual service conditions, the leached fberglas blanket 
previously described has a satisfactory life and appears to be 
quite durable. This life could possibly be increased by using 
thicker foils. No service experience has been gathered with the 
other two blankets. 

The test described in this report was not intended to represent 
a summation of all the investigation necessary for proper airplane 
design, but rather as a starting point for future work. One topic 
that has not been touched upon is the cooling of small accessories 
in various parts of the airplane. 

It is realized that more theoretical analyses could be com- 
pleted, but the principal purpose of the test was to,gather empiri- 
cal data for a specific airplane and not to make a complete theo- 
retical study of the heat-transfer processes occurring. 

Tests on a ground-test stand of the entire airplane fuselage and 
flight tests of the airplane are being conducted, and more data on 
the structural temperatures existing under actual operating con- 
ditions should be available in the future. Fig. 12 shows the 
leached fiberglas blanket installed on the tail pipe of the jet 
engine used in the ground test stand. 
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Preliminary calculations of the inner-flange temperatures which 
might exist under typical flight conditions indicate that at low 
airplane speeds, owing to forced-convection heat transfer from 


the outside of the fuselage skin, the inner-flange temperatures - 


would be from 20 to 40 F below the cooling-air temperature. 
At high airplane speeds, the adiabatic temperature-rise effect may 
cause the temperatures to be higher than under static conditions. 

The results of this experimental program have served princi- 
pally to design a satisfactory structural cooling system for jet- 
propelled aircraft, and also to establish preliminary design values 
for the parameters involved in the heat-transfer process which 
takes place in an airplane fuselage surrounding a jet-engine tail 
pipe. 
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‘T’emperature-Reduction Problems in Sugar- 


Beet Storage 


By R. D. BARMINGTON,! FT. COLLINS, COLO. 


Successful storage of sugar beets is dependent upon low 
storage temperatures. In parts of the United States 
where night temperatures are near the freezing point 
during the storage period, artificial ventilation during 
the night has been suggested as a means of removing 
heat from the beets. While this method has possibilities 
there has been a lack of knowledge and: understanding 
regarding the large quantity of air required, and conse- 
quently the large blowers and ducts necessary. While 
the size of the structures would not be impractical, it is 
necessary to understand the magnitude of the problem 
before an attempt is made to design a commercial-size 
storage. 


HE experimental work conducted in 1939 by Barr, Mervine, 
jie Bice,? shows the amount of heat given off by sugar 

beets in storage at various temperatures. More recent 
work conducted by Stout and Fort® on large-scale storage piles 
has verified the earlier work and has indicated some new prob- 
lems which arise when 10,000-ton storage piles are considered. 
Sugar losses in the storage pile vary from '/, to 1 lb of sugar per 
ton per day, depending upon the temperature of the beet pile. 
Respiration of the living beet tissue consumes this sugar and 
gives off heat at the rate of 7098 Btu per lb of sugar. One pound 
of sugar per ton per day does not seem like a very large loss but 
when it is multiplied by 60,000 tons of beets stored in piles in one 
average-size factory district, it means that 30 tons of sugar are 
lost daily. It is the purpose of this paper to point out some of the 
problems involved in reducing the pile temperature to reduce 
sugar losses. Experiments conducted at this station and else- 
where have shown that a reduction in the pile temperature is the 
most effective way of reducing these losses. 


Pitre Temperatures Must Be Repucep QUICKLY 


For best storage of sugar-beet roots the temperature must be 
reduced from approximately 50 F, the average temperature of the 
soil at harvest time in Colorado, to as near 32 Fas possible without 
freezing. In addition to the sensible heat of the beets, it is 
hecessary to remove the heat of respiration which in this tempera- 
ture range is approximately proportional to the temperature of 
the beets. All of this heat must be removed as quickly as pos- 
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sible for best results. After the beet temperature has been re- 
duced to the minimum desired it is only necessary to remove the 
heat of respiration which is 784 Btu per ton per day at 35 F. 

It has been suggested that artificial ventilation of the sugar- 
beet pile, using night air which is usually 35 F or lower at this 
season of the year, might be a means of bringing the beet tempera- 
ture down to reduce high sugar losses due to high respiration 
rates. EXperimental results have shown that some benefits can 
be obtained in this way, but the quantity of air necessary is 
large and the cost of installing equipment of sufficient size might 
be too great to warrant the expenditure. 


THe Quantity or Arr Can Bg CaLcuLaTED 


The quantity of air required for any set of conditions can best 
be shown by deriving an expression for the heat transfer and 
using the values thus determined to apply to a specific problem. 

Required to find the number of pounds of air necessary to re- 
duce the temperature of 1 lb of beets from 7, to 7). 

Since the specific heat of sugar beets has been found experi- 
mentally to be 0.86 Btu per lb per deg F, let Q, = Btu of sensible 
heat in the beets and the amount to be removed = 0.86 Btu per 
Ib per deg F 


Q, = Btu of heat generated per lb of beets and is a known func- 
tion at the temperature 7’ of the beets in Btu 

C,, = specific heat of dry air at constant pressure = 0.241 Btu per 
lb per deg F 

T = temperature of beets at any time 

T, = temperature of air (assumed constant entering the beets) 

K = pounds of air flowing per hour per pound of beets 

dT = change in temperature of beets in dt hr due to ventilation 

dt = time during which K lb per hr of air are flowing 


Assume the temperature of the air reaches the temperature of 
the beets during the time it is passing through the beet pile. 
Then for 1 lb of beets 

Heat removed by air = 0.241 (7 — T,) Kdt 

Heat removed from beets = 0.86 (—dT) + Q, (at temp T) dt 

aT is negative because the temperature change of the beets is 
opposite to that of the air. 

These two quantities must be equal 

0.241 (77 — T,) Kdt = 0.86 (—dT) + Q, (at temp 7) dt 

dt (0.241K (T — T,) — Q, (T)] = —0.86dT 


7, 0.241 K(T—T,) —Q, (T) 


—0.86 
0.241 K(T—T,)—Q, (T) 
Kt = pounds of air required per pound of beets 
—0.86 
t= K dT 
Kf, 0.241 K (T—T.)—Q, 


Substitute X for Kt and assume Q(T) = AT +B 


aT 


aT 
Then X = 0.86K A 0.241KT —0.241 KT, —AT—B 
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aT 
X = —0.86K A (— 0.241KT, — B) — (—0.241K + A) T 


_—086K —Dat 
T% C—DT 


C =—0.241KT,—B 


Where 


and 


D =—0.2441K +A 


86K 
0.86K.  (C—DT)) 


loge 
D 


—0.86K C— DT, 
x= 0.86 ( ) 


™(C—DT,) 


It has been found experimentally by Stout and Fort that air at 
27 F can be blown into the beet storage pile without damage to 
the beets if the temperature of the mass of the pile is above 32 F. 
Assuming the temperature of the beet. pile is to be reduced from 
50 F to 32 F using air at 27 F, and applying air at the rate of 
0.02 lb of air per lb of beets per hr (K = 0.02), it would require 
8.98 lb of air per lb of beets. In this case it would require 449 hr 
and a system having a capacity of 400,000 lb of dry air per hr for 
a 10,000-ton pile. To be of greatest value, the ventilating sys- 
tem should have capacity large enough to reduce the temperature 
in a much shorter time than just indicated. Since this is a 
logarithmic equation, less air is required per degree drop in beet- 
pile temperature at the beginning of the process than near the 
end. If the pile temperature is reduced only from 50 to 40 F, 
the amount of air required, other conditions remaining the same, 
is 2.92 lb of air per lb of beets. From the standpoint of reducing 
losses of sugar in the storage pile, even this 10 F temperature 
reduction is highly desirable since a change of temperature of 18 
F in this range will approximately double or halve the rate 
of sugar loss from respiration. 


DecomposiTIon Brains at HIGHER TEMPERATURES 


Above approximately 65 F, decomposition of the living sugar- 
beet tissue begins, and a vicious cycle of increased temperature 
which causes increased respiration, that again causes increased 


temperature, results, and the beets rapidly heat and spoil. One’ 


of the values of forced ventilation is a kind of insurance against 
the forming of hot spots in the pile. These hot spots usually are 
caused by foreign matter, such as leaves and dirt, blocking the 
natural circulation of air in the pile. In the experimental work 
that has been done; a hot spot has never been found in the section 
of the pile being ventilated artificially. At a beet-pile tempera- 
ture of 50 F, the amount of dry air at 27 F required to remove the 
heat of respiration would be 0.0052 lb of air per lb of beets per 
hr, since the heat of respiration at 50 F from Fig. 1, is 1390 Btu 
per ton per day. Using air at the same temperature of 27 F and 
beets at 60 F, the amount of air required to remove the heat of 
respiration is 0.0054 lb of air per lb of beets per hr. 

At beet temperatures of 40 F and $5 F, the amount of air re- 
quired is 0.0064 lb and 0.0161 lb, respectively. The changes in 
quantities of air are due to temperature differential between the 
air and beets and to the difference in respiration rates. The work 
of Barr, Mervine, and Bice? gives the heat of respiration of beets 
at 95 F, as 12,653 Btu per ton per day. This high value is due to 
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the decomposition of the beet tissue which begins at about 65 F 
and increases rapidly as the temperature increases. 
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Fic. 2. Errect or Rate or Arr APPLICATION ON ToTAL AIR 
REQUIRED FOR DIFFERENT INITIAL AND FINAL Bret PILE Tem- 
PERATURES 


HuMIDITY AND EVAPORATION AFFECT RATE OF COOLING 


There are two factors which tend to reduce the amount of air 
required for cooling the beet.pile. The previous calculations are 
all based upon the use of dry air. Meteorological data at Fort 
Collins, Colo., shows the relative humidity during the sugar-beet 
storage period to be 70 per cent for a 48-year average of readings 
taken twice daily at 7:00 a.m. and 7:00 p.m. With air at 27 F 
and relative humidity of 70 per cent, each pound of dry air would 
carry in it 0.0020937 lb of water vapor. If no more water was 
added to the air asit passed through the beet pile, and if no evapo- 
ration of water takes place from the beets as the air tempera- 
ture is raised from 27 F to 50 F, the heat taken up by the water 
vapor would be so small that it would be negligible. 

The Btu of heat picked up by dry air is given by the equation 
Q = W 0.241 (7; — T:), and the heat absorbed by the water 
vapor is Q = W 0.46 (7,— 7:2). In changing from 27 F to 50 F, 
1 Ib of dry air will absorb 5.543 Btu, and the water vapor in | 
ib of air at 70 per cent relative humidity will absorb 0.02215 Btu 
of heat. 

If the air enters the beet pile at 27 F and 70 per cent relative 
humidity and evaporates enough water while raising in tempera- 
ture to 50 F so that it still has a relative humidity of 70 per cent, 
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OF RESPIRATION 


the air must also remove the latent heat of vaporization of the 
additional water necessary to maintain 70 per cent relative 
humidity. To maintain 70 per cent relative humidity while 
making the temperature rise, 1 lb of air must pick up 0.0029901 Ib 
of water, making a total of 0.0050838 |b of water at 50 F. The 
latent heat of vaporization of 0.0029901 Ib of water would be 
2.9004 Btu, and the total heat removed from the beet pile by 1 


—T EMPERATURE-REDUCTION PROBLEMS IN SUGAR-BEET STORAGE 


687 


lb of dry air plus the water vapor carried by the air entering the 
pile plus the water evaporated from the beets would be 8.46555 
Btu. Under these conditions the removal of the same amount of 
heat from the pile would require approximately 65 per cent as 
much air as would be required if dry air alone was used. 

The two factors, humidity and evaporation, are so closely re- 
lated that they can hardly be separated. It can be seen that 
some cooling of the beet pile is accomplished at the expense of 
weight shrinkage which, if carried too far, is harmful from the 
standpoint of processing at the end of the storage period. There 
is not enough experimental information available to determine 
just what the conditions are in the beet storage pile when the 
heat transfer is taking place, but there is some evaporation of 
water which does tend to reduce the amount of cooling air re- 
quired. 


WEATHER CoNbITIONS AFFECT THE DESIGN 


In the Fort Collins area, the sugar-beet storage pile is from 14 
to 18 ft high, 80 or more ft wide at the base, and 400 ft or more in 
length, and is piled in the open without side walls or roof protec- 
tion of any kind. In this area there are occasional strong winds 
during the storage period which may occur either at night when 
temperatures are low or during the day when temperatures may 
be 60 to 70 F. If the winds occur at night, they are highly bene- 
ficial for cooling, but if they are warm the temperature of the 
pile may be raised several degrees. Greater control could be ob- 
tained by covering the sides of the pile but in this case all bene- 
fits of natural circulation at night would be lost and a ventilating 
system large enough to carry the full load would be necessary. 

The ventilating fan should be designed to give large capacity at 
relatively low pressure, probably 1 in. of water or slightly less, 
since the voids between the beets are relatively large and, unless 
circulation is blocked by foreign material, the resistance to flow is 
low. Ducts should be large and adequate spaces should be 
allowed for the air to enter the beets. 


More EXPERIMENTAL DaTA NECESSARY 


There seems to be a place for artificial ventilation in the storage 
of sugar beets. It will require further study and experimentation 
to determine whether or not it would be pr&ctical to build struc- 
tures large enough to completely enclose for controlled ventila- 
tion all the beets now stored in the open. 

In the Fort Collins factory district there are now 60,000 tons 
of beets piled in the open for a period of 40 to 60 days and, if the 
density is 40 lb per cu ft, this would require 3,000,000 cu ft of 
storage space. To cool these beets quickly for best storage con- 
ditions would require a ventilating system having a capacity of 
4,800,000 lb of air per hr or 1,200,000 cu ft per min. Further 
studies and experiments with properly designed equipment will 
be necessary to determine whether or not a ventilating system 
would be economically sound. Large savings in sugar can be 
made if the temperature of the beet pile can be reduced quickly 
at the beginning of the storage period. 
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Condensation of Refrigerant Vapors—Ap- 


paratus and Film Coefficients for Freon-12 


By R. E. WHITE,' YORK, PA. 


In this paper is described an apparatus for the direct 
determination of condensing-vapor heat-transfer film 
coefficients in which precision measuring methods are 
employed. The conditions are closely controlled and 
can be made nearly ideal if so desired. Among the factors 
affecting condensation which may be studied in this 
apparatus are condensing temperature, film-temperature 
drop, noncondensable gas, liquid load on tubes, and con- 
densing-surface condition. Included herein are data on 
the condensation of saturated Freon-12 under ideal con- 
ditions on a plain horizontal tube at various vapor tem- 
peratures and film-temperature drops. 


NOMENCLATURE 
The following nomenclature is used in this paper: 


A 
D 


area of heat-transfer surface, sq ft 

outside diameter of tube, ft 

acceleration due to gravity, ft/(hr) (hr) 

film coefficient Btu/(hr) (sq ft) (deg F) 

thermal conductivity, Btu/(hr) (sq ft) (deg F/(ft) 
viscosity of condensate, Ib/(hr) (ft) 

p = density, lb per cu ft 

r = latent heat, Btu per lb 
At = film-temperature drop, vapor temperature minus tube-sur- 
face temperature 


= 
Hon 


INTRODUCTION 


Heat-transfer film coefficients for condensing vapors have 
usually been determined indirectly from over-all coefficients, us- 
ing the Wilson reciprocal plot. In some cases direct determina- 
tions have been made, but the measurement of the condensing- 
surface temperature is often inaccurate. As a result, accurate 
data on condensing film coefficients are not plentiful and particu- 
larly in the case of refrigerant vapors. It was hoped to obviate 
these difficulties by designing an apparatus utilizing a direct 
measure of condensing-surface temperature and other refine- 
ments, thus giving the condensing film coefficient directly. The 
factors affeeting the condensation of vapors are manifold, and be- 
fore effectual studies of complex cases of condensation can be 
made, each factor must be considered individually and depend- 
able basic data obtained. Therefore, before undertaking an in- 
vestigation of more complex cases, a complete study of the fun- 
damental case of condensation of a saturated refrigerant vapor on 
a single horizontal tube under ideal conditions was deemed ad- 
visable. 

Presented herein is a description of an apparatus designed pri- 
marily to give accurate heat-transfer data under closely controlled 
ideal conditions (the basis of the Nusselt, derivation). Data 
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showing the effect of film-temperature drop and condensing tem- 
perature on the condensation of Freon-12 are included to illus- 
trate the success obtained with the apparatus. Incorporated in 
the design are provisions making the apparatus adaptable for 
studies on the effect of liquid load on the tubes, tube diameter, 
noncondensable gases, and condensing-surface condition on the 
condensing coefficient and for waterside and _finned-surface 
studies. 


APPARATUS 


The apparatus is basically similar to one previously described 
by the author (1).2. The accuracy of the film coefficients obtained 
depends upon close control of the conditions and accurate meas- 
urement of several values, namely, vapor temperature, condens- 
ing-surface temperature, and quantity of heat transferred. Par- 
ticular attention was given to these measurements. The methods 
and necessary precautions applied in this apparatus will be 
brought out more fully in the description. Other salient features 
include elimination of vapor velocity across or along the condens- 
ing surface, a nearly isothermal condensing surface, limited size, 
and provision for visual and photographic observation of the con- 
densing surface. 

A schematic diagram of the apparatus is shown in Fig. 1. The 
apparatus was designed to use 5/,-in-OD tubes, 48 to 69 in. long 
as the condensing surface, since tubes of this size were being used 
in related experiments in the laboratory. Studies were expected 
to be made on chloro-fluoro-hydrocarbons and ammonia, and thus 
steel was a suitable material of construction. The use of copper, 
however, was minimized. 


CONDENSING SURFACE 


In order to check Nusselt’s equation and to obtain truly com- 
parable results over a period of time, a clean, noncorroding con- 
densing surface of constant characteristics was needed. In view 
of the refrigerants to be tested and the foregoing requirements, 
highly polished nickel tubes were chosen as the condensing sur- 
face. Prior to use, these tubes were exposed to a Freon-12, 
water, and air mixture, alternating between the yapor phase and 
the liquid phase every 24 hr for 2 weeks. No visible change in 
the surface or change of weight occurred and thus it was assumed 
that either no corrosion occurred or it is at a very slow rate. 
These tubes were °/s in. OD X 0.049 in. wall, 52 in. long. Two 
leads of no. 24 copper wire, silver-soldered in place, bracketed 
the central 36 in. of each tube. These served as potential 
leads in the tube-temperature-measuring means to be described 
later. Only one tube was installed in the apparatus for this first 
study. The surface exposed for heat transfer was 0.53 sq ft. 


BoILER AND CONDENSER 


In order to obtain a minimum vapor velocity, in fact, only a 
velocity of approach to the condensing surface, the boiler and 
condenser were made an integral unit and the condensing surface 
was suspended in the vapor space. This also permitted the use 
of asmall amount of the refrigerant in the test. 


2 Numbers in parentheses refer to the Bibliography at the end of 
the paper. 
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Fig. 1 


Fic. 2 Front View or BoiLer-CONDENSER, SHOWING SAMPLING 
VaLves, Eyes, anp TuBE PAcKING GLANDS BEFORE APPLICA- 
TION OF INSULATION 
(Condenser tube in place.) 


Fic. 3 Rear View or BorLter-ConDENSER, SHOWING PACKING 
GLANDS FOR TH&RMOCOUPLES AND TuBE PorTenTIAL LEADS 


The boiler and condenser are shown in Figs. 2, 3, and 4, at vari- 
ous stages of construction. The condenser shell is formed from a 


DIAGRAM OF THE APPARATUS 


Fig. 4 InrTerRNAL View or BorLer-CONDENSER, SHOWING NEON 
Licuts, SAMPLING TUBES, AND THERMOCOUPLES 
(Calrod heater may be seen in boiler beneath baffle.) 


40-in. length of 12-in. iron pipe with welded flanges on the ends. 
The boiler is formed from a 35-in. length of 5-in. iron pipe. An 
opening, 4 in. wide X 35 in. long, was cut longitudinally in each of 
these pipes and then, with the openings matched, the two pipes 
were welded together, thus forming a single unit. The boiler is 
closed on one end by the flange of the condenser and on the other 
by a */s-in-thick welded head. This head carries two °/,-in-diam 
openings for the electric-heater leads. 

The condenser is closed with identical 1'/,in-thick heads. 
Each head garries four individual packing glands, Fig. 2, for the 
tube or tubes that are to be placed in the vapor space. These 
glands are in perfect alignment and are spaced to give a °/ril. 
bridge between 5/s-in-OD tubes. Fiber sleeves and neoprene 
packing are used to insulate the tubes electrically from the heads 
at the packing glands. 
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Four 4-in. bull’s eyes are spaced evenly along one side of the 
shell, two located on the upper 45-deg radius and two on the lower 
30-deg radius. 

Heat is supplied with a 3000-watt steel-sheathed Calrod heater 
in the form of a U, set into the boiler space with the leads passing 
through the openings of the boiler head. Closure to the head is 
made with packing glands. This heater has a 5l-in. heating 
length and a power-output density of 38 watts per sq in. or 18,800 
Btu per hr per sq ft. On the basis of a boiling coefficient of 400, 
the temperature of the heater sheath should not exceed the liquid 
temperature by more than 50 F. A low heater temperature is 
desirable to prevent decomposition of some materials. 

A thin curved baffle, Fig. 4, is mounted 1 in. above the boiler 
opening and extends 1 in. beyond each side of the opening. This 
baffle directs the vapor to the perimeter of the shell and eliminates 
any direct impingement upon the tube. 

Five 24-in-long tubular neon lights are mounted on the inside of 
the shell in such a way as to give suitable lighting to each tube 
when viewed through the bull’seyes. A 2-in. strip of opal glass is 
placed in front of each neon light to reduce glare and reflections on 
the condensing surface. 

The condenser shell carries eight valved outlets spaced along 
the top of the shell for sampling the vapor. A 3/;.-in-OD tube 
extends inward, Fig. 4, from each of these outlets to various 
points within the vapor space. Twenty additional outlets are 
spaced about the shell and carry packing glands for withdrawal of 
thermocouple leads, tube potential leads, and neon-light leads. 
Several auxiliary openings are also provided for any future needs. 
After complete assembly, the boiler and vapor space was covered 
with 1 in. of insulating plaster. 


ConsTANT-TEMPERATURE ENCLOSURE 


By preventing heat flow through the walls of the boiler and 
condenser, all of the heat supplied by the electric heater has to 
pass through the heat-transfer surface. This heat quantity can 
then be derived accurately from the electrical input to the heater. 
The best method for preventing heat leakage to or from the 
boiler and vapor shell is to maintain the ambient temperature at 
the vapor temperature. This was accomplished by enclosing the 
apparatus in a temperature-controlled case. This case is con- 
structed of a double layer of insulating board and has two doors 
for access to the apparatus and two windows aligned with the 
bull’s eyes of the shell. Heat is supplied with eight, 100-watt 
light bulbs properly placed about the case. The temperature is 
controlled with a precision ‘‘Magna-Set” thermostat and an elec- 
tronic relay in the power line to the light bulbs. For work below 
room temperatures, a direct expansion coil was placed in the 
case and used in conjunction with the lights. A bank of three 
blowers circulates the air in the case to maintain a uniform 
temperature. 


CooLING-WATER CIRCUIT 


In order to maintain an isothermal condensing surface, con- 
stant-temperature cooling water is pumped through the con- 
denser tube at a rate sufficient to limit its rise to 0.25 F in 
passing through the condenser tube. Cooling water is pumped 
from a reservoir through a header, orifice meter, and the con- 
denser tube and then returned to the reservoir. The inlet 
header carries four orifice meters, for use in later work. Flow 
through each orifice is controlled with a Hancock ‘‘Flo-Control’”’ 
valve, and the excess pumped water is returned through a by-pass 
to the reservoir. The water temperature in the reservoir is main- 
tained constant with a precision ““Magna-Set”’ thermostat and an 
electronic relay which, through a solenoid valve, admits cold 
water as needed. 


ELectricaL HEATING CIRCUIT 


A wide range of controlled power input to the heater is provided 
to permit operation over a correspondingly wide range of film- 
temperature drops. The electrical circuit permits variation of 
power input from 160 watts to 3000 watts. Power is taken from 
a 220-volt controlled voltage line and, for the lower heat loads, 
this is transformed to 110 volts. The power input to the heater 
is adjusted by a Cenco-Forsythe water-cooled rheostat and 
measured on an integrating watt-hour meter. 


THERMOCOUPLE SYSTEM 

The vapor temperature is measured with five copper-con- 
stantan thermocouples. Five */,.-in-OD steel tubes sealed at one 
end were inserted in the vapor space through packing glands. 
These tubes were bent in an L-shape so that at least 12 in. of each 
tube were exposed to the vapor, and the hot junction of each 
couple was then slipped into these tubes as far as possible. In this 
way, at least 12 in. of the leads of each hot junction were in the 
vapor space, thus eliminating any effect of heat conduction along 
the leads to or from the hot junctions. Three thermocouples 
were located in the constant-temperature enclosure to indicate its 
temperature. A common cold junction was used for all of the 
thermocouples. The constantan leads from the hot junctions 
and from the ice junction were converted to copper leads in a zone 
box before passing to a selective switchboard along with the 
hot-junction copper leads. The selective switchboard connected 
any hot. junction with the ice junction and the emf-measuring 
means. The thermocouple emfs were measured on a Rubicon 
Type B potentiometer and Rubicon galvanometer. The sensi- 
tivity of these instruments is such that the emf’s developed 
could be read with a precision equivalent to 0.02 F. 

All of the thermocouples were calibrated prior to use while con- 
nected in the manner described. Calibrations were made at the 
ice point, the sodium-sulphate transition point, and the steam 
point, and the results were then plotted as deviations from Adams’ 
values (2). 


TuBE-WaALL TEMPERATURE MEASUREMENT 


In determining film coefficients directly, an accurate measure of 
the tube-wall temperature has presented the most difficulty. 
Various methods of attaching or embedding thermocouples in the 
tube wall have been developed (1, 3, 4, 5, 6,) but such methods 
have their shortcomings (6). The electrical-resistance method 
described by Jeffrey (7) obviates these difficulties.and yields an 
integrated and averaged tube-wall temperature without altering 
the tube-wall or surface conditions and does not necessitate a 
heavy tube wall. This method was used in this work. 

The resistance of the central 36 in. of that part of the tube ex- 
posed to the vapor is measured with a Kelvin double bridge cir- 
cuit by comparison with a standard resistance. The standard re- 
sistance used is an L. & N. Kelvin bridge and the bridge circuit 
is described in L. & N. bulletin, “Notes on the Kelvin Bridge.” 
A direct current of 20 amp from a 6-volt storage battery flows 
through the tube and bridge circuit. The power is supplied 
through heavy leads connected to the ends of tube outside the 
condenser and the potential leads are withdrawn from the con- 
denser through packing glands. To eliminate thermoelectric 
and parasitic currents, the resistance is measured with the cur- 
rent flowing through the tube in each direction, and the two 
readings averaged. The balance of the tube resistance and the 
bridge resistance is indicated on an L. & N. lamp and scale 
galvanometer. 

This method requires a calibration of the tube prior to use to 
determine the temperature-resistance relationship. The nickel 
tube was calibrated by immersion in a vapor bath. The resist- 
ance of the central 36 in. of tube was determined at 10 F tem- 
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perature intervals over the temperature range in which the tube 
would be used. The tube resistance was measured with a pre- 
cision equivalent to 0.025 F. The temperature of the cali- 
bration bath Was measured with the same thermocouples used 
later to measure the vapor temperature in the shell. In this way 
any basic error in the thermocouples would not be reflected in the 
measurement of the film-temperature drop. Periodic checks 
were made later between the tube and the thermocouples while 
in position in the condenser but no measurable shift in the 
relationship occurred. 


CHARGING AND OPERATION 


Before charging, the boiler and condenser were evacuated to 20 
microns pressure using an oil-sealed vacuum pump. This step 
insured a pure vapor without purging; its efficiency was estab- 
lished by subsequent analysis of the vapor which showed less than 
0.001 per cent noncondensable present. Little difficulty was en- 
countered in reaching this low pressure because of the limited size 
of the apparatus. Liquid refrigerant from an inverted drum was 
then charged into the boiler until the liquid level was about 1 in. 
above the Calrod heater. 

In operating, the constant-temperature enclosure was brought 
to and maintained at the desired condensing temperature. The 
cooling-water thermostat was set to the temperature giving ap- 
proximately the desired vapor-film temperature drop and the cool- 
ing water was then circulated through the tube at a predeter- 
mined rate sufficient to hold the water-temperature rise to less 
than 0.25 F. The power input to the Calrod heater was then 
adjusted to give the desired vapor temperature. A steady-state 
condition, as indicated by constancy of temperature readings, was 
usually established by transferring heat for about 1 hr. When 
equilibrium conditions were obtained, readings were recorded of 
the five vapor thermocouples, the three enclosure thermocouples, 
the tube-wal! resistance, and the electrical heat input. A run 


TABLE 1 SUMMARY OF RESULTS FOR CONDENSATION OF 
SATURATED FREON-12 ON A HORIZONTAL TUBE 
Average Average Tube- Film Heat Film 
vapor tube-wall surface temp. flux, coefficient, 
Run temp, temp, temp, drop, Btu/- Btu/hr/ft?/ 
no. deg F eg F deg F eg hr/ft? deg F 
1 119.52 99 .08 99.41 20.11 5242 261 
2 119.74 103 .67 103.95 15.78 4555 289 
3 120.00 105.5. 105.81 14.19 4038 287 
119.89 109.40 109.60 10.39 3129 301 
5 119.97 112.03 112.19 7.76 2494 321 
6 119.82 114.95 115.06 4.76 1742 366 
7 119.81 116.41 116.50 3.31 1362 412 
8 119.56 116.92 116.99 2.57 1105 430 
g 119.78 107.61 109 .84 11.94 3539 296 
10 119.86 103 .30 103 .58 16.28 4431 272 
ll 119.81 97.45 97.80 22.11 5543 251 
12 90.23 78.21 78.44 11.79 3639 
13 89.98 76.73 76.98 13.00 3991 307 
14 89.99 73.52 73.82 16.17 4780 296 
15 90.08 69 .84 70.20 19.88 5603 282 
16 89.91 77.16 77.41 12.50 3881 311 
17 90.13 80.05 80.26 9.87 3275 332 
18 90.09 85.78 85.89 - 4.20 1730 412 
19 89.85 87. 87.10 2.75 1276 464 
20 89.98 86 .63 86.73 3.26 1456 7 
21 90.14 87.23 87 .32 2.84 1326 470 
22 90.07 84.01 84.16 5.91 2282 386 
23 90. 76.76 77.01 13.07 3925 300 
24 70.10 52.82 53.14 16.96 5070 299 
25 69.78 54.61 54.90 14.88 4552 306 
26 69.97 57.49 57.74 12.23 3930 321 
27 70.15 59.69 59.92 10.23 3502 342 
28 70.26 62.31 62.50 7.75 2875 371 
29 69. 64.43 64.56 5.07 2051 405 
30 69.74 60.85 66.94 2. 1334 477 
31 70.08 66 .87 66 .96 3.12 1429 458 
32 70.15 59.13 59 .37 10.7 3645 339 
33 70.2 57.21 57.48 12.78 4165 326 
34 70.21 52.55 52.88 se 5190 299 
35 50.46 38.24 .50 11.93 4050 339 
36 50.27 40.75 40.97 9.30 3360 362 
37 50.33 42.71 42.89 7.44 2800 376 
38 50.23 44.22 44.37 5.86 305 393 
39 49.93 44.16 44,30 5.63 2260 401 
40 50.10 41.37 41.57 8.50 3117 367 
41 50.10 38.83 9.07 11.03 3845 349 
42 50.10 37.55 37.81 12.29 4111 334 
43 50.09 44.96 .09 5.00 1946 389 
44 50.24 45.53 45.66 4.59 1936 422 
45 50.00 46.36 .46 3.54 1591 449 
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was considered to be comprised of three sets of these readings 


taken over a '/:-hr period, in which each of the temperatures did 
not vary more than 0.1 F. 


REsuULTS 


A series of runs were made at each of four condensing tempera- 
tures, namely, 120 F, 90 F, 70 F, and 50 F. Each series con- 
sisted of ten to fifteen runs in which the condensing-film tempera- 
ture drop was varied from 3 F to 20 F. 

The five vapor thermocouple readings were converted to tem- 
peratures using the individual calibration for each couple and 
then averaged. Likewise, the average tube-wall temperature was 
obtained from the tube-wall resistance-temperature calibration. 
The additional 2 in. of condenser tube exposed to the vapor on 
either end of the central 36 in. does not affect the average tube- 
wall-temperature value since both sections conduct practically 
the same amount of heat, and end losses are eliminated by main- 
taining ambient temperature at the vapor temperature. 

The heat-input reading (from the integrating watt-hour meter) 
was converted to Btu per hr (q), and this value, in turn, gave the 
heat flux g/A, when divided by the condensing-surface area 
(A = 0.53 sq ft). From the heat flux and the conductivity of the 
tube material, the temperature gradient across the tube wall is 
calculated. The average tube-wall temperature plus one half the 
gradient gives the tube-surface temperature. The film coefficient 
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h, is then obtained by dividing q/A by t, the difference between 
tube-surface temperature and the average vapor temperature. 
These calculated results are given in Table 1. 


CORRELATION OF DaTA 


The results in Table 1 were plotted on logarithmic scales in Fig. 
5, as film coefficient h, against film-temperature drop At, for each 
condensing temperature. 

A straight line of —0.25 slope was drawn through the data points 
for each condensing temperature. In drawing these lines, an at- 
tempt was made to weigh and average the data, giving more 
weight to the points representing higher values of At. The use of 
the theoretical slope of Nusselt’s equation appears well justified in 
this case since over 90 per cent of the data points fall within 2 per 
cent of their respective lines. 

In Fig. 6 the plots of experimental data in Fig. 5 have been 
combined to point up the consistency between series of runs, and 
also to bring out the effect of condensing temperature on the co- 
efficient. 
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Values of film coefficient h, at the various condensing tempera- 
tures were calculated from the physical properties of Freon-12 
using the Nusselt equation 


Lines representing these theoretical values for each condensing 
temperature were then drawn on Fig. 5 for comparison with the 
experimental results. The values for viscosity and thermal con- 
ductivity used in this correlation were based upon newly deter- 
mined data not yet released for publication. These data, be- 
lieved to be more accurate than previously published data (8), 


differed from published values by 10 to 20 per cent in the case of 
viscosity, and 5 to 10 per cent in the case of thermal conductivity. 

The experimental data fall 13 per cent below the Nusselt lines at 
all condensing temperatures, thus indicating a simple correlation in 
the form of a modified Nusselt equation. This new equation is 
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h = 0.63 


and represents the average experimental data within 1 per cent. 

When using published data for all of the physical properties, 
this simple agreement did not exist. The Nusselt lines main- 
tained a—0.25 slope of course but their spacing differed consider- 
ably from that of the experimental lines. 

It is interesting to note that the results of Young and Wohlen- 
berg (9) yield an average constant in the Nusselt equation of 
0.655. Katz, et al (10) gave a value of h, based upon over-all co- 
efficients, that is, about 12 per cent below the Nusselt value calcu- 
lated herein. 


CONCLUSIONS 


An apparatus has been constructed for the direct determination 
of condensing-film coefficients of heat transfer on horizontal tubes 
under closely controlled conditions. A number of novel features 
have been combined to increase the precision of the measurements 
and the accuracy of the results. The data indicate the success 
attained along these lines. Experimental data obtained under 
conditions as nearly ideal as possible are 13 per cent below the 
low values predicted by the Nusselt equation for condensation of 
Freon-12 at elevated pressures. 
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Prediction of Pressure Drop During Forced- 
Circulation Boiling of Water 


By R. C. MARTINELLI! anv D. B. NELSON,? SCHENECTADY, N. Y. 


A tentative method for the rapid calculation of the pres- 
sure drop during forced-circulation boiling of water is pre- 
sented. The, method is based upon the application of 
pressure-drop data, obtained during the isothermal flow of 
air and various liquids, to the evaluation of local pressure 
gradients during forced-circulation boiling. Curves are 
developed by means of which the pressure drop during boil- 


U = over-all heat-transfer coefficient between outside of tube 


and wat 


er, Btu/hr ft? deg F 


v, = vapor velocity during two-phase flow, fph 


liquid velocity during two-phase flow, fph 
liquid velocity-entering tube, fph 

specific volume of saturated liquid, cu ft per Ib 
2 = specific volume of saturated vapor, cu ft per Ib 


ing can be estimated quickly once the exit quality, the |W, = weight flow of vapor, lb per hr 
boiling pressure, and the pressure drop for 100 per cent W, = weight flow of liquid, lb per hr 
liquid are known. The proposed method is definitely an Wy, = W, + W, = total weight flow, lb per hr 
extrapolation of existing data and, as such, requires fur- xz = quality of steam at any point in tube, based on weight flow 
ther experimental verification. x, = exit quality of steam, based on weight flow 
y = length defined in Appendix 
NOMENCLATURE z = length defined in Appendix 


The following nomenclature is used in the paper: 


AP, 


= pressure drop due to acceleration of fluid, 
psf 


A, = heat-transfer area = xDy, sq ft : AP, = pressure drop iti flow circuit for flow of 
a saturated water at rate W, and pressure 
A, = 4 = cross-sectional area of pipe, sq ft P, psf 
C,, = unit heat capacity of water, Btu/Ib deg F 
D = inside diameter of tube. ft AP rp = total pressure drop in flow circuit for forced. 
W ’ circulation boiling of water at pressure 
G = ; ” = weight flow per unit area, lb/hr ft? P, total weight flow W, and exit quality 
z,, psf 
_ _ 4.17 X 108 Ib AP 
g = gravitational torce per unit mass = — (ib hr?) (+)... = two-phase pressure gradient, psf /ft 
(ft) AP 
L = length of tube, ft aE = pressure gradient assuming only vapor 
Ly = total heated length, ft 


phase flowing, psf/ft 


Ly, = total length between pressure taps, ft AP 
exponent, defined in text = pressure gradient assuming only liquid 
P = absolute pressure, psia . phase flowing, psf /ft 
q = rate of heat transfer, Btu/hr dP 
G? ) = local two-phase pressure gradient 
r, = multiplier of —, defined in text, cu ft per lb TPF ion 
g 
G2 — } = local pressure gradient i - liqui 
re = multiplier of —, defined in text, cu ft per lb 
g phase flowing, ps /ft 
r= 


value of multiplier of — between r; and rz, cu ft per Ib 
g 


R, = fraction of pipe volume filled by vapor 


= pressure gradient for liquid only flowing at 


i= fraction of pipe volume filled by liquid “, = viscosity of saturated vapor, lb/hr ft 
= saturation temperature, deg F “, = viscosity of saturated liquid, lb/hr ft 
t; = inlet temperature, deg F ®,. = parameter discussed in text 
\t = average temperature difference between outside of tube #n, = parameter discussed in text 
and water, as defined and given in Table 2 of reference V,\2 \ = Ww ; 
(1), deg F Xt = (7 dis- 
My W, cussed in text 
' Associate Professor of Mechanical Engineering, University of Subscripts: ; 
California, Berkeley, Calif., on leave with the General Electric Com- H = heated 
pany. Mem. ASME. T = total 
* General Engineering and Consulting Laboratory, General Elec- ay " 
tric Company. Jun. ASME. L = liquid 
Contributed by the Heat Transfer Division and presented at the g = vapor 
Annual Meeting, Atlantic City, N. J., December 1-5, 1947, of Taz s = saturated 
American SocteTy oF MECHANICAL ENGINEERS. 1 = emtrance 
Nore: Statements and opinions advanced in papers are to be 
understood as individual expressions of their authors and not those TP = two phase 
of the Society. Paper No. 47—A-113. TPF = two phase, frictional 
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0 = zero quality (100 per cent liquid) 
tt = turbulent-turbulent 


INTRODUCTION 


In a number of engineering flow systems it is important for 
the designer to be able to predict the pressure drop occurring 
during the forced-circulation boiling of water. In most of the 
calculations described in the literature, the two phases, water 
and steam, are considered as a uniform homogeneous mixture 
with a calculable specific volume, and the frictional pressure 
drop is calculated by means of the usual Weisbach or Fanning 
equations. The principal difficulty in these calculations arises 
in the estimation of the friction factor, since a Reynolds number 
for the mixture is difficult to define. One approach to the prob- 
lem was suggested by Davidson, Hardie, Humphreys, Markson, 
Mumford, and Ravese (1), who used a modified Reynolds modu- 
lus and thereby accomplished a reasonably reliable mode of cor- 
relation for the friction factor during two-phase flow. McAdams, 
Woods, and Heroman (2), utilized a somewhat different approach, 
also with encouraging results. 

A completely different mode of approach has been suggested in 
a recent series of papers (3, 4, 5) in which the pressure drop dur- 
ing two-phase flow is related to the pressure drop occurring if 
only a single phase flowed in the pipe. Although the experimental 
data presented in these references apply specifically to isothermal 
flow of air and various other liquids, the data were purposely pre- 
sented in a tentatively generalized form, which should make the 
results applicable to water-steam mixtures. ‘ 

It is the purpose of this paper to combine the data in refer- 
ences (3, 4, 5) with those of references (1) and (2) in order to 
establish a new approach to the problem of pressure drop during 
forced-circulation boiling. As will be noted, the m>thods pro- 
posed are tentative, being based upon a number of hypotheses 
requiring experimental verification. It is the hope of the authors, 
however, that the paper will stimulate discussion and further in- 
vestigation of the problem. 

It is postulated that the pressure drop resulting from the 
flow of a boiling mixture, when the pressure drop across the tube 
is small compared to the absolute pressure, is made up of two 
parts: (a) the pressure drop due to the frictional forces acting 
during two-phase flow; and (b) the pressure drop resulting from 
the rate of increase of momentum of the mixture as it flows 
through the tube and vaporizes. These two components of the 
pressure drop will be discussed. 


FRICTIONAL PRESSURE Drop 


In reference (3) it was shown that two-phase flow can occur 
in four general forms: 


1 The flow of both liquid and vapor can be turbulent. 
2 The flow of both liquid and vapor can be viscous. 


3 The flow of the liquid can be viscous and the vapor turbu- 


lent. 


3 Numbers in parentheses refer to the Bibliography at the end of 
the paper. 

4 During the simultaneous flow of a liquid and gaseous phase 
through a tube, under certain conditions, the phases are well sepa- 
rated; under other conditions part,of the liquid may move in small 
droplets as a fog, the remaining liquid clinging to the walls of the tube. 
All other conditions being the same, the latter form of flow is more 
likely to occur during boiling than during the isothermal flow of air 
and other liquids. This probable change in flow pattern between non- 
boiling and boiling flow means that the utilization of the isothermal 
data from references (3, 4, 5) for the prediction of pressure drop 
during forced-circulation boiling, is not entirely justified. Since, 
however, “‘fog’’ formation is also noted in the isothermal two-phase 
flow, the error may not be large. The final comparison between 
predicted and measured pressure drops, discussed later in the paper, 

_ apparently bears out this contention. 
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4 The flow of the liquid can be turbulent and the vapor vis- 
cous. 


For all practical purposes any normal forced-circulation-boiler 
design would involve only the first of these flow mechanisms, 
namely, the flow will be “turbuleht-turbulent.”’ 

In reference (3) it was shown that for isothermal two-phase 
flow the frictional pressure drop® can be calculated as follows® 


(27) 
AL TPF AL, 


where a) is the frictional pressure drop due to two- 
AL / 


phase flow, Po) is the pressure drop if only the vapor is flow- 

ing in the pipe and #,. is a parameter obtained experimentally, 

(3, 5) and found to be correlated by means of the dimensionless 

parameter, Xi; where 


1 n » 


The exponent n is obtained by plotting the single-phase pres- 
sure drop versus weight flow on log-log paper. The slope of the 
curve is equal to 2—n. For the data in reference (1) a value 
of n between 0.2 and 0.25 was found. A value of n = 0.25 was 
used in the calculations. 

In reference (5) the analysis presented in reference (3) was 
extended and the two-phase pressure drop was also shown to be 


equal to 
(2?) 
AL / AL /, 


AP 
where (37) is the pressure drop resulting if only liquid flowed 


in the pipe. In the remainder of the paper it will be found con- 
venient to utilize Equation [3] for the calculation of two-phase 
pressure drop. The relation between , and 4, is given by 


(5) 


In addition, in reference (5), the curves of #1: and @y, were re- 
evaluated, and found to differ slightly from those presented in 
reference (3). On the basis of the data in reference (5) therefore 
the curve of x. versus Xx was established, as shown in Fig. 1. 

It is proposed to use the curve in Fig. 1 as follows: Assume 
that at each point along the tube in which forced-circulation 
boiling is taking place, thermodynamic equilibrium exists. Also 
assume that at each point along the tube the curve shown in 
Fig. 1 can be applied. Then at any point 


aL 


At each point along the tube the properties of the vapor and 
liquid are known (6). In addition, the quality of the water- 
steam mixture is defined as 


§ During the isothermal flow experimental runs, (3, 5), frictional 
pressure drop only was obtained, since no change in the momentum 
of the fluids took place. It is postulated therefore that the extension 
of the isothermal data to the case of forced-circulation boiling will 
yield the frictional pressure drop. The pressure drop due to mo- 
mentum changes must be added to the frictional pressure drop, as is 
discussed later. 

6 See Nomenclature. 
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Thus the parameter x. is known, once the quality is known, 
since (using a value of n = 0.25) 
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[Data from references (3) and (5).] 


As a first approximation, throughout the remainder of this analy- 
sis, it will be assumed that a linear relationship exists between 
zand L. Thus the value of X is known at any point along the 
tube once the exit quality is established. 

In addition, since 


where (“*) is the pressure gradient for the flow of 100 per cent 


liquid, one can write 


(dP dP 
The ratio (¢) / ( a) versus z now can be plotted 
readily for any specific pressure, since the variables in Equation 


[9] are all functions of P and z only. 
Having such a plot, the pressure drop for any given pipe at 
any given mean pressure P can be calculated as follows 


AP rer if dL / yer 
AP» xz, J0 


where APrpr is the two-phase pressure drop in the pipe with 


mean pressure P, and exit quality z, and AP¢ is the pressure drop 
across the same tube, assuming no vaporization at all to occur 
(flow of 100 per cent liquid). The latter pressure drop is readily 
calculated. The term on the right of the equal sign is the 


mean ordinate for z, on the curves of {| — — } versus 
dL/rrer/ \dL/o 

z and is thus easily determined graphically. 


The steps outlined were carried out, starting with Fig. 1, and a 


TPF ? 
— versus z, for various pressures obtained. 
0 


Two discrepancies were immediately noted, as follows: 


set of curves 


1 The high-pressure data of reference (1) were definitely over- 
estimated, the error increasing as the pressure increased. 

2 As the critical pressure (3206 psia) was reached, by defi- 
nition the ratio of ane should have approached unity, but 

0 
this was not the case, a value of about 5 being approached. 

It was apparent that the data used to establish Fig. 1 could not 
be extrapolated directly to the critical point. Another param- 
eter, a function of pressure, must enter the correlation of @n+ 
versus X;,. Since the data utilized to obtain the curves in Fig. 1 
were mainly obtained with air and water atmospheric pressure, 
comparison of the properties of air and water and water vapor 
and water indicated that the curve in Fig. 1 should probably 
apply to water vapor and water at about 1 atm abs pressure. 
The question was now to establish the curves for other pressures. 

The limiting curve for the critical point can be established 
directly by the following argument: The two-phase pressure 
drop is, from Equation [3] 


AP AP 
(2*) 


At the critical point, however, since there is no distinction be- 


tween phases 
AP AP 
( (2 0 (13) 


but, from Equation [8] 


AP AP 
(42) = (47) el x) 


Thus combining Equations [11], [12], and [13], the value of 
Mn at the critical point is 
1 


= a — z)0.875 


However, at the critical point Equation [2] becomes 


(:—1) 
zx 


Combining Equations [14] and [15] gives the relation between 
Hn: and X,; at the critical point 


The curve of ©; versus X:: for the critical pressure is now known. 
The remaining curves at intermediate pressures’ were established 
by trial and error, using the data from reference (1) as a guide for 
fitting the curves. The resulting plot is shown in Fig. 2. 


7 The basic parameter associated with the various curves is not 
known. 
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FoR VARIOUS PRESSURES FROM 1 ATM ABS PRESSURE TO CRITICAL 
PRESSURE FOR WATER AND WATER VAPOR 


Having established the curves of x: versus X for a number of 
pressures, the steps outlined in the first part of this paper were 
followed, and curves of (*) / (7) were obtained as 
shown in Fig. 3. Integration of these curves, as indicated by 
Equation [10], gives the final curves shown in Fig. 4. For con- 
venience, numerical values are given in Table 1. 

With these curves, which are tentative in nature, it is pro- 
posed that the frictional pressure drop during forced-circulation 
boiling can be quickly determined in the following manner: A 
calculation of the pressure drop, assuming no evaporation, APo, 
is made by the usual Methods, including all bends, etc., which 
may exist in the flow circuit. Then, knowing the average pres- 
sure in the evaporator section and the exit quality, the frictional 
pressure drop during forced-circulation boiling is determined by 


multiplying AP» by the ratio obtained from Fig. 4. 
0 
TABLE 1 VALUES OF sore AS A FUNCTION OF ze AND P 


Steam quality, 
per cent by 


Pressure, psia 
000 «15 


weight flow 14.7 100 500 1 2000 2500 3206 
1 4.7 2.8 1.79 1.45 1.28 1.17 1.08 1.00 
5 16.5 7.4 3.42 2.30 1.77 1.43 1.21 1.00 
10 33.0 13.8 5.13 3.10 2.23 1.72 1.39 1.00 
20 68.5 25.9 8.90 4.92 3.18 2.27 1.70 1.00 
30 108 39.5 12.1 6.40 4.00 2.68 1.90 1.00 
40 152 52.5 15.1 7.70 4.74 3.15 2.20 1.00 
50 198 65.0 18.0 8.96 5.40 3.55 2.48 1.00 
60 246 76.0 21.2 10.3 6.10 3.92 2.62 1.00 
70 293 87.2 24.2 11.9 6.93 4.36 2.82 1.00 
80 337 97 27.3 13.2 7.62 4.70 2.95 1.00 
90 377 108 29.2 14.0 8.00 4.98 3.10 1.00 

100 408 118 31.0 14.9 8.50 5.26 3.22 1.00 


The method discussed in the foregoing gives the friction pres- 
sure drop during forced-circulation boiling. The pressure drop 
due to the rate of increase of momentum of the material passing 
through the tube must now be calculated in order to obtain the 
total pressure drop. 


PRrEssURE Drop DuE TO MOMENTUM CHANGES 


If the pressure drop across the tube is small compared to the 
absolute pressure, the flow is effectively incomprtssible. In other 
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words, although the specific volume of the mixture changes over 
wide limits, the specific volume of each phase is substantially 
constant along the tube. 

For these conditions it is postulated that the pressure drop due 
to the change in specific volume of the mixture can be calculated 
as follows 


A, AP, = rate of change of momentum 
Wm Wr, W - 
g g g 


where W,, W,, and W, have been defined previously, », is the 
liquid velocity leaving the tube, v, is the vapor velocity leaving 
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the tube, and vp is the liquid velocity entering the tube, AP, is the 
pressure drop due to momentum changes. 

As was discussed in the Introduction, two extreme cases of exit 
conditions can now exist, the actual condition probably lying 
between the two extremes: 


1 Liquid and vapor completely mixed (fog). 
2 Liquid and vapor completely separated. 


The first case is that usually utilized in the literature and can 
be expressed as follows, since v, = v, 


2 
4P, = +2(%)—a] =n... [18] 
g Vv, g 


The latter case can be readily evaluated if v, and », are known. 
In reference (5) curves are given which, for isothermal two- 
phase flow, allow the estimation of the per cent of pipe filled 
with liquid, and with vapor, once the parameter is 
known. These curves are shown in Fig. 1. 

One may then write, from Equation [17] 


The question again arises as to the situation at the critical 
point. Since at this point AP, = 0 and V,/V, = 1, one obtains 
from Equation [19] 


R, = (1 — 2) (at critical point) 
R, =x (at critical point) 


Since the relation between X,. and z is known at the critical 
point from Equation [15], the curve of R; versus Xx at the criti- 
cal point can be calculated readily. This was done as shown in 
Fig. 2. There is appreciable difference between the curve at the 
critical point and the experimental curves obtained at 14.7 psia. 
A series of curves were interpolated arbitrarily for the various 
intermediate pressures, since no data for R; exist at higher pres- 
sures. Even if these curves are not exact, they will yield results 
which are qualitatively correct. Having the curves in Fig. 2, it is 
an easy matter to obtain the curves in Fig. 5, where X.. has been 
replaced by z, with pressure as a parameter. This curve indicates 
the fraction of pipe filled by liquid and vapor at various qualities 


N 


\ 


FRACTION OF PIPE FILLED WITH VAPOR Rg 


40 60 80 100 


QUALITY-X % 


Fic.5 Per Cent or Pipe Votume Wits Liquip As A Func- 
TION OF QUALITY AND ABSOLUTE PRESSURE 


20 


699 


and pressures. Experimental verification is required, particularly 
at the higher pressures. ‘ 

From Fig. 5 and Equation [19], the multiplier r. of G?/g was 
plotted as a function of pressure and quality in Fig. 6. For con- 
venience numerical values are given in Table 2. 
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(The. drop due to ae of fluid during evaporation equals 
re 


The final value of AP, will probably lie between the limits set 
by Equations [18] and [19], since the water-vapor mixture leav- 
ing the heating section will be partially in the form of fog and 
partially separate liquid and vapor. 


TABLE 2 VALUES OF AS A FUNCTION OF 
Steam 


quality, 
per cent by 
weight - Pressure, psia 
ow 14.7 100 500 1000 #1500 2500 3206 
1 0.04 0.023 0.0130 0.0093 0.0067 0.0041 0.0021 0 
5 0.16 0.068 0.0316 0.0211 0.0153 0.0100 0.0064 0 
10 0.41 0.118 0.0498 0.0313 0.0227 0.0163 0.0100 0 
20 1.30 0.280 0.093 0.054 0.037 0.026 0.017 0 
30 2.70 0.522 0.146 0.084 0.054 0.037 0.025 0 
40 4. 0.850 0.209 0.112 0.074 0.049 0.033 0 
50 7.03 1.250 0.291 0.150 0.096 0.064 0.043 0 
60 9.95 1.730 0.384 0.193 0.121 0.080 0.053 0 
70 13.40 2.27 0.494 0.241 0.149 0.098 0.064 0 
80 17.20 2.90 0.618 0.296 0.180 0.117 0.076 0 
90 21.80 3.63 0.762 0.360 0.215 0.138 0.088 0 
100 26.7 4.40 0.903 0.420 0.253 0.162 0.102 0 
RECAPITULATION 


The pressure drop during the forced-circulation boiling of water 
can now be expressed as 


2 


APs 


The postulates and restrictions upon which the evaluation of 


AP 
am and r are based, are as follows: 
. 
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1 The validity of extending the curve of i versus Xi obtained 
for flow of air and various other liquids, to boiling water is postu- 
lated. ‘ 

2 The validity of a point-to-point evaluation of @n. and 


(<r) and the consequent integration is postulated. 
l 


3 The validity of extrapolating the curves of n+ and 2; to 
the critical point as suggested in the paper is postulated. * 

4 A linear relationship between quality and L is postulated. 
Radical variation from this relationship requires new local pres- 
sure gradients to be calculated. 

5 The curves are strictly applicable only to a horizontal tube 
of constant diameter. 


DIscussIon 


The method described was checked by attempting to predict 
the experimental data of references (1) and (2). 

The significance of the prediction of the data of reference (1) 
can be questioned, since these data were used to help establish 
the curves in Fig. 4. However, it must be remembered that the 
data in reference (1) cover exit qualities from 6 per cent to 100 
per cent and pressures from 500 to 3000 psia. The reasonable cor- 
relation between predicted and experimental pressure drop 
shown in Fig. 7 for this rather large range of data suggests that 
the curves in Fig. 4 may be generally applicable. 

The pressure drop due to the acceleration of the fluid was a 
small fraction of the frictional pressure drop for the data in refer- 
ence (1) and therefore no significant difference between the 
calculations based on r; and rz was noted. For those few points 
where the difference is noticeable, the range of predicted values 
is shown by a vertical line through the point. A sample calcula- 
tion is shown in the Appendix. ‘ 

The lack of correlation at the lower pressure dro ay Be a 
result of the coiled form of the test pipes, since at low ates#he 
liquid may have collected at the bottom of the coil. n, 
the relation between z and L may have been far from linear at 
the low flow rates. For these reasons the data reported in refer- 
ence (1) for larger pipes which gave very low pressure drops, 
were not included in the correlation shown in Fig. 7. The data 
for l-in. pipe could not be calculated, since insufficient data for 
calculating AP» were presented. 

The data in reference (2) were obtained at pressures between 
18 psia and 25 psia, for qualities between 4 and 95 per cent. The 
pressure drop due to acceleration was appreciable for these runs, 
being of the same order of magnitude as the frictional pressure 
drop. Fig. 8 shows the correlation between measured and pre- 
dicted pressure drops. The predicted values are shown by a 
vertical line, the lower limit being the value based upon the cor- 
rection rz, and the upper limit the value obtained by using the 
correction r;. It is noted that on the average, the measured 
value lies between these two limits. Further, it was observed 
that the runs in which the vaporization was most gradual (oc- 
curring in four passes of the evaporator), the correction rz gave 
the best correlation, while for these runs in which vaporization 
was more rapid (occurring in two or three passes), somewhat 
better correlation was obtained by using the multiplier r;. 


CoNCLUSIONS 


A tentative method for the rapid calculation of pressure drop 
during forced-circulation boiling of water has been presented. 
Comparison of predicted and measured pressure drops with 
pressures from 18 to 3000 psia and exit qualities from 4 to 100 
per cent indicates that the proposed method has promise. The 
method, however, is based upon a meager amount of data and re- 
quires further experimental verification before it can be considered 
valid. If the proposed method is found reliable, extension to the 
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calculation of pressure drop during the vaporization or con- 
densation of liquids other than water should be possible. 
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Appendix 


SAMPLE CALCULATION 


Study of the data in reference (1) reveals that (a) the distance 
between pressure taps was greater than the length of the heating 
section; and (b) water below the saturation temperature entered 
the heating section. As a consequence, boiling occurred in only 
a part of the length betwéen pressure taps. In order to compare 
measured pressure drops with predicted pressure drops, the 
length of the tube in which boiling took place must be estimated. 

As an example, Run 26B, from reference (1), will be calculated. 
The pertinent data are as follows: 


Diameter of tube = 0.5 in. ID X 0.75 in. OD 
Pressure = 1500 psia 
Inlet temperature = 587 F 
Outlet temperature = 596 F (measured) 
Saturation temperature = 596.2 F (theoretical) 
Exit quality = 53 per cent (by weight flow) 
Rate of flow = 737 lb per hr 


For purposes of this analysis, the following definitions are 


ll 


total heated length of coil 
total coil length between pressure taps 
Lr—Ly 


= length of tubing at each end between pres- 


sure tap and heated portion of coil 
length of coil required to raise water to saturation tem- 
perature 


= 


From reference (1) for Run 26B 
Ly = 20.3 ft; Ly = 25.6 ft; z = 2.65 ft 


Note that y is a function of the weight flow, of the difference be- 
tween inlet and saturation temperature, and of the rate of heat 
transfer; therefore y must be determined individually for all 
test points. 
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The heat transferred in length y is 

q = UA,At 
where® 

A, = rDy 
Also 

q = W,C,(t, — t) 
Thus equating these expressions for ¢ 
W,7C,(t, — 4) = UA, At 


For any run, all the quantities in the foregoing equation are 
known except U and A,. The value of U was estimated by 
plotting 


1 1 
U versu 


for all the 100 per cent liquid runs. A mean curve through these 
points gave the equation 


xDaAt ; W 0-8 


Substituting values for Run 26B 


y = 2.45 ft 


AL/, 


which may be written as 


AP 
AP repr = (2?) + (1 —— ) | 


Al 
The evaluation of & ) may be accomplished by two methods. 
0 


A calculated value might be obtained by application of the 
“Fanning” equation with a proper choice of friction factor and 
a correction applied for the spiral form of the coil. However, 
the uncertain nature of the latter two factors led the authors to 
use a plot of the AP» versus W , data reported in the liquid heat- 


8 The effective heat-transfer area in the tests in reference (1) was 
only a fraction (probably between 0.50 and 0.60) of the actual heat- 
transfer area (Ay) because of the nonuniform heating of the tube. 
For the purposes of calculation, however, the total inside heat- 
transfer surface was utilized in evaluating U. This does not intro- 
duce any error in the final calculated value of y, since the product UA 
enters all calculations, rather than U per se. 
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ing runs of reference (1). This is the same plot from which the 
n of Equation [2] was obtained. 
For Run 26B 


AP 
( 4 = 1.2 in. H,O per ft of tube 
AL /o 


From Fig. 4, at 1500 psia and 53 per cent quality 


AP rer 
= 5.65 
( APo ) 


Then, solving the foregoing equation for AP rpr 
APrpr = 145.3 in. 


Assuming a homogeneous mixture (fog) of liquid and vapor 
phases, i.e., v, = 


Substituting and solving 
= 0.133 
and 
APa = 18 in. 


If instead, the two phases are assumed to flow separately 


From Fig. 6 
re = 0.10 
therefore 
APa = 14 in. 

However 

APryp = APrpr + AP, 
Therefore 

= 163.3 in. H,O 
while 

= 159.3 in. 
From reference (1) 


AP (measured) = 148 in. H.O 


The data in reference (2) were treated in a similar manner. 
The lengths in which evaporation occurred were determined 
from detailed data given in reference (2b). This latter reference 
also gave pressures and quality at the end of each pass as well 
as the over-all pressure drop and quality at exit. Therefore it 
was possible to use the intermediate points as independent runs 
to obtain a greater number of points for correlation, Fig. 8. 


( 
= 0.000498 + —— 
Thus 
| 
AP rpr 
| 
mer 


Analysis of Tests on Positive-Displacement 
Meters for Liquid Hydrocarbons 


By E. E. AMBROSIUS,' STATE COLLEGE, PA. 


This paper gives an amplification of results of tests on 
one meter and represents a method of analysis of data 
from the tests conducted by the ASME Special Research 
Committee on Fluid Meters and the API Topical Com- 
mittee on Volumeter Research, to determine the charac- 
teristics of displacement-type mechanical meters when 
measuring liquid hydrocarbons. It is a continuation of 
an earlier paper,? and presents data with a method of 
further analysis beyond that made in the preliminary 
study. The early paper discussed the results in a general 
way. A more thorough study of the data on a particular 
meter, such as herein presented, can point the way toward 
close control of meter-performance characteristics for any 
particular design. 


PURPOSE 
sete is need that pertinent information relative to the 


method of analysis of performance data for positive- . 


displacement meters be given. It is not the purpose of this 
paper to show any meter to give good or bad performance over 
any or all its operating range, but rather, it is intended to show a 
method of analysis and the interpretation of results, based upon 
experience gained in testing these meters with four different 
liquid hydrocarbon’ at four different temperatures. 

The method of analysis is based upon the fact, and as the test 
data revealed, that all displacement meters have common charac- 
teristics and respond to similar conditions in somewhat the same 
manner, but in varying degree. This is not a startling observa- 
tion since all meters may be considered as fluid motors, operating 
against a light load, primarily due to friction and the meter index. 
Inasmuch as the various meters are manufactured with varying 
degrees of precision, have different metal composition and com- 
binations in the case and internal mechanism, and are not geo- 
metrically similar, one would naturally expect different degrees of 
responsiveness to similar conditions imposed upon the several 
different types. 


GENERAL THEORY 


It is well to think of a meter as a hydraulic motor, requiring a 
small pressure drop to operate. The main factors which cause 
the pressure drop necessary to operate the meter, are fluid fric- 
tion, friction of the metering element, and meter index. This 
pressure drop across the meter will cause a certain amount of oil 
to pass unmetered through the small clearance between piston 
and cylinder. The oil that passes through the meter in this man- 
ner is referred to as “‘slip.”’ 

The general characteristics of a meter can best be shown by the 


1 Professor of Mechanical Engineering, The Pennsylvania State 
College. Mem. ASME. 

2 “Results of Tests on Volumeters for Liquid Hydrocarbons,”’ by 
R. J. S. Pigott, E. E. Ambrosius, and E. W. Jacobson, Trans. ASME, 
vol. 65, 1943, pp. 350-352. 

Contributed by the Research Committee on Fluid Meters and pre- 
sented at the Annual Meeting, Atlantic City, N. J., December 1-5, 
1947, of Tue SocreTy oF MECHANICAL ENGINEERS. 

Nore: Statements and opinions advanced in papers are to be 
understood as individual expressions of their authors and not those 
of the Society. Raper No. 47—A-171. 


ACTUAL QUANTITY PASSED 


GEAR TRAIN 


OISPLACEMENT COMPENSATION 


ACCORDING TO 


QUANTITY 


OISPLACEMENT ACCORDING 
TO METERING ELEMENT 


LEAKAGE THRU METER AT PRESSURE 
HEAD JUST SHORT OF MOVING PRESSURE 


RATE OF FLOW 


Fic. 1 Generat DisPLACEMENT-METER CHARACTERISTICS 

use of a graph, as in Fig. 1. It will be noted that the rate of flow 
is plotted against the quantity of oil which actually passes through 
the meter. If the slippage of the oil past the working parts did 
not occur, the rate of flow multiplied by the time would give the 
quantity that passed through the meter. This can be stated 
another way, namely, the quantity passed is equal to the dis- 
placement of the metering element per cycle times the total num- 
ber of cycles for a given length of time. Flow under this condi- 
tion could be represented by the straight line referred to as 
“Displacement According to Metering Element.” Since there is 
slip, the actual curve plotted from test data, as proof of the meter, 
may actually take the shape shown. In many industrial meters 
the greater the rate of flow the less the per cent slip. The per- 
centage of slip at low rates increases very rapidly in most meters. 
The region where this occurs is known to those in the meter in- 
dustry as the region of slip, and is indicated by the upward deflec- 
tion of the proof line at low rates of flow. The actual test curve is 
above the displacement curve, because of slippage as shown. To 
compensate for this slippage, the meter manufacturers provide 
for change gears in the gear train to the meter index. These gears 
are intended to take care of the slip and give an average index 
reading which is correct throughout the operative range of the 
meter. 


DesIGN REQUIREMENTS 


In view of what has been said, it would appear that the design 
requirements of a meter, in regard to accuracy of registration re- 
quirements only, would be quite simple. The first requirement is 
that the meter must be constructed in such a way that it offers 
little resistance to flow. Since pressure loss in pipe lines is an im- 
portant factor, it should not be increased appreciably by placing 
meters with high pressure loss in the line, as this would mean a 
considerable increase in the pumping cost. Also, if the meter has 
a high pressure loss, there is a possibility of absorbed gases in the 
oil being driven off, in which case the accuracy of measurement 
would be affected. On the other hand, in a light-running meter, 
the register load may be the greater portion of the load on the 
metering element, and a slight change in the friction load in the 
register due to dust, corrosion, lubrication failure, and the like 
may cause the light-running meter to change calibration sharply. 
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This will apply to a higher absorption meter to a lesser degree. 
Another consideration is that all factors which enter into slip 
must combine in such a way that slip, for any set of fluid condi- 
tions, will be proportional to the actual flow rate through the 
meter. This latter condition will give a meter of constant per 
cent error, and it will be possible to install a gear train that will 
make the proof line coincide with the displacement according to 
register. 

To determine the slip of any meter it is necessary to know the 
true displacement of the meter in question. The displacement 
of any meter can be determined by means of a setup as shown in 
the schematic diagram, Fig. 2. The basic idea in this setup is to 
drive the meter at a very low rate of flow, under such conditions 
that the differential pressure across the meter is zero. Under 
these conditions it is assumed that the slip is zero, and the vol- 
ume of liquid passed, divided by the number of corresponding 
displacements, will give the unit displacement. 


MANOMETER 
IVERT AIR 

ELIMINATOR A 

SUPPLY 


MICRO SWITCH 
ADJUSTABLE 
FRICTION DRIVE 
TURNTABLE 
FRICTION DRIVE 


Fic. 2 Schematic DiaGrRam or Test Setup FOR DETERMINING 
DISPLACEMENT OF METERS 


One of the important features of this setup must be the assur- 
ance of air elimination. This can be accomplished by use of a 
sharp-edged overflow in the supply tank and in the inlet weir. 
In this manner the fluid is prevented from trapping air and carry- 
ing it along in suspension. All possible points of splashing in the 
weigh tank, waste can, etc., that may lead to entrapment of air 
are reduced to a minimum by installation of antisplash racks. 
This is done because the best step in the solution of the air-elimi- 
nation problem is to prevent the air from entering the fluid in the 
first place. 


A variable-speed direct-current, motor-driven reduction unit is. 


used to give constant rotation to the meter. By means of a line 
rheostat and the friction-drive wheel, it is possible to obtain 
speeds as low as 1 rpm in either direction. A cam located on the 
final drive shaft will close the microswitch at the same point each 
revolution. Closing this switch energizes the counter at each 
revolution, as well as the diverter solenoid at the beginning 
and end of each test run. 

The inlet weir should be so constructed and placed that it can 
be raised and lowered. By so doing and by adjusting the valve on 
the meter-supply tank the differential pressure across the meter 
readily can be held at a zero value. 

When the displacement determinations were made on the 
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meter in question, equipment similar to that shown was used, and 
consistent checks were obtained. For example, seven tests indi- 
cated an average displacement of 1.9765 gal per revolution, with 
a maximum deviation of only 0.07 per cent from the average. 


RESULTS 


The graphical and tabulated results given in this paper repre- 
sent only average values for one meter. This was done by plot- 
ting all test data and then making the best estimate possible tor 
the average curves representing these test values. To minimize 
the data included, results taken from these average curves are 
given for even increments of flow. Since the meter which these 
data represent had a maximum rating of 300 gpm, no values are 
given for less than 50 gpm; the basis for this being that the upper 
85 per cent of the capacity of a meter is considered its operating 
range. 

Pressure Loss and Flow Relation. In order to make an analysis 
of the pressure drop across a meter, a study should be made of the 
controlling factors. In Fig. 3 is plotted, at constant viscosity 
and temperature, the relation of pressure loss (inches of water) 
against the actual flow rate (gallons per minute). In these tests 


the oil as well as the temperature of each was changed, in order to’ 


increase the range of viscosity. From these curves it may be ob- 
served that pressure drop is a function of both rate of flow and 
absolute viscosity of the oil. As may be seen from Fig. 3, repre- 
senting the 84 F tests, for any given flow rate the pressure 
loss is proportional to viscosity. If, however, the viscosity is de- 
creased sufficiently, a point is reached where the pressure loss 
becomes independent of the viscosity. This condition holds only 
if the character of the fluid being measured remains approxi- 
mately the same. If the viscosity is decreased to a point where 
the lubrication is lost, the pressure loss may actually increase ani 
the error curve rises. This is apparent in Fig. 3 where the pres- 
sure drop, when using gasoline is shown to be almost as great as 
in the case of the thin oil. In Fig. 5 the values for error are 
given for gasoline and therefore may be compared with those for 


PRESSURE LOSS - INCHES OF WATER 


100 160 200 260 300 350 
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Fic. 3. Pressure Loss-Frow Rate Revations FoR THREE 
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the other oils, The lack of lubricity in the case of the gasoline 
and its effect upon the performace of the meter became apparent. 

Slip Relations. From the expermentally determined displace- 
ment of 1.9765 gal per cycle and the gear ratio of the meter, 
which showed 2 gal on the meter index for each cycle or revolu- 
tion of the meter element, the slip could be determined for any 
meter reading. The slip for even increments of flow is determined 
by correcting the meter-register reading to that of displacement. 
The difference between the true or measured volume passing 
through the meter and the displacement during the same time 
interval is known as slip, and is plotted in Fig. 4. It will be noted 
that the slip does not increase in a linear relation with flow rate. 
This observation means that this meter, under these conditions, 
will not have a constant per cent error over the entire flow range. 
This fact will be noted in a later figure. 

By reversing the calculations in obtaining the slip, shown in 
Fig. 4, values of slip at regular intervals of flow could be converted 
to equivalent register readings. Thus the ratio Va/Vm could be 
calculated at these same regular intervals, where V, is the actual 
volume passing through the meter and V» is the corresponding 
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Fic. 4 Rare Revation ror THREE DirrerReENT Liquip 
HyprocarBons, ALL aT 84 F 


meter indication. The meter error, (Va/Vm—1l), is plotted 
against flow rate in Fig. 5. When the meter error has a plus 
value, it signifies that the actual flow through the meter is greater 
than indicated while the reverse is true for negative values. The 
numerical values of temperature, viscosity, pressure loss, and 
error used in plotting Figs. 3 and 5 are given in Table 1. 

In Fig. 5 it will be noted that at low rates of flow, the slip, 
when using gasoline, is no greater than that for the heavy oil. 
This can be attributed to the corresponding relatively low pres- 
sure drop. However, as the flow rate increases, the slip increases 
at a more rapid rate, owing to a combination of increased pressure 
loss and the low viscosity of the gasoline, which is a naturally poor 
sealing fluid. 

Curves in Fig. 6 and 7 were drawn from values taken from 
Table 2. At constant temperature, pressure loss was plotted 
against viscosity in Fig. 6, and error against viscosity in Fig. 7. 
From Fig. 6 it will be noted that at all flow rates the pressure loss 
increases as the viscosity increases. At low rates, the viscosity 
has little effect upon the pressure loss, while at high flow rates the 
pressure loss increases sharply with the increase in viscosity. In 
Fig. 7 it will be observed that the error in all cases decreases at 
constant flow rate with an increase in viscosity. This is a natural 
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Fic. 5 Error-Frow Rate RevatTion FOR THREE DIFFERENT 
Liquiw Hyprocarsons, ALL aT 84 F 


TABLE 1 VALUES FROM AVERAGE CURVES 
Vis- 
cosity 
centi- emp, -—_ ow, gpm 
poises deg E 50 100 50 200 250 300 
7 6.5 P 5.0 13.5 24.5 39.2 58.5 81.0 
E —0.478 —0.412 —0.350 —0.290 —0.235 
Ss 0.315 0.690 1.145 1.650 2.220 2.830 
7.22 176.5 P 6.5 16.2 30.5 49.0 71.0 100.5 
= ; E —0.065 0.1266 0.1605 0.1368 0.0455 0.0489 
s 0.520 1.300 2.000 2.620 3.050 3.380 
5 23.5 Pp 3.0 9.5 20.0 35.5 55.5 80.0 
—0.295 —0 205 —0.125 —0.055 0.015 0.078 
s 0.430 0.970 1.580 2.210 2.925 3.74 
56. 23.5 P 8.0 19.5 37.5 60.8 88.5 118.0 
E —0.095 0.050 0.108 0.162 0.210 
Ss 0.540 1.170 1.860 2.560 3.330 4.156 
.375 105.0 P 3.2 9.5 20.0 35.5 56.5 79.5 
ial " E — 0.036 0.005 0.045 0.095 0.153 0.225 
Ss 0.570 1.180 1.840 2.530 3.310 4.200 
5. 5.0 4 8.5 22.5 43.0 68.0 99.0 132.0 
E —0.060 —0.038 —0.015 0.010 0.042 0.075 
Ss 0.560 1.140 1.740 2.370 3.040 3.750 
7 0 P 3.0 10.0 21.5 36.5 57.5 82.0 
a ” E 0.048 0.085 0.132 0.185 0.246 0.320 
Ss 0.610 1.260 1.970 2.710 3.550 4.480 
Pp 13.0 31.5 57.5 89.5 126.5 168.0 
E —0.298 —0.250 —0.192 —0.128 —0.052 0.035 
8 0.440 0.930 1.470 2.100 2.320 3.630 
0.0 84.0 P 2.6 9.7 21.0 35.6 56.3 80.4 
VALUES FOR GASOLINE ; 
4. P 4.0 0.12 22.25 37.75 58.10 82.6 
E —0.2271 —0. 1869 —0.1028 —0.0051 0.0983 0.2011 
8 0.475 0.990 1.610 2.340 3.180 4.1200 


Note: P = Pressure loss, in. of water 
E = Error, per cent 


S = Slip, gallons per minute 
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TABLE 2 VALUES FROM PRESSURE —_ FLOW, AND ERROR VERSUS FLOW 
SURVES 


Viscosity, Flow, 84 F — ——105 F———. 123. 5 
centipoises PL2 Error PL Error Error 
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+04 
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di 
| hs eS re 
° 
P 
——- 176.5 F——. 
PL Error 
5 —0.479 
100 10 03 13 —0.418 
150 21 23 25 —0.350 
200 36 40 —0.300 
250 57 18 60 —0.254 
300 82 80 82 —0.215 
10 50 3 268 5 —Q.212 
100 10 79 15 —0.151 
200 3 —0.086 
250 5 —0. 108 
300 8 —0. 132 
ees te 30 50 4 004 4 045 5 195 7.6 0.550 
cna Baa 100 13 039 13 008 14 11 18.25 0.610 
150 26 093 26 026 29 0.621 
200 43 140 45 069 48 28 66.7 0.525 
250 66 208 69 120 72 90 81.0 0.308 
300-93 28394 180 (99 143 116.0 0.101 
60 - 5 056 6 052 8 
100 16 012 17 022 20 )07 
150 31 042 34 007 38 61 
200 52 092 55 041 62 119 
250 77 163 82 083 90 172 
300 106 238 112 132 120 219 
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is associated with pressure drop, which, as has already been shown 
in Fig. 3, increases exponentially with flow rate at constant vis- 
cosity and temperature. 


PREsSURE Loss at Zero VISCOSITY 


As previously stated, the pressure drop is made up of the work 
required to drive the meter mechanism, including the register, 
dissipation of energy due to fluid friction, turbulence, and the 
change of direction of the fluid flow. If a flyid of zero viscosity 
were to be used, all of the loss due to fluid friction and part of that 
due to turbulence would reduce to zero. The effect of this may be 
represented by extending the lines in Fig. 6 to the left until they 
intersect the zero line of the abscissa scale. The intercept on the 
pressure-drop scale represents the sum of all mechanical losses. 
By plotting the mechanical losses as taken from the zero inter- 
section and plotting them as meter losses at zero viscosity, Fig. 8 
was drawn. For simplicity, this figure shows only a condition of 
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Fic. 8 Pressure Loss-FLtow Rate at 84 F, anp OIL aT 


199.4 CENTIPOISES 


constant temperature and viscosity. The oil used had a condition 
of 84 F and a viscosity of 199.4 centipoises. It will be noted that 
at full meter capacity the mechanical losses and fluid losses are 
about the same. On the basis of this figure it will be noted that 
the losses due to mechanical friction follow the generally accepted 
square law. Or, stating it in another way, if the rate of flow is 
doubled, the mechanical friction losses will increase 4 times. The 
figure shows that the pressure loss due to fluid friction increases 
almost linearly with flow rate, in spite of the fact that the pressure 
loss was measured over the entire meter, where, unquestionably, 
turbulence existed. This would suggest that the laws of fluid 
mechanics could be applied readily. This was done in a few cases, 
using assumed areas of the slip passages, with fairly consistent 
checks against experimentally determined slip. The checks were 
better at the upper half of the flow range. There may be some 
basis for this, inasmuch as the pressure loss due to the fluid is al- 
most exactly proportional to the flow rate in this region, Also, the 
experimental results indicate an almost exact linear relation be- 
tween slip and pressure drop over this region. The calculations 
are not included in this paper since the meter was not torn down 
during the test in order to obtain its exact dimensions. 


By breaking down the pressure loss in this manner, the effects 
of streamlining and polishing the internal passages of the meter, 
in order that the oil may pass through with as little agitation and 
disturbance as possible, can be studied. Also, the mechanical 
friction in both the metering element and register could be stud- 
ied from such data in order to keep them as low as possible, or 
better still, give them values such that slip will approach the 
ideal, namely, proportional to flow. When studying the com- 
bination of error and pressure-loss curves, it will be noted that 
this meter has fairly good sealing and pressure-loss characteris- 
tics. Its total spread of error for any given viscosity at 84 F, 
Fig. 5, is only about 0.3 per cent. 

In general, it may be stated that if a meter has a combination 
of poor sealing and high pressure loss, it will have a rising error 
curve at higher flow rates. In view of this, the error at the higher 
flow rates could be reduced somewhat by reducing the pressure 
loss. This can be accomplished by reducing mechanical friction, 
or by streamlining and reducing turbulence. It could also be 
accomplished by reducing the clearances, thereby improving the 
sealing characteristics. The data indicate for oil”of 10 cen- 
tipoises viscosity or less, that, as the temperature was increased, 
the sealing characteristics improved. This was brought about by 
a greater change in the expansion of the metering element as com- 
pared to the meter case with temperature? the meter element 
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being an aluminum-copper alloy, while the case was cast iron. 
Temperature has an effect that is difficult to evaluate since it is 
dependent upon clearances, types of materia] used, ambient tem- 
perature, and inherent design features. 

Error Characteristics. Meter error as a function of pressure loss 
is shown in Figs. 9 and 10. In Fig. 9 it covers a constant condi- 
tion of 84 F temperature, and in Fig. 10, 176.5 F. In both figures 
the points of constant viscosity and flow rate are connected in 
order to complete the pattern of the meter characteristics, A 
general reversal of characteristics will be noted between the two 
conditions. For instance, at 84 F, at constant flow rate, as the 
viscosity increases the pressure loss increases and the per cent 
error decreases, while at 176.5 F, at constant flow rate the pressure 
loss increases, the viscosity increases, and the per cent error in- 
creases. It should be observed, however, that the range of vis- 
cosity on the 176.5 F curves is quite small compared to the 84 F 
curves. This reversal can be attributed to the increased pressure 
loss at the elevated temperature. At 84 F, and at constant flow 
rate, the viscous effects predominate, and the meter will seal 
better with the higher viscosity oil. At the elevated tempera- 
ture this condition is no longer true. Here the pressure drop is 
sufficient to overcome the neutralizing effect of viscosity, and 
slip actually increases with an increase in viscosity at constant 
rate of flow. 
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From the data given in Table 2 it will be noted that when 
the intermediate temperatures of 105 and 123.5 F are con- 
sidered, this reversal of characteristics is gradual and definitely 


systematic. 


CONCLUSIONS 


The work reported in this paper hints that it may be possible 
eventually to predict the performance of a particular displace- 
ment-meter design by careful and complete testing. Such tests 
would lead ultimately to an improvement in the design and 
general performance. 

The data presented show that, with further study and testing 
of like designs, combinations of factors might be found which 
would compensate for the deleterious effects of others and thus 
make the meter perform in a more uniformly good manner. 
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Developments in Kraft-Process Recovery- 
Unit Design and Performance 


By R. K. ALLEN,' NEW YORK, N. Y. 


Recent developments in design of Kraft-process recovery 
units, utilizing the Tomlinson method of combustion, are 
described. The comparative performance is given of early 
and recent types of Tomlinson recovery units. Economic 
factors affecting the selection of recovery-system equip- 
ment are included. 


HE application of steam-generating equipment in pulp 
Tonite: utilizing the B&W-Tomlinson method for the com- 

bustion of black liquor from the Kraft pulping process, has 
been described in previous papers by Wilcoxson and Ely in 1937 
and 1940.3 Although the B&W-Tomlinson method of combus- 
tion has been retained, the many changes made in design since 
then have affected recovery-unit performance materially. It is 
the purpose of this paper to describe the principal design changes, 


' Staff Engineer, The Babcock & Wilcox Company. Jun. ASME. 

? “Burning of Waste Liquors in the Kraft and Soda-Paper Indus- 
tries,” by L. 8. Wilcoxson, Trans. ASME, vol. 60, 1938, pp. 25-31. 

*“Recovery-Unit Performance in Burning Kraft Process Black 
Liquor,” by F. G. Ely and L. 8. Wilcoxson, Paper Trade Journal, vol. 
110, May 9, 1940, pp. 30-36. 

Contributed by the Fuels Division and presented at the Spring 
Meeting, New Orleans, La., March 1-4, 1948, of THE AMERICAN 
Soctery or MECHANICAL ENGINEERS. 

Nore: Statements and opinions advanced in papers are to be 
understood as individual expressions of their authors and not those of 
the Society. Paper No. 48—S-2. 


the reasons for them and their effect on recovery-unit perform- 
ance. 


Krart Process 


A flow sheet for a typical Kraft mill is shown in Fig. 1. The 
logs entering the mill are first barked, chipped, and then charged 
into a digester, where they are cooked under pressure with steam, 
using a solution of sodium hydroxide and sodium sulphide known 
as the ‘“‘cooking liquor.” In the cooking operation the lignin 
binder holding the cellulose fibers of the wood together is dis- 
solved. 

After cooking, the cellulose fibers now called “pulp” are 
separated from the spent cooking liquor in the pulp washers. 
The pulp then goes through several refining processes and to the 
paper machine. 

The spent cooking liquor with the included dissolved lignins 
from the wood is called ‘“‘black liquor.” As the black liquor 
comes from the washers, it is quite dilute and has a heating value 
barely sufficient to evaporate its water content. 

The black liquor is concentrated first in multiple-effect evapo- 
rators, using steam. It then goes to the recovery unit where it is 
further concentrated in a direct-contact evaporator, using the 
sensible heat in the flue gas from the recovery unit. 

After the addition of sodium sulphate in the mixing tank to 
make up for chemical losses in the system, the black liquor is 
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burned in the recovery furnace. Inthe B&W-Tomlinson method 
of combustion the concentrated black liquor is sprayed upon the 
furnace walls for dehydration prior to final combustion of the 
dried char on the furnace hearth. 

In the recovery furnace, heat from the combustion of the or- 
ganic liquor constitutents.is obtained and, more important, the 
spent sodium salts in the liquor are recovered as smelt. Another 
essential function of the furnace is the reduction of the sodium- 
sulphate content of the black liquor to sodium sulphide. 

The smelt, composed largely of sodium carbonate and sodium 
sulphide, is dissolved in water in the dissolving tank to form green 
liquor. 

The green liquor is subjected to a causticizing treatment to 
convert the sodium carbonate to hydroxide. The liquor is then 
ready for use again as cooking liquor in the digester. 


INCREASE IN CAPACITY 


One of the most important reasons for the changes made in the 
design of recovery units during the last 10 years has been the con- 
tinuing scarcity and high cost of labor, which has made improve- 
ment in design necessary in order to reduce operating-personnel 
requirements. Many of the changes have been made possible by 
technological improvements, and others have been made as dic- 
tated by operating experience with earlier installations. 

Perhaps the most apparent change in recovery-unit design has 
been the increase in capacity of individual recovery units. This 
has permitted a reduction in the number of operating personnel 
because of the fewer number of recovery units required for a given 
millcapacity. Increase in recovery-unit capacity has also reduced 
the relative over-all installation costs because of the re- 
duced space and building requirements, in addition to the reduced 
cost per ton of capacity of larger-size recovery units. 

In 1937 the largest B&W-Tomlinson recovery unit installed 
had a capacity of 130 ton/day.‘ Today, units with capacities up 
to 275 ton/day are in operation and two 350 ton/day capacity 
units are under construction. This is nearly 3 times the 
capacity of the largest unit of 10 years ago. 


4 Recovery-unit capacity, expressed as ‘‘ton/day,’’ is equivalent to 
burning the black liquor obtained from this tonnage of pulp produc- 
tion per day and assumes that 3000 lb of black-liquor solids are 
obtained per ton of pulp produced. 
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A typical 125 ton/day unit, installed in 1937, is shown in Fig. 2. 
This unit has a separate furnace connected to a three-drum waste- 
heat-type boiler by a water-cooled flue. The concentrated black 
liquor is sprayed on the side and rear walls of the furnace through 
an oscillating spray nozzle located in the front wall. The liquor, 
dehydrated on the walls, falls to the furnace hearth as a char and 
is burned. To obtain reduction of the sodium sulphate in the 
char to sodium sulphide and to maintain a low fuel-bed tempera- 
ture, the char is burned in a reducing atmosphere obtained by 
supplying a deficiency of air for complete combustion to the 
fuel bed through primary-air ports located close to the furnace 
floor. Air to complete combustion is admitted through second- 
ary-air ports higher in the furnace. 

Even at the minimum temperature at which stable ignition of 
the char can be maintained, there is some sublimation of sodium 
salts from the fuel bed. These vaporized salts are carried from 
the furnace with the flue gases. As the gases are cooled in passing 
through the boiler, superheater, and air heater, the sublimed salts 
deposit out on the heat-absorbing surfaces. 

In addition to the sublimed chemical, black-liquor particles 
with their included sodium salts are entrained mechanically in the 
furnace gases. These particles adhere to the heating surfaces on 
contact. 

The chemical deposits on the heating surfaces from the sublimed 
chemicals and the mechanical entrainment of black-liquor parti- 
cles create a difficult cleaning problem, and in earlier-type units 
such as shown in Fig. 2, considerable hand-lancing was required 
to keep the boiler, superheater, and air-heater gas passes open. 

A 275 ton/day capacity unit of a newer design, similar to that 
shown in Fig. 3, was placed in operation in 1946. This unit 
employs a large completely water-cooled furnace similar to 
many large central-station power boilers. For protection, the 
tubes in the smelt zone in the lower portion of the furnace walls 
and the furnace floor are covered with chrome-ore refractory, 
anchored to the tubes by pin studs welded to the exposed face and 
sides of the tubes. The upper portion of the furnace walls and the 
boiler walls back as far as the rear of the superheater employ a 
bare-tube flat-stud construction for maximum heat transfer. 
The studs are welded to the sides of the tubes to form a continu- 
ous bare-metal wall surface. 


AIR HEATER 
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Both the boiler and economizer are vertical-tube two-drum 
types. A tubular gas-air heater, employing parallel flow of gas 
and air, is included in this particular installation. The gas flows 
through the inside of the tubes and tbe air flows over the outside 
of the tubes, making three passes, crossflow. 

The relative physical sizes of the two units, shown in Figs. 2 
and 3, can be compared by means of the over-all dimensions 
shown. 


Repuction IN CLEANING REQUIREMENTS 


A reduction in the man-power requirements for operation has 
been made possible by changing the arrangement of the convec- 
tion-heat-absorbing surfaces, particularly the boiler screen and 
superheater, so that the resulting gas temperature and flow con- 
ditions substantially reduce the deposition of chemical solids and 
facilitate the removal of the solids that are deposited. In the past 
the cleaning problem has been most severe in the boiler-screen 
and superheater sections, and the present design provides a more 
uniform and lower gas temperature across the tubes in these 
sections. 

In general, the chemical deposits on the heating surface in the 
high-temperature gas zones are hardest, and consequently most 
difficult to remove. As the gas temperature drops through the 
unit, the deposits become softer until in the relatively cool zones 
they appear as a very fine adhesive powder. 

A study of actual temperature and velocity conditions obtained 
by test traverse ahead of the superheater on a 275 ton/day capac- 
ity unit, similar to the one shown in Fig. 3, is given in Fig. 4. 
During the time the traverse was made, the unit was being oper- 
ated at a rating of 273 ton/day with a liquor-firing concentration 
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of 67 per cent solids. The values given are the averages of 
temperatures and velocities taken at seven points across the 
width of the unit at each elevation shown. 

The gas velocities and flow paths, determined by Pitot-tube 
readings, are indicated by vectors on the figure. Temperature 
measurements, obtained with high-velocity platinum versus 
platinum-rhodium thermocouples, are indicated numerically. 
Other traverses taken at different ratings and liquor-firing con- 
centrations showed temperature and velocity patterns consistent 
with this example. 

The average gas temperature entering the superheater is 1465 F 
for the traverse shown. The high-velocity thermocouples used 
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on these tests will give temperature values approximately 100 deg 
F higher than would. be obtained with bare thermocouples. 
This is due to the cooling of the bare thermocouple below the gas 
temperature by radiation from the couple to the adjacent rela- 
tively cold boiler and superheater surfaces. A high-velocity 
thermocouple will indicate the true gas temperature, aad a 
bare thermocouple will indicate the approximate temperature of 
a solid particle entrained in the flue gases. Because the difference 
in gas temperature indicated by the two methods is large, 
temperature data from different sources can be directly com- 
pared only when taken by, or corrected to, the same method of 
measurement. 

As indicated in Fig. 4, a relatively uniform temperature and 
velocity distribution is obtained over the height of the super- 
heater, except for a zone just above the superheater floor where 
reverse gas flow and low gas temperature occur. The boiler- 
screen and superheater tubes are arranged so that any hard 
chemical deposits removed from them are returned to the furnace, 
melted, and discharged through the tap hole as smelt. This 
avoids the dificult problem of handling hard deposits from the 
boiler hoppers. The relatively low gas temperature and reverse 
flow above the superheater floor assists the return of deposits to 
the furnace. 

This distinctive and favorable pattern of velocity and tempera- 
ture is due to the furnace gases being directed toward the front of 
the furnace by the rear furnace arch and also due to the large 
stack effect produced in the relatively high furnace. This stack 
effect causes the hottest furnace gases to rise to the top of the 
furnace before entering the bojler screen. The hottest gases thus 
exposed to the entire furnace surface are cooled a maximum 
amount. Because of the forward direction of the furnace gases 
and the stack effect, the static pressure at the bottom of the boiler 
screen is lower than that at the top. With the low resistance to 
gas flow through the screen and superheater, the difference in 
static pressure between the top and bottom of the boiler screen is 
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sufficient to induce a slight reverse flow of relatively cool gases 
back along the superheater floor and into the furnace. These 
recirculated gases mix with the high-temperature gases in the 
upper part of the furnace to reduce the average temperature of 
the gases entering the boiler screen. 

The chemical deposits collecting on the boiler screen and 
superheater have been found to have a fusion temperature rang- 
ing from 1500 F to 1650 F. In order to avoid a difficult cleaning 
job and the possibility of sulphur attack on the superheater tubes 
and tube spacers, it is obviously desirable to maintain the gas 
temperature entering the superheater below the fusion tempera- 
ture of the deposits. 
superheater, it is possible to have the average temperature enter- 
ing the superheater close to the fusion temperature without the 
possibility of local smelting which might otherwise occur due to 
temperature unbalance. The nose baffle under the superheater 
shields the superheater from radiation from the hot lower portion 
of the furnace and avoids elevating the temperature of the chemi- 
cal deposits above that of the surrounding gas. 

Burning black-liquor char particles, which may be mechani- 
cally entrained in the furnace gases, contain sufficient combustible 
content to melt the ash included in the char. These burning char 
particles tend to stick to the tubes of the boiler screen and super- 
heater and produce hard smelt deposits, even though the surround- 
ing gas is at a temperature below the fusion point of the deposits. 

Smelt deposits on boiler heating surfaces from this source have 
been further minimized by reducing the quantity of unburned 
char particles adhering to the boiler screen and superheater. 
This reduction has been obtained by lowering the ports for admis- 
sion of secondary air, necessary for completion of combustion, to 
just above the fuel bed. This gives a maximum time to burn out 
the combustible matter in the char particles entrained in the fur- 
nace gases. The present lower elevation of the secondary-air 
ports can be seen from a comparison, Fig. 2 and Fig. 3. 

The elevation of the primary-air ports just above the furnace 
floor has been retained. The quantity of combustion air admit- 
ted through the primary-air ports to the fuel bed is kept as low as 
possible consistent with maintaining stable ignition and the free 
flow of smelt, the amount generally being about 65 per cent of the 
theoretical combustion-air requirement. Operating with a 
minimum primary-air quantity results in less mechanical entrain- 
ment of char particles in the furnace gases and helps to reduce the 
quantity of char particles adhering to the heat-absorbing surfaces. 

In the cooler gas zones of the boiler and economizer of the 
earlier designs, it has been found that the chemical deposits tend 
to pack and are more difficult to remove at points where the gas 
velocity and turbulence are highest. In the newer designs it has 
been possible to ease the cleaning problem in the cooler zones by 
modification in arrangement of the heating surface and by reduc- 
ing the flue-gas weight per ton of capacity. The reduction in gas 
weight has been obtained by reducing the air infiltration to 
the boiler setting. This has been accomplished by improving the 
boiler-setting design while retaining an ample number of doors for 
inspection, access, and lancing. The lance-port arrangement and 
steel-clad monolithic wall construction used in the boiler walls 
are shown in Fig. 5. 

Operation with a lower’ excess air at the outlet of the unit has 
resulted in an increase in thermal efficiency and a reduction in 
load on subsequent equipment such as the induced-draft fan and 
precipitator. 

Table 1 gives a comparison of the actual performance of the 
unit shown in Fig. 2, and the newer 275 ton/day capacity unit 
similar to that shown in Fig. 3. In addition to general operating 
information, the data include gas temperatures and per cent of 
theoretical combustion air in the flue gas throughout the units. 
Liquor analyses, chemical loss, and heat balances are also given. 
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TABLE 1 COMPARISON OF PERFORMANCE OF 125 TON/DAY 
AND 275 TON/DAY CAPACITY RECOVERY UNITS 


Rating, tons/day, design 

Rating, tons/day, actual during test 

Steam output during test, lb per hr 

Steam pressure, superheater outlet, psi 
Steam temperature, superheater outlet, deg F 
Feedwater temperature, deg F 

Air temperature leaving air heater, deg F 
Heat of reduction of Na2:SO,, per cent 

Heat in smelt leaving furnace, per cent 
Latent heat loss; fuel moisture and Ha, per cent 
Sensible heat in stack gases, per cent 
Evaporation in spray tower, per cent 

Heat absorbed by steam, per cent 

Unburned combustible loss, per cent 
Radiation and unaccounted for, per cent 


Black liquor fired, 1b per hr 
Concentration of black liquor as fired, per cent solids 
Salt cake fed (as Na2SO,), lb per hr 
Analysis of black liquor as fired: 
Carbon, per cent 
Hydrogen, per cent 
Oxygen + nitrogen, per cent 
Sulphur, per cent 
Ash, per cent 
Moist, per cent 
Heating value as fired, Btu per lb 
Total soda loss in flue gas leaving air heater (as NazSO,), lb A 
per ton é 135 
Green liquor reduction, per cent 93.4 
Temperature flue gas leaving furnace, deg F 1710 
Temperature flue gas entering superheater, deg F 1470 
be flue gas leaving boiler, Fig. 2; economizer, “we 
‘ig. 3 617 
Flue-gas temperature leaying air heater, deg F 
Flue-gas temperature leaving direct-contact liquor evapo- 
rator, deg 
Total combustion air leaving furnace, per cent 
Gas analysis leaving boiler or economizer: 
CO:, per cent by volume 
Oz, per cent by volume 
CO, per cent by volume 
Total combustion air leaving boiler or economizer, per cent 
Total combustion air leaving air heater, per cent 
Total combustion air leaving direct-contact liquor evapo- 
rator, per cent 
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In the higher-temperature zones, temperature measurements were 
made with high-velocity thermocouples.as previously described. 

From these data the lower gas temperatures and lower per cent 
air infiltration obtained on the newer 275 ton/day capacity unit 
are evident. The air infiltration shown between the furnace and 
economizer outlet is only 5 per cent of the theoretical air required 
for combustion. 

Soor BLowErRs 


With the easier removal of chemical deposits from the heating 
surfaces of the newer-type unit and with’ the numerous cavities 
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provided in the setting, mechanical soot blowers can be applied 
successfully to clean the entire unit, eliminating the need for 
regular crews of men to do hand-lancing. 

It has been found that the usual types of fixed-position rotating 
soot-blower elements, which remain in the setting when not in use, 
do not have a satisfactory life when installed in the high-tempera- 
ture zone of the recovery unit. Asa result of this, and because of 
the superior cleaning results obtained, retractable-type blowers 
have been employed. These blowers are withdrawn from the 
setting except during the blowing cycle when they are cooled by 
the blowing medium. The type of retractable blower used is 
shown in Fig. 6. In place of an element with a multiplicity of 
small nozzles, an element with two large nozzles at the end is 
used. During blowing, the element moves inward across the 
setting and then back, rotating continuously during its travel. 
Either high-pressure steam or air is used as the blowing medium. 

To withstand the high impact provided by the steam or air 
jets from the two large soot-blower nozzles, and to avoid damage 
to refractory, it has been found desirable to use metallic gas 
baffles in place of refractory. In the high-temperature zones, 
the baffles are made up of flat studs welded to, and cooled by, 
the boiler tubes. 

Typical locations for the retractable blowers in the boiler and 
superheater are indicated by heavy black circles in Fig. 3. Fa- 
miliar types of fixed-position rotating soot-blower elements, usually 
of the air-puff type, are installed as necessary in other locations in 
the boiler and economizer. 

The application of retractable-type soot blowers to recovery 
units is relatively new; however, it follows established practice 
in the power-boiler field. For a number of years, retractable- 
type soot blowers have been used for slag removal in the high- 
temperature zones of pulverized-coal-fired boilers, and there is a 
trend toward their use in the lower-temperature zones because 
they eliminate the need for soot-blower bearings in the gas stream, 
permit maintenance during normal operation, and have a larger 
effective cleaning radius than the standard types of fixed-position 
rotating elements. 

The older types of soot blowers for gas-air heaters were not very 
successful and considerable hand cleaning during operation and 
outages was often required. ‘‘Strait-Line’”’ type blowers are now 
being used and satisfactory cleaning results are obtained without 
need for manual cleaning during operation or outages. 

An outline of a Strait-Line blower is shown in Fig. 7. The 
blower is equipped with two nozzles per tube-row blown. It 
moves continuously inward across the air heater and back while 
blowing. When not in use, it is withdrawn to the side of the 
heater. Either steam or air is used as the blowing medium. 

In addition to improving the soot-blower equipment for clean- 
ing the gas-air heaters, it has been possible to eliminate the for- 
mation of hard chemical deposits in the tubes by using parallel 
flow of gas and air in place of counterflow. In counterflow de- 
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signs, hard dense deposits were caused by condensation of water 
vapor in the flue gases which combined with the chemical dust. 
The condensation took place at the gas-outlet end of the air heater 
where the coldest gas, coming in contact with the tubes adjacent 
to the incoming cold air, was cooled below the gas dew-point tem- 
perature. By using parallel flow of gas and air, the tubes adja- 
cent to the cold-air inlet are heated by the hot incoming gas and 
consequently are maintained above the dew-point temperature 
of the gas. 


RECOVERY-SYSTEM STEAM PRODUCTION 


The majority of B&W-Tomlinson units have been equipped 
with gas-air heaters which give gas temperatures to the direct- 
contact liquor evaporator on the order of 450-500 F, compared to 
temperatures of 600-700 F on units without gas-air heaters. 

Aside from supplying the hot air necessary for stable furnace 
operation, the use of a gas-air heater permits a higher net steam 
generation for the entire recovery system. The net steam genera- 
tion is considered to be the steam generated by the recovery unit 
less the steam consumed by the multiple-effect evaporators and 
liquor heaters. Where a steam-coil air heater is used, the Btu in 
the steam consumed by the heater is also a deductible item; 
however, the heat input from the steam to the heater increases the 
Btu output in the steam from the recovery unit roughly by an 
equivalent amount. A steam air heater, consequently, has no 
significant effect on the net Btu output in the steam from the 
recovery system. 

The steam production from a given tonnage-capacity recovery 
unit, including the direct-contact evaporator, depends upon the 
following: 


1 Heating value of the black-liquor solids. 
2 Liquor concentration to the direct-contact evaporator. 
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3 Gas temperature and unburned combustibles in gases leav- 
ing direct-contact evaporator. 


4 Gas weight leaving the direct-contact evaporator per pound 
of black-liquor solids. (This is dependent on the liquor analysis 
and the excess air in the flue gas.) 


It will be noted that with items 1, 3, and 4 constant, the net 
steam production of the recovery system is affected only by the 
liquor concentration to the direct-contact evaporator, and that it 
is independent of the liquor concentration as fired. In consider- 
ing the thermal performance of a recovery unit, the direct-contact 
evaporator must be considered as an integral part of the unit. In 
completely dehydrating liquor which is supplied at a given con- 
centration from the multiple-effect evaporators, prior to combus- 
tion, a definite amount of heat is required for the evaporation of 
the water content of the liquor, the amount being independent of 
the relative portion of the evaporation done in the direct-contact 
evaporator and in the furnace. 

The net steam production of a recovery system versus the 
liquor concentration from the multiple-effect evaporators is 
shown in Fig. 8. The liquor concentration leaving the multiple- 
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Fig. 8 Recovery-System STEAM PropuctTION 


effect evaporators has been taken as the concentration to the 
direct-contact evaporator of the recovery unit. Use of water or 
weak black liquor for dilution purposes in the direct-contact 
evaporator would be equivalent to reducing the liquor concentra- 
tion to it. 

It will be noted from Fig. 8 that there is an increase in net 
steam production as the liquor concentration from the multiple- 
effect evaporators or to the direct-contact evaporator is increased. 

Based on a given gas temperature leaving the direct-contact 
evaporator and a given liquor concentration from the multiple- 
effect evaporators, the liquor firing concentration is governed by 
the gas temperature to the direct-contact evaporator, as shown in 
the upper portion of Fig. 8. 

For design purposes, 55 per cent solids is usually considered 
the minimum firing concentration at which stable combustion can 
be self-sustained, and 70 per cent solids is usually considered the 
maximum firing concentration because of handling difficulties due 
to extremely high liquor viscosities. With these limits on permis- 


sible firing concentrations and with given gas temperatures enter- 
ing and leaving the direct-contact evaporator, the liquor concen- 
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tration from the multiple-effect evaporators must be held within 
certain specific limits. With a gas temperature of 450-500 F, 
which might be expected from a unit with a gas-air heater, the 
liquor concentration from the multiple-effect evaporators can vary 
from approximately 44 to 54 per cent solids without exceeding 
permissible firing-concentration limits. With a gas temperature 
of 600-700 F, which might be expected from a recovery unit with- 
out a gas-air heater, the liquor concentration from the multiple- 
effect evaporators can vary from approximately 37 to 45 per cent 
solids without exceeding permissible firing-concentration limits. 
From this it can be seen that the use of a gas-air heater permits 
employing higher liquor concentrations from the multiple-effect 
evaporators and consequently permits selection of recovery- 
system equipment to give a higher net steam production than is 
possible without it. 

In order to realize a substantial increase in net steam produc- 
tion through the use of a gas-air heater, it is necessary to provide 
sufficient multiple-effect evaporator capacity to concentrate the 
liquor to 50 per cent solids or higher; however, there is no increase 
in steam production from high liquor concentration to the direct- 
contact evaporator where the recovery unit is not designed for it. 

As an example, assume & gas temperature of 650 F and a liquor 
concentration of 50 per cent solids to the direct-contact evapora- 
tor. Referring to Fig. 8, this would give a net steam production 
of 9000 lb per ton of pulp but a liquor firing concentration of 
approximately 80 per cent solids, which is above the permissible 
limit. In order to reduce the firing concentration to 70 per cent 
solids, the liquor in the direct-contact evaporator could be diluted 
with weak liquor or water, which would be equivalent to reducing 
the concentration from the multiple-effect evaporators to 45 per 
cent solids, and would reduce the net steam production from 9000 
Ib per ton of pulp to about 8400 Ib per ton of pulp. 


SUMMARY 


In the past decade the uses and new applications of pulp and 
paper products have brought about a tremendous expansion of 
the industry which has compelled the growth and technical 
advancement of all component divisions of the manufacturing 
process. The vital functions of chemical recovery and generation 
of power and process steam are carried out by the modern recovery 
unit, which has kept pace with the progress of the industry 
through the development of new design features and the adapta- 
tion of sound engineering developments to provide greater capac- 
ity, economy, and reliability in operating service. 


Discussion 


E. H. Kennepy.’ Fig. 9 of this discussion gives a side eleva- 
tion of a waste-heat and chemical-recovery unit which began 
operation in 1938. It is of the same general design as the 1{46 
unit which is described in the paper. 

As will be noted, this 1938 unit had a tubular gas-air heater. So 
much trouble was experienced in keeping the gas-air heater clean 
that it has not been used since on this make of recovery unit. 
This is not said to disparage the gas-air heater, because most 
of the trouble was due to the fact that mechanical soot blowers 
for cleaning the air heater were not provided. 

Fig. 10 shows a second unit which began operation in 1940. 
This is of the same general design as shown in the paper. The 
principal difference is in the arrangement of the superheater; the 
nose arch under the superheater is lacking. Accumulations of 
ash or smelt on the front bank and superheater of this 1940 unit 
may drop directly into the furnace. 


5 Chemical Engineer, Paper Mill Equipment Division, Combus- 
tion Engineering Company, Inc., New York, N. Y. 
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Fig. 11 herewith shows a view looking directly up through the 
front bank and superheater of the 1940 unit; the view which one 


would get if standing at the bottom of the furnace. 
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10) Unit Put in OPERATION IN 1940 


To return to a discussion of the types of air heaters which are 
used with recovery units, it should not be forgotten that there 
are several advantages, as follows, ‘which have led to the use of a 
steam-air heater on many units: 


1 It always remains clean and efficient as a heat-transfer unit 
Without the use of mechanical, steam, or air soot blowers. 

2 A constant and maximum air temperature is always main- 
tained, even at the start-up. 

3 The heat in the steam to a steam-air heater need not be a 
completely deductible item in the heat balance, because some of 
the heat (the latent heat) is indirectly returned to the furnace, 
and some of the heat (heat in the condensate) can be, and in most 
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Fic. 11 SuPERHEATER AND Front Bank or 1940 Unit 


cases, is returned to the unit by way of the feedwater. Radia- 
tion losses, accounting for the balance of the heat in the steam to 
the air heater, are not available for steam production. More- 
over, the steam used in a steam-air heater is usually first passed 
through a turbine, and energy is extracted to produce electrical 
power before the steam at 125 psi pressure is used for the steam 
air heater. 


It is true that in the past recovery units have been built so that 


Fig. 12 Mopern Waste-Heat CHEMICAL-~RECOVERY UNIT FoR 
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they could not take full advantage of having a high percentage of 
solids delivered to the cascade evaporator. But it was often 
fortunate then, because a high percentage of solids could not 
always be delivered by the multiple-effect evaporators. The 
cascade evaporator then acted like a flywheel for the recovery 
system. This does not mean that recovery units having a steam- 
air heater cannot be designed to take advantage of high solids 
concentration from the multiple-effect evaporators without sub- 
sequent dilution in the cascade evaporator. New units are being 
designed and have been sold with sufficient surface in the boiler 
and economizer to reduce gas temperatures entering the evapora- 
tor so that dilution will not be necessary when using a high con- 
centration of solids from the multiple-effect evaporators. 

Information from the field has constantly been coming in that 
it is not practically desirable to reduce the exit-gas temperature 
from a waste-heat and chemical-reeovery unit much below 300 F, 
if an electrical precipitator is to be used after the recovery unit. 
This is especially true in northern climates where the winters are 
severe. This does not mean that an exit-gas temperature of 275 
F is not possible or, in some cases, pra*tically desirable because 
the lower exit-gas temperature does mean an increase in thermal 
efficiency. 

It has been shown in Fig. 8 of the paper that for a given per- 
centage of solids in and out of the contact evaporator, a certain 
gas-temperature drop is required to evaporate the water between 
these terminal conditions. A difference of opinion is present 
here, perhaps, because the pounds of gas per million Btu of input 
were not taken to be the same. Be that as it may, it looks as if 
it would require about 14 per cent greater gas-temperature drop 
to evaporate the water between given terminal conditions in the 
contact evaporator than is shown here. This would mean that 
the entering-gas temperatures would have to be higher than 
shown in Fig. 8. 

Fig. 12 of this discussion may be of some interest to power- 
plant engineers who may not be too familiar with a waste-heat 
and chemical-recovery unit of a Kraft paper mill. Fig. 1 of the 
paper shows its location in the complete scheme of a Kraft paper 
mill. Fig. 12 shows in more detail its various parts in perspec- 
tive. 


_ AUTHOR’s CLOSURE 


The similarity of design suggested by Mr. Kennedy between 
the 1946 recovery unit, Fig. 3, and the 1938 type, Fig. 9, and the 
1940 types, Figs. 10 and 12, is superficial rather than real. All of 
the designs incorporate a standard arrangement of water-cooled 
vertical furnace and laterally offset bent-tube boilef. The later 
developments, such as the superheater nose baffle arrangement 
and mechanical soot blowers for cleaning the boiler screen, 
superheater, and air heater, are found only in the 1946 type dis- 
cussed in the paper. 

As already described in the paper, our experience with gas- 
air heaters not of parallel-flow design would lead us to expect the 
difficulties ascribed by the discusser to the gas-air heater shown 
in Fig. 9, particularly when no provision was made for mechani- 
cal cleaning. 

Past experience with steam-air heaters has not been all that 
could be desired. Frequent heater-element failures due to in- 
ternal corrosion have reduced the availability and increased the 
maintenance so that, in many instances, a steam-air heater would 
compare unfavorably with a gas-air heater of parallel-flow de- 
sign. There have been a number of recent improvements in 
steam-air heater design directed toward reducing element failures 
and permitting easy element replacement in case of failure. 
Either type of heater is now believed to be suitable for Kraft re- 
covery-unit service and the question of which to use resolves it- 
self into one of engineering economics. Owing to the necessity of 
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bringing the furnace up to temperature with auxiliary fuel before 
firing black liquor, preheated air is available at start of black- 
liquor firing when using a gas-air heater. 

The question raised regarding the evaporation in the direct- 
contact evaporator for a given gas temperature drop shown in 
Fig. 8 is understandable as there are several other factors be- 
sides the temperature drop which affect the evaporation. These 
include the gas quantity per million Btu mentioned in the dis- 
cussion, the air infiltration into the evaporator, the radiation loss, 
and the liquor temperature entering and leaving the evaporator. 
The relations shown in Fig. 8 were based on using a cyclone evapo- 
rator as shown on Fig. 1 which is airtight and has a low radia- 
tion loss. The following test data, Table 2, on two different 
types of evaporators is illustrative of the difference in evaporation. 


TABLE 2_ DIFFERENCE IN EVAPORATION IN CASCADE AND 
CYCLONE DIRECT-CONTACT EVAPORATORS 


Unit Size 250 ton/day 275 ton/day 
Type Evaporator ————Cascade———.  —Cyclone— 

Unit rating during test, ton/day. 175 172 223 208 197 
Liquor concentration to evapora- 

tor, per cent solids.......... . 40.2 41.3 41.3 40.0 47,9 
Liquor concentration leaving 

evaporator, per cent solids 61.4 64.3 57.0 56.8 
Gas temp. to evaporator, deg F. . 635 643 611 392 
Gas temp. leaving evaporator, 

Total combustion air to evapora- 

Total combustion air leaving 

evaporator, per cent.......... 
Equivalent gas temperature, deg 

entering evaporator based on 

correcting exit gas temperature 

686 711 420 
From Fig. 8, the entering gas tem- 

perature required for the evapo- 

ration shown, deg F 670 415 


From these data it will be noted that, for the cascade evapora- 
tor, the gas temperature drop is 12 per cent greater than that shown 
on the curve; however, the gas temperature drop for the cyclone 
evaporator agrees with the curve. The higher gas quantity per 
million Btu as evidenced by the higher excess air entering the 
cascade evaporator would be expected to reduce the gas tempera- 
ture drop required, however, this is more than offset by radia- 
tion and air infiltration. The radiation and air infiltration rep- 
resent thermal losses which are reflected in lower steam genera- 
tion. 

Although not submitted for publication other discussers 
raised questions on the following: 


1 Discuss known factors limiting capacity, steam tempera- 
ture, and design pressure of recovery units: 

One factor limiting capacity is the maximum width of boiler 
which can be cleaned by hand-lancing in case of emergency. At 
present, ‘units with capacities up to approximately 500 ton per 
day can be built without exceeding this or other known limi- 
tation. 

To date we have not built units for steam temperatures above 
750 F, however, there has been considerable demand recently for 
higher steam temperatures, and development work is in progress 
to establish alloys suitable to meet these requirements. 

The developments in recovery unit design have closely followed 
power-boiler development where ability to maintain adequate 
boiler circulation and high steam purity over a very wide range 
of design pressure has been obtained. Many power boilers are 10 
successful operation at pressures of 1500 psi and it would be prac- 
tical to design recovery boilers for similar pressures. 

2 Discuss methods of maintaining proper air distribution be- 
tween primary and secondary air nozzles: at 

A controller to automatically maintain the proper air dis- 
tribution between primary- and secondary-air nozzles has been 1D 
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satisfactory service on a 275 ton/day unit for more than a 
year. The controller is actuated by the relative air flows rather 
than air pressures so that variations in nozzle pressures due to 
slagging over of the nozzles or readjustment of the nozzle open- 
ings will not aiufect the air distribution. Controllers to auto- 
matically maintain a constant total air flow are also available but 
have not yet been used. 

3 With a gas-air heater, the temperature of air leaving the 
heater varies directly with the outside-air temperature. Is main- 
tenance of a constant air temperature to the furnace justified in 
order to reduce excess deposits on the boiler tubes? 

A constant air temperature will eliminate one operating 


variable. There are a number of others such as rate of salt-cake 
make-up and rate of hopper dust return which are believed to 
have a more pronounced effect on furnace performance. Efforts 
to maintain these constant might be expected to contribute more 
toward good furnace performance than the constant air tempera- 
ture. 

4 Discuss elimination of metal casings on recovery units: 

In the past casings have been provided to obtain a tight boiler 
setting and to prevent damage to insulation during hand-lancing. 
At present tight settings can be obtained without the casing. The 
application of mechanical cleaning equipment to replace hand- 
lancing should make elimination of the casing practical. 
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Utilizing Bagasse as Fuel 


By F. X. GILG,' NEW YORK, N. Y. 


Modern boilers and bagasse-burning furnaces for steam 
generation in sugar mills are described in this paper. 
Performance of an integral-furnace boiler with Ward fur- 
naces is given and includes fly-ash carry-over tests. 


steam are required to cook and evaporate the moisture from 

the juice which eventually becomes crystallized sugar. 
Large quantities of steam are also required to drive the heavy 
rolls that squeeze the juice from the sugar cane. Through one 
of those fortuitous circumstances of Nature, the fibrous residue 
from sugar cane is combustible and provides more than enough 
fuel to generate the steam required to produce raw sugar. This 
fibrous residue is called ‘“‘bagasse.”’ 

The purpose of this paper is to describe some of the furnaces 
and boiler equipment which are specially designed for sugar-mill 
service. 

Bagasse looks and feels like damp “‘excelsior,’’ the shredded- 
wood packing material used to protect fragile articles in ship- 
ment. In some mills which do not shred the cane before feeding 
it to the squeezing rolls, the bagasse contains coarse pieces that 
are like crushed corn stalks. Like most other solid fuels, the 
finer the bagasse is divided, the easier it is to burn. The moisture 
content varies from 45 to 55 per cent, depending on the type and 
efficiency of the squeezing equipment. Despite its high moisture 
content, bagasse burns very easily on the surface of an incandes- 
cent pile in specially designed furnaces containing sufficient hot 
brickwork to drive off the moisture and having the correct facili- 
ties for introducing combustion air in proper quantities and 
direction. 

During the early days of sugar making, bagasse was dumped 
out in the fields, to be sun-dried and then brought back into the 
boiler plant to be shoveled into furnaces as fuel under kettles or 
boilers. To reduce the labor of handling such a bulky fuel as 
bagasse, some resourceful pioneer tried burning the ‘green ba- 
gasse” directly as it came from the mill and discovered that 
green bagasse would burn satisfactorily in a ‘‘Dutch-oven’’ type 
of furnace with natural-draft grates. This development opened 
the field to numerous inventors who produced many different 
shapes of furnaces and grates. However, the most successful 
ones depended upon burning the bagasse on the surface of a pile 
aided by reflected heat from hot brickwork, air for combustion 
coming up through the grates. Most of these bagasse-burning 
furnaces have been described by Prof. E. W. Kerr? , 


I: the production of sugar from sugar cane, large quantities of 


EARLY DesIGNns OF FURNACES 


There are many of these early furnaces with grates still in use 
today. Some operate on natural-draft air through the grates, 
but for higher capacity forced draft is necessary. Grates have 
always been a source of trouble in that they become clogged, 
thus reducing the area for air passage and adversely affecting 
the capacity. Grate maintenance is high because of the lack 


Aapllantion Engineer, Babcock & Wilcox Company. Mem. 
E. 


?““Bagasse Furnaces,’ by E. W. Kerr, Trans. ASME, vol. 61, 
1939, pp. 685-691. 

Contributed by the Fuels Division and presented at the Spring 
Meeting, New Orleans, La., March 1-4, 1948, of THe AMERICAN 
Society or MECHANICAL ENGINEERS. 

Note: Statements and opinions advanced in papers are to be 
understood as individual expressions of their authors and not those 
of the Society. Paper No. 48—S-3. 


of cooling air passing through them when clogged. Grate main- 
tenance is aggravated by the heat from partly burned siftings 
that continue to burn underneath the grates. Also, the forced- 
draft pressure under the grates results in excessive amounts of 
bagasse being blown off the fuel pile and carried off with the 
products of combustion. 

The hearth or grateless type of furnace was developed to over- 
come the troubles with the grate-type furnaces. They still re- 
tained the essential feature of burning the bagasse on the sur- 
face of a pile. The air for combustion, however, was admitted 
horizontally through tuyéres in the vertical walls surrounding 
the hearths. 

Some of these early Dutch-oven designs became very large. 
In one particular design a single large Dutch oven was installed 
between two boilers, each boiler being traversed by one half of the 
products of combustion. The roofs over the Dutch ovens were 
made of sprung arches which required maintenance and re- 
placement. Also, the large wall areas of these furnaces and the 
increasing cost of brickwork, the high radiation loss from the 
large areas of brickwork, the loss of steam pressure when these 
large furnaces were cleaned, led inventors to consider smaller 
furnaces. Eventually, the Cook or horseshoe type of furnace 
was developed, arranged in multiple units under the boiler to 
permit cleaning without too much drop in steam pressure. 
The horseshoe shape was chosen to facilitate the cleaning of the 
hearth through one door located at the front of each hearth. 
The horseshoe furnace remains the basis of most of the better 
designs of bagasse furnace. 


Borer Tests BaGasseE FuEL 


Many boiler tests have been run in several plants over a period 
of years with steam output generally at rated boiler horsepower 
and sometimes less. Efficiencies ranged from 50 to 60 per cent 
with ‘“‘radiation and unaccounted for’’ losses as high as 20 per 
cent. The loss of efficiency, due to evaporating the moisture in 
the fuel and moisture formed by the burning of hydrogen in the 
fuel, was of the order of 20 to 25 per cent. The radiation losses 
were high because the total heat radiated from the large areas of 
exposed brickwork is practically constant at all ratings, and its 
effect on a percentage basis was high because of the low rating 
at which the boilers operated on natural-draft stacks. The 
radiation losses were overemphasized to some extent because 
they were not actually measured, being grouped with “unac- 
counted”’ losses, the catch-all item that is left after some easily 
measured losses and efficiency are subtracted from 100 per cent. 
The usual method used to determine bagasse weight on a boiler 
test was to use the sugarhouse figures of weighed cane and 
metered juice extraction, leaving bagasse as the residue. A 
check on this weight could be obtained from the weighed cane 
and its fiber content from a chemical analysis. The unac- 
counted loss would include such items as unburned combustible 
in the refuse, fly-ash carry-over and incomplete combustion due 
to CO in the products of combustion. 

Low boiler efficiency, resulting from the burning of wet bagasse 
as fuel, did not usually present a problem because most sugar 
mills had more bagasse than they needed. Only in a poorly 
balanced sugar mill or in a sugar mill that refined its own sugar, 
produced alcohol, or otherwise used extra fuel for power or pump- 
ing purposes, was there a need for more efficient burning of 
bagasse. An excess of bagasse presents a real problem of dis- 
posal which is most easily met by inefficient burning. 
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Included in Professor Kerr’s paper? was a description of the 
newly developed Ward single-pass furnace. Since that time, 
hundreds of Ward single-pass furnaces have been installed in 
Mexico, Central and South America, Cuba, Puerto Rico, the 
Dominican Republic, and Haiti. The principal features of this 
furnace are the elimination of costly arches over Dutch ovens, 
a reduced amount of costly brickwork, the absence of grates and 
their maintenance. In addition to these advantages from a con- 
struction standpoint, there is a very important advantage from 
an operating standpoint in that these furnaces can be operated 
continuously because the refuse can be removed while the boiler 
is in service. There is no slag formation in the secondary com- 
bustion chamber above the hearth, and therefore it is not neces- 
sary to shut the unit down periodically to clean or remove this 
slag as is common practice on almost any other type of high- 
capacity unit. 


DETAILS OF THE WARD FURNACE 


Fig. 1 shows the general shape of the Ward furnace as it is 
applied to a modern Stirling boiler with air heater, forced- and 
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induced-draft fans. The position of the furnace in relation to 
the boiler tubes makes it possible to shield the furnace with a 
short arch, thus simplifying the structure. 

There is some carry-over of particles of partly burned bagasse 
at high rates of combustion. These particles continue to burn 
as embers on their way through the boiler gas passages. Col- 
lecting hoppers can be provided at turns in the boiler gas passes 
from which the carry-over can be picked up with a steam- or air- 
aspirating system as shown, and returned to the furnace for burn- 
ing. This arrangement improves the efficiency not’ only by virtue 
of fuel recovery but also by providing turbulence for better mix- 
ing of combustible gases and air for combustion in the furnace 
proper. In plants where economy of fuel is not a factor, the 
carry-over is permitted to settle out and is removed manually 
during each shift. . 

To improve the heat absorption and reduce consumption of 
scarce fuels such as coal, oil, or gas, the tube spacing of modern 
boilers has been reduced, resulting in increased draft loss. On 
costly fuels, such as coal, oil, or gas, the cost of an induced-draft 
fan can be justified because it permits economical high-capacity 
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operation. Most sugar mills operate only a few months a year. 
Using a by-product fuel, fans, and air heaters cannot always be 
justified. Therefore there was a real need for a bagasse-burning 
boiler of a design which would permit operation on natural-draft 
stacks. Fig. 2 shows a design of boiler with a minimum number 
of baffles arranged so that the major part of the draft loss is 
created by products of combustion passing over the heating sur- 
face with practically no draft loss at the gas turns. Therefore 
the draft loss is about one half of what it would be with a standard 
three-pass baffling shown in Fig. 1, and permits operation of 200 
per cent rating with stacks about 150 ft high. 
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Fic. 2. Borer Design MintmuM 


The furnace above the bagasse furnace is large enough to permit 
the installation of oil burners for stand-by service during tempo- 
rary mill shutdowns. The burning of oil at high capacity in 
bagasse furnaces causes severe slagging troubles which can be 
minimized in this design by the installation of water-cooled fur- 
hace walls. 

Since the development of this boiler in 1944 about 40 sugar 
mills have installed this type of boiler and Ward furnace combina- 
tion. Typical performance of this unit is as follows: 


Steam flow (135 per cent rating), Ib perhr.................. 40,000 
Steam temperature, deg F..............0.0.cccececeeceee 440 
Temperature of gas leaving boiler, 645 
Draft loss, boiler and superheater, in. H:O................. 0.6 


INTEGRAL-FURNACE TyPE OF BoiLex 


In those sugar mills which refine their own sugar or which 
generate power in excess of that required in the mill, requiring 
supplementary fuel such as oil or gas, an integral-furnace type 
of boiler with completely water-cooled walls and floor can be 
arranged for firing bagasse, oil, and gas. 

Fig. 3 shows such a unit installed in a sugar mill and starch 
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plant in Florida. It was designed to operate at 650 psi and 725 F 
total temperature when generating 100,000 lb of steam per hr 
on oil or gas and 70,000 lb of steam per hr on bagasse. Peak 
loads of 120,000 Ib per hr have been carried on either fuel. The 
high-pressure high-temperature steam is passed through a tur- 
bine which discharges steam into the 180-lb header serving the 
sugar mill. 

Bagasse is dropped on the hearth of the three Ward furnaces 
through a chute in the front wall, forming a conical pile about 5 
ft high. Hot air for combustion is forced horizontally into the 
base of the pile from air slots in a base plate completely sur- 
rounding the hearths, which are 5 ft wide and 7 ft long and have 
rounded corners. Air for combustion is also forced into the pile 
higher up through three rows of tuyéres. The feed of bagasse is 
continuous, falling on a pile in each hearth, igniting from the re- 
flected heat of the hot brickwork. The bagasse burns vigorously 
on the surface of the piles. At steam flows above 60,000 lb per 
hr, some of the partly burned fuel is blown off the pile and con- 
tinues to burn in suspension on its way to the main furnace and 
the boiler gas passes, a distance of about 36 ft. Some of the par- 
ticles drop out of suspension onto the water-cooled floor of the 
main furnace, which is fitted with three rows of pinhole grates 
supplied with air for combustion under damper control. Once 
each day the ashes, which are dry and loose, are blown into the 
ash trench at the rear of the furnace with an air lance. There is 
no slagging trouble whatever. The unit operates continuously 
from the beginning to the end of the processing of the crop. Once 
each day, the feed to each hearth is shut off for a few minutes to 
-permit burning down the pile and removing ashes through the 
cleanout door in the front of each hearth. This cleaning opera- 
tion does not affect the steam pressure which is maintained by 
increased burning in the other two cells. 

The unit is equipped with automatic combustion control and 
a complete set of indicating and recording meters and instru- 
ments to show the operators exactly what the unit is doing, and 
as a guide in its operation. Efficient operation is necessary at all 
times because this unit supplies the needs of the sugar plant as 
well as the starch plant. The feed of bagasse is controlled from 
a main gate in the overhead bagasse conveyer by an automatic 
control device operating from steam pressure. One oil burner 
burns oil continuously at its minimum setting to maintain its 
ignition. When the supply of bagasse is insufficient to maintain 
steam pressure, as evidenced by the wide-open position of the 
feeder gate, the automatic combustion control increases the flow 
of oil to the oil burner. Each oil burner can burn enough oil to 
generate 60,000 lb of steam per hr, sufficient to take the load 
swings on one burner. However, if the supply of bagasse is com- 
pletely interrupted, the operator inserts a second oil burner. 
When the bagasse feed is restored, the steam pressure rises and 
the oil pressure is automatically reduced to its minimum setting 
and the load is again carried on bagasse. Air for combustion 
of bagasse and oil is controlled automatically and in proper 
ratio by metering orifice plates which meter the air in proportion 
to the fuel flow. The induced-draft fan is regulated automatically 
to maintain the furnace draft at all steam outputs. During the 
off season when bagasse is not available, full load is automatically 
maintained on oil fuel. 

The oil burners are equipped with gas rings to burn methane 
gas, a by-product of the starch plant. 

Controls of the entire unit are equipped with safety inter- 
locks, including an electric eye in the oil burners, so that the motor 
drives can be started in proper sequence to insure proper purging 
of the setting before lighting-off oil or gas. In the event of fuel 
or fan failure. the motor driving the fans and fuel pumps will be 
tripped out in proper sequence to avoid hazardous conditions. 
In the event that fuel-oil flow is interrupted or ignition is other- 
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wise interrupted, the electric eye shuts off the fuel supply valves 
and the forced-draft fan. 

This installation has been in service for 2 years at high capaci- 
ties, firing bagasse during the sugar-grinding season and oil dur- 
ing the off season. The performance with oil fuel is in line with 
the expected performance from hundreds of similar units burning 
oil in integral-furnace boilers. On test at a steam flow of about 
100,000 Ib of steam per hr, the measured efficiency was 83.3 per 
cent 

The performance on bagasse as fuel was excellent and even ex- 
ceeded the expectations on capacity. It seems that the combus- 
tion actually improved with higher burning rates because of higher 
furnace temperatures and greater turbulence. Actually, steam 
flows as high as 120,000 lb of steam per hr have been carried on 
bagasse with excellent results, despite the high moisture content 
of 52.25 per cent. The hot air for combustion, of approximately 
500 F, of course had a great deal to do with the excellent com- 
bustion results. 

Even at the high steaming rates, the carry-over of partly 
burned bagasse was much less than experienced in this same 
plant on other boilers and furnaces, operating at much lower 
steaming rates. Inasmuch as the carry-over of partly burned 
bagasse in stack discharge may be a nuisance to a community and 


a loss in efficiency as well, arrangements were made to measure 


the fly-ash loss from this boiler. 


As shown in Fig. 4, this boiler has its own stack, which there- 
fore provides a convenient place for measuring the concentration 
of fly ash in the stack discharge in a section above the roof. Con- 
sistent results can be obtained at this point because the mixing 
action in the induced-draft fan precludes stratification. A nine- 
point sampler was used to obtain representative samples. 

The complete test data taken during four tests are given in 
Table 1. 


Tests SHow ExceELLENT PERFORMANCE OF UNIT 


From these test data it will be seen that the amount of refuse 
in the products of combustion leaving the unit at a steaming 
rate of 70,000 lb of steam per hr is less than 1 per cent of the a 
fired fuel, representing a loss of efficiency of 0.7 per cent. At 
higher steaming rates of course the fly-ash carry-over increases 
but, even at 86,500 lb of steam per hr, the loss in efficiency is only 
1.8 per cent. 

The general performance of the boiler is in line with what was 
expected except that, because of the high moisture content of 
52.25 per cent, it was necessary to operate with more air for com- 
bustion than is ordinarily used. The total air for combustion, a5 
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shown in Table 1, was measured at the air-heater outlet. There- 
fore this figure includes the air infiltration into the furnace, 
boiler setting, and flue between air heater and boiler outlet. 
The principal sources of air leakage into the setting were the large 
feed chutes which were open to the room, permitting large quan- 
tities of air to enter the furnace with the bagasse. 

From the heat-balance figures it will be noted that the major 
losses occur because of evaporating the Ligh moisture content in 
the fuel and the burning of hydrogen. The heat loss in the dry 
products of combustion could be reduced with lower excess air 
but there is nothing that can be done with the high moisture loss 
except by predrying the fuel. Even with the minor unburned 
combustible loss as shown by the heat balance, the efficiency is 
quite low compared to efficiency on other fuels. However, from 
the standpoint of burning fuel containing 52.25 per cent moisture, 
it is almost as good as it is possible to obtain except for possible 
gains which might be experienced by operation with less excess 
air. For each 15 per cent reduction in total air, an increase of 
about 1 per cent in efficiency can be expected. 

Predrying of bagasse has been discussed for many years. For 
instance, Professor Kerr ran some tests on drying bagasse in 
1911, which indicated a general improvement in @tonomy, using 
the products of combustion as the drying medium. However, 
driers have not been used in sugar mills because their cost could 

\ not be justified due to the low load factor in such plants. In other 
words, there can be no justification for spending a lot of money 
for equipment when by-product fuel is used, and when the equip- 
ment is in service only a relatively short time during the year. 


Drying BaGasse To ImpROVE EFFICIENCY AS FUEL 


With the fuel situation becoming more critical all over the 
world, it is quite possible that some sugar mills, particularly 
those which refine their sugar, will find it advantageous to exhaust 
fully the possibilities of utilizing more of the Btu value of their 

by removing some of its moisture before it enters the 
furnace. Heretofore, all investigations into the feasibility of 
drying bagasse with products of combustion have resulted in the 
general conclusion that the most economical way to dry the 
bagasse is to do so in the furnace. However, this conclusion may 
hot be true with conditions as they are today. 

With partially dried bagasse, an economical way to burn 

would be in pulverized form in an integral-furnace type 
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TABLE 1 TEST RESULTS ON INTEGRAL-FURNACE BOILER 
Analysis of bagasse, per cent: 
Volatile matter........ 40.20 2.8 
1.65 Oxygen plus nitrogen.... 20.3 
52.25 
100.00 
Steam flow, lb perhr........... 56500 70400 75600 86500 
Bagasse, lb perhr.............. 7500 33000 35000 41300 
Bagasse, lb per hr persq ft...... 291 349 370 437 
Steam pressure in headers, psi. . . 623 639 629 619 
Steam temperature, deg F...... 623 637 639 639 
Total air at air-heater outlet, per 
201 169 159 153 
CO: in flue gas at air-heater out- 
re 10.5 12.0 12.7 13.2 
Temperature of gas at boiler out- 
680 702 700 732 
Temperature of gas at air heater 
505 520 516 530 
Temperature of air to air heater, 
Temperature of air from air 
acces 482 491 483 516 
Draft in W. C. furnace, in. H2O.... 0.1 0. 0.09 0.05 
Draft at boiler outlet, in. H20... 1.9 2.1 2.3 3.1 
Draft at air-heater outlet, in. 
5.2 5.8 6.3 8.2 
Pressure in bagasse windbox, in. 

Heating value; bagasse as fired,................-.+-- 3900 Btu per lb 
Refuse in stack discharge, |b per 

155 272 392 733 
Refuse in stack discharge, per 

cent of fuel fired............. 0.564 0.824 1.12 1.73 
Combustible content, per cent. . 40.5 24 31.9 26.7 
Loss in efficiency, per cent...... 0.9 0.7 1.0 1.8 
Heat balance: 

Heat loss in dry products of 

combustion, per cent....... 13.3 11.3 10.5 11.0 

Heat loss due to H:2O in fuel, 

23.6 23.7 23.6 23.9 

Heat loss due to H:O in air, 

0.3 0.3 0.3 0.3 

Heat loss due to unburned 

combustible;matter, per cent 0.9 0.7 1.0 1.8 

Heat loss due to CO in flue 

gases, per cent............. 0.0 0.0 0.0 0.0 

Heat loss due to radiation 

from unit, percent..:...... 1.3 1.0 0.9 0.8 
Efficiency of unit, percent... ... 60.6 63.0 63.7 62.2 
Weseccvstecsuceseuseneteres 100.0 100.0 100.0 100.0 


of boiler using circular burners which could be equipped with 
supplementary oil burners. Such a simplified combination oil- 
and-bagasse-burning unit would eliminate completely the neces- 
sity for any extension furnace. Efficient combustion would take 
place in the water-cooled furnace, in turbulent burners using 
a minimum of excess air. The efficiency of such a unit could be 
about 80 per cent in line with the best practice with other fuels 
such as coal or oil. 


Discussion 


Orro pE Lorenzi.* This paper is valuable in that it presents 
operating and test data, together with an outline of some recent 
progress in furnace designs for burning wet fibrous fuels. In 
these newer furnaces, a considerable proportion of formerly used 
refractory construction is eliminated. Of particular interest are 
the newer, so-called, Ward furnaces shown as parts of the units in 
Figs. 1, 2, and 3 of the paper. a 

In the paper by E. W. Kerr,? referred to by the author, the 
original Ward furnace is illustrated and described. Fig. 5 of this 
discussion is taken from this paper. The design is therein de- 
scribed in part as follows: ‘The special features of this furnace 
are (1) the bottle shape narrowing down to 18 in. at the neck, 
(2) cast-iron horseshoes through which the air is admitted, etc., 
ete.”’ All patent claims for this furnace, as we recall, say that 
the primary combustion chamber below the neck is larger in 
volume than the secondary chamber above it. Mr. Kerr also 
indicates that up to 1939, this was the recognized Ward-type fur- 


3 Director of Education, Combustion Engineering Company, Inc., 
New York, N. Y. Fellow ASME. 
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Fic. 5 


nace inuse. The present author does not indicate when the design 
was modified to conform with present-day construction. 

During the early part of 1937, we visited a number of Cuban 
and Porto Rican sugar mills, and at that time suggested to sev- 
eral millowners the use of a furnace design which is shown in 
Fig. 6 of this discussion. The furnace employs the refractory 
horseshoe construction with rear arch, and a secondary combus- 
tion chamber which is larger than the primary. The general 
design features are almost identical with those of the newer, so- 
called, Ward furnace shown in the present paper. We are there- 
fore quite pleased to find that this design, as used by others, has 
proved to be so satisfactory to them. 


4 This illustration is taken from ‘‘Fuel Burning and Steam Genera- 
tion,’’ by Otto de Lorenzi, Montreal, Can., 1940, Fig. 204. 


Fic. 6 


The most recent improvements for bagasse burning now include 
a partially water-cooled furnace construction in which Dutch- 
oven extensions, partition walls, arches, horseshoe-shaped cells, 
and refractory hearths are eliminated. Spreader-stoker units, in 
connection with a specially developed feeder, are used to distrib- 
ute the bagasse onto either dumping or continuous-discharge-t ype 
grates, thereby employing the combined principles of flash-drving, 
suspension-burning, and in-position burning. The fuel bed is 
thin, uniform, and actively burning over the entire grate. The 
grate surface extends continuously across the length and width of 
the furnace, there being no partition walls, arches, or other space- 
consuming refractories. 

A complete bagasse combustion system of this type has been 
described by H. G. Meissner.’ Fig. 7 of this discussion is taken 


Fic. 7 SpreaADER-STOKER-FIRING System AppLiED TO Two-DruM 
BoILerR 


from thissource. Carefully conducted tests and extended operat- 
ing experiences have shown increased efficiency, reduced carbon 
and radiation loss, as well as the ability to maintain easily a close 
control of fuel-air ratio either manually or automatically. Boiler 
and furnace availability are improved to the extent that these 
units may be kept on the fine continuously throughout the grind- 
ing season. 

E. L. Dennis. The author briefly reviews the development of, 
furnaces for burning of sugar-cane bagasse, referring specifically 
to the paper presented by E. W. Kerr.? In his paper Professor 
Kerr gave the bibliography of development of bagasse furnaces 
and we believe it is appropriate to mention that the present horse- 
shoe-type furnace with tuyére walls probably preceded the many 
types of grates on which bagasse was burned, and, as the author 
stated, performed with varying degrees of satisfaction. 

For many years the majority of bagasse furnaces were installed 
with some particular type of grate bars, either flat or inclined. 
There still remain in many countries various types of furnaces 
using grate bars instead of the horseshoe-type furnace. 

With more study given to the distribution of air to bagasse 
being burned on hearths in a conical pile, very rapid rates of com- 


5 “Burning Bagasse at Cuban Sugar’Centrals,’’ by H. G. Meissner, 
Combustion, vol. 19, Jan., 1948, pp. 26-31. 

6 President, E. L. Dennis Engineering Company, Baton Rouge. 
La. Mem. ASME. 
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bustion have been secured without undue carry-over either of 
unburned carbon or fly ash. As a matter of fact, on horseshoe- 
type furnaces, a burning rate up to 650 psf of hearth area has 
been obtained. 

In this paper the author states, ‘‘Like most other solid fuels, 
the finer the bagasse is divided, the easier it is to burn.”’ We 
would agree with this statement of the author provided it was 
modified by stating that the fuel would contain less than 50 per 
cent moisture and would not be contaminated with excessive mud 
and trash which are encountered, particularly in cane fields where 
the cane is harvested mechanically. 

It has been observed that too finely divided bagasse, when 
burned in any type of furnace, will carry over more unburned 
carbon and fly ash than when the bagasse is not divided as finely. 
There is a certain degree of fineness required but, in our observa- 
tions, we have found that bagasse which is not shredded before 
milling will allow for deeper penetration of the air blasts from the 
tuyéres and will burn more rapidly and with less carry-over than 
is the case where wet bagasse is divided into fine particles. In 
Louisiana, where most of the cane is harvested mechanically, a 
great amount of field dirt is brought into the factory, particularly 
in the rainy seasons such as was experienced in November of the 
past grinding season. We have observed that where an exces- 
sive amount of dirt is brought to the factory, most of this will go 
to the furnaces with the bagasse. At times the conical pile of 
bagasse will glaze over by fusion of the sand in the bagasse pile. 
This results in a “‘killing’”’ effect on combustion of the bagasse. 
On the other hand, it is almost impossible to burn bagasse, which 
is contaminated with field mud, on grates. Therefore such fur- 
naces as the Ward furnace, or other modifications of the horseshoe 
furnace, in all cases give far more satisfactory performance than 
can possibly be accomplished on any type of grate furnace we 
have seen in service. 

There have been developments in various designs of horseshoe- 
type furnaces other than the Ward furnace which give remarkable 
combustion results, and we believe there will continue to be a 
development in this direction. 

As the author well states, in the past a great deal of thought had 
been given to drying of bagasse partially before combustion by 
utilizing the waste heat of the stack gases. It would seem that 
some feasible method will be worked out in this direction in fac- 
tories where bagasse does not provide all of the fuel necessary for 
operation. 

The author states that with partially dried bagasse, an eco- 
nomical way to burn it would be in pulverized form in an integral- 
furnace type of boiler, literally by burning it in suspension. 

In order to pulverize bagasse it is essential that the percentage 
of moisture be reduced below 20 per cent unless excessive horse- 
power.is employed. The peculiarities of the fiber in bagasse are 
such that it will pulverize easily with extremely high moisture 
contents, and that at intermediate moisture contents of 22 to 50 
per cent the power required to pulverize would be prohibitive. 
On the other hand, bagasse dried to 10 to 12 per cent moisture 
readily pulverizes without extremely high horsepower require- 
ments. We believe that the value of bagasse as fuel is such that 
it will not be feasible for many years to anticipate pulverizing and 
burning in suspension. 

One major company at the present time is experimenting in a 
commercial way firing bagasse on a spreader-type stoker and is 
claiming favorable results. Within a few years we expect to hear 
more of the results of these commercial tests. Another company 
has developed a multicell furnace which is installed directly under 
the boiler proper in two banks so that the bagasse is burned in 
cupolas, also a modification of the horseshoe furnace, and fed in a 
similar manner to the Ward furnace. _ In this particular type of 
furnace the floating particles of burning bagasse have to rise to a 


height of 20 to 25 ft before entering the convection section of the 
boilers, and in performance the amount of unburned carbon is 
reduced to a negligible amount. The fine fly ash that is carried 
out eliminates the cleaning of the boiler setting below the rear 
drum entirely. Soot blowers keep the heating surfaces clean as 
well as remove the ash deposit in the rear of the boiler. 

As the author states, there can be no justification for spending 
a lot of money for equipment when bagasse (a by-product fuel) 
is used and when equipment is in service only a relatively short 
time during the year. These conditions always tend to slow de- 
velopment of furnaces or equipment capable of increasing materi- 
ally the over-all efficiency of steam generation in a sugar factory. 
Especially, as the author states, this is true where bagasse tur- 
nishes thé entire fuel requirements of the factory. 

The test results of the integral-furnace boiler given in the paper 
are interesting, and the performance indicated therein is entirely 
acceptable to anyone versed in the combustion of bagasse. 


M. V. YarBrouGH.’ As pointed out by the author, “green” 
bagasse was sun-dried before its utilization as fuel during the early 
days of sugar manufacture. Actually the green bagasse was 
not burned without predrying until about 1860. Then for the 
next 75 years, green bagasse was burned only in Dutch-oven- 
type furnaces. All during this period it was a generally accepted 
fact that even at considerable expense, such furnaces must be 
shielded completely from the “dark’’ boiler heating surfaces. 

Only a man of vision, with imagination, fundamentally highly 
inquisitive, and with capacity to re-co-ordinate known facts into 
new ideas could possibly dare question such a well-established and 
generally accepted “fundamental principle.’””’ Such a man was 
G. P. Ward. It remained for him to suspect and finally prove 
that a furnace only partly shielded from dark boiler surfaces 
would not only burn green bagasse but also do a magnificent job 
of it. 

The doubting Mr. Ward, highly practical ‘‘dreamer’’ that he 
was, also entertained unique ideas regarding bagasse as a fuel. 
For 75 years other highly trained and capable specialists had 
tested bagasse in the attempt to precisely evaluate green 
bagasse as a fuel, using methods of evaluation recognized as 
applicable to other fuels. While fully recognizing the value of 
such information, Mr. Ward, in his thinking, attached great im- 
portance to the characteristics of bagasse which cannot be pre- 
cisely measured nor interpreted with respect to the burning quali- 
ties of various bagasses. These variable, and precisely indeter- 
minable qualities which may be properly termed physical charac- 
teristics of various bagasses, otherwise apparently identical, were 
discussed often and at great length by Mr. Ward and the writer 
during many years of friendship and close association. The more 
experience the writer accumulates in combustion of various 
bagasses as the years go by, the more convinced he is that Mr. 
Ward was entirely correct in his belief that many factors which 
definitely influence the combustion of various bagasses are in- 
capable of precise determination and interpretation. 

Bagasse is a constantly variable material. It is everything 
from the cane stalk except the juice removed by the sugar mill. 
It also includes some of the juice which exists in the cells of the 
cane plant but not removed in the milling process. Sugar-cane 
stalks as to framework are composed essentially of the rind, the 
nodes between joints, and the pith. Proportions of these com- 
ponent parts of the cane stalk vary widely and are determined by 
the variety of cane, its cultivation and fertilization, and weather 
conditions prevalent during the growth of the plant, as well as the 
state of maturity of the cane when harvested. In all cane-pro- 
ducing areas, with the possible exception of irrigated areas, cane 


7 General Manager, Young’s Industries, Inc., Youngsville, La. 


4 
pe 
3 
313 
1 . 
r 
r 
r 
d 
se 
“ 
e, 
: 
. 
a 


726 


cut at the start of each season is not fully mature, and maturity 
proceeds as the harvest season continues. 

The amount of cane juice remaining in the bagasse, as well as 
its locale in the plant cells, is determined by the efficiency of the 
mill. The efficiency of the mill is determined by fiber-grinding 
rate and ‘“‘millability”’ of the cane. Millability and fiber of the 
cane are determined by the proportions of rind, nodes, pith, and 
“hardness,” or compressibility, of the mixture of rind, node, and 
pith cells. 

Thus a sugar mill must grind sugar cane which is a constantly 
variable material. The sugar mill produces bagasse just as varia- 
ble as the sugar cane from which it is processed. 

Yet bagasse furnaces must burn either (1) all of this con- 
stantly variable fuel necessary to generate the steam being con- 
sumed, or (2) all of the bagasse being produced by the mill. 
Steam demands in most sugar factories peak rather frequently, 
and the swing from low to high steam demands is relatively great 
and extremely rapid. 

Thus the solution of the problem of designing bagasse furnaces 
had to be slow. Solution of a complicated problem which can be 
completely composed is difficult. For the reasons cited the prob- 
lem of bagasse combustion cannot, up to the present, be fully com- 
posed, and its solution has been correspondingly slow and difficult. 

However, when it has become possible to design bagasse-burn- 
ing furnace-boiler combinations which perform as do the units 
described by the author, progress has indeed been achieved. 
Furthermore, the rate of recent progress has been rapid. 

It was approximately only 12 years ago that Mr. Ward became 
convinced there was something wrong with the ‘fundamental 
principle’ that green bagasse furnaces had to be completely 
shielded. Remember, that fundamental principle was nearly 75 
years old. 

Rather wide experience with Ward single-pass furnaces has con- 
vinced the writer that they do perform, and with the advantages 
outlined by the author, on the various types of bagasse encoun- 
tered from day to day and from season to season. 

Thus again, as has been the case with many other industrial 
improvements, it appears that the solution to the problem is 
proceeding in advance of our ability to compose the problem com- 
pletely. 

E. W. Kerr.’ During recent years there has been a more or 
less general increase in the fiber content of sugar cane in Louisi- 
ana; in other words, an increase in the weight of bagasse to be 
burned per ton of cane processed. The writer recalls that in 
Cuba the average for several years was 10.75 per cent on cane, 
while here in Louisiana it varies from, say, 12 to 15 per cent or 
more. In such cases the problem becomes one of consuming 
bagasse rather than of utilizing steam efficiently; in fact, itis not 

uncommon to blow steam off through the safety valves when there 
isasurplus. This is done even though there is a bagasse storage, 
because with such surplus, filling the storage is a matter of only a 
few hours. 

Also, during the past grinding season the burning of bagasse in 
the furnaces was made more difficult owing to a great deal of wet 
weather which resulted in wet cane leaves and dirt being brought 
from the fields. It is common practice to burn the leaves from. 
the cane after it is cut in the fields but of course this cannot be 
done in rainy weather. Also, cane is loaded in the fields with 
mechanical grab-type loaders. During wet weather the grabs 
take up a great deal of mud which reaches the furnaces and adds 
to the difficulty of burning. Although these conditions are 
abnormal they have to be taken care of when encountered. 


8 Head, Firm of E. W. Kerr, Consulting Engineers, Baton Rouge, 
La. Mem. ASME. 


TRANSACTIONS OF THE ASME 


AUGUST, 1948 


A great many boiler trials have been made in which both ba- 
gasse and feedwater were weighed. Weighing of bagasse is 
rather difficult because of its volume, the most common method 
being to weigh it on platform scales in corn baskets. The 
writer was associated with Mr. Ward in making a large num- 
ber of tests in which the bagasse was weighed in 1000-lb lots in a 
wooden box hung onascale. These tests were made on a straight- 
tube water-tube boiler of 959 rated horsepower, the load varying 
from 85 to 155 per cent of rating, and the efficiency varying from 
52 to 62 per cent. Ina paper? by the writer, in 1939, is given re- 
sults of a test by Mr. Ward on a 1290-hp Stirling-type boiler at 
Mercidita factory in Puerto Rico, which was carried out in 1935. 
The efficiency in this test was 77 per cent artd is the highest figure 
in the writer’s knowledge. The installation included an air heater 
with Ward-Gregory furnace (not a Ward furnace). 

Referring to the Ward furnaces as illustrated in the present 
paper, this type of furnace is designed to enable high ratings and 
high efficiency without carry-over of ash, the latter being one of 
the objectionable features encountered with the hearth-type 
(standard) furnace. It may or may not have air heaters. The 
restricted area at the top (bottleneck) is to assist in the concentra- 
tion of heat such as will aid in the combustion of remaining parti- 
cles. One of the most troublesome and expensive (in labor) 
features in connection with our standard-type hearth furnaces is 
this carry-over of ash from the horseshoe over the bridge wall. 
This must be removed through doors in the side walls of the set- 
ting instead of the doors at the front of the hearths. 

By reducing the area of the exposed setting walls the radiation 
loss is reduced. It would seem that, from this aspect, a straight- 
tube boiler with the furnace directly underneath the first pass 
would give the least radiation loss. In fact, the area in Fig. 2 of 
the paper probably has as much area for radiation as would an 
extension furnace of the standard horseshoe type with greater 
length but less height. Mr. Ward’s first installation of his fur- 
nace was under such a straight-tube boiler, which gave an efficiency 
of 66 percent. The radiation area appears to be much less in the 
Fig. 1 installation. 

Considering the question of baffling, it would appear that the 
arrangement shown in Fig. 2 of the paper (reduced) should be in 
connection with an air heater in order to reduce the temperature 
of the gases and increase efficiency. A common height of chim- 
neys in Louisiana factories is 175 ft which should be sufficient to 
take care of a furnace unit with regular boiler baffles without air 
heater, with good efficiency for our cgnditions. Of course the 
use of an air heater adds to efficiency as well as helps in eliminating 
ash carry-over, but it will involve higher cost of installation, in- 
cluding cost and upkeep of fefractories due to high temperature. 
Whether or not this would be justified would depend on the length 
of grinding season each year which is greater in the tropics than 
in Louisiana. In fact, it would seem that for Louisiana a Ward 
furnace with regular baffling and without air heater should be 
sufficient, in view of the grinding season lasting only some 2 
months. The grinding season in the tropics is more of the order 
of 4 months. 


AvuTHOR’s CLOSURE 


As Mr. de Lorenzi points out, the original Ward furnace had @ 
double throat to shield the burning fuel pile from the boiler tubes 


which were located immediately above the throat. When Ward 
furnaces were installed under Stirling boilers, such complete 
shielding was not thought necessary because the boiler tubes are 
located to one side of the furnace. The front half of the double- 
throat arrangement was eliminated in 1939 as being unpecessary. 
The elimination of this part of the throat arch actually im- 
proved conditions for high-rating operation because the velocity 
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through the throat was reduced, resulting in a reduction of about 
0.1 in. in draft loss and a consequent increase in steam output 
on natural draft. 

Mr. de Lorenzi’s comments on a spreader stoker in Cuba for 
firing bagasse is very informative and adds a new method of burn- 
ing bagasse. However, this method involves burning bagasse on 
grates, the troublesome maintenance of which resulted in the 
development of the hearth or grateless type of furnaces which are 
so generally in use today. Only time can tell whether the grates 
under the spreader stoker can satisfactorily avoid the troubles 
due to burning, warping, and clogging experienced with the earlier 
designs. The thin fuel bed may be a liability in the event of 
insufficient bagasse feed or complete stoppage for several minutes. 

When the author saw this installation, it was base-loaded by 
automatic control so that its behavior under the widely swinging 
loads, so common in sugar mills, could not be observed. 

Mr. E. L. Dennis apparently also has some doubts about 
using grates. His comments on the high burning rates obtainable 
in hearth-type furnaces is quite pertinent. The burning rate on 
the spreader-stoker-fired job mentioned by Mr. de Lorenzi is 
about 80 Ib per sq ft, whereas the burning rate in the Ward fur- 
nace, shown in Fig. 3, is more that 400 lb persq ft. Mr. Dennis’ 
comment on the harvesting of dirt with the cane during adverse 
weather conditions and possible difficulties in burning the bagasse 
is also pertinent because when these conditions exist, the steam 
plant must produce steam from bagasse, regardless of conditions. 
Mr. Dennis’ comments about bagasse sizing, predrying, and burn- 
ing in pulverized form are worthy of note because Mr. Dennis 
speaks from many years’ experience. 
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Mr. Yarbrough brings out some of the reasons why bagasse is 
such a constantly varying material, differing from most other 
fuels in this respect. Mr. Yarbrough’s comments really are a 
fine tribute to the memory of Mr. Ward, whom he knew so well 
and with whom he had so many discussions on this subject. It 
is unfortunate that Mr. Ward did not live to see the development 
of his basic idea, applied to so many furnaces all over the sugar- 
producing world. 

It was very nice to have Professor Kerr attend this meeting 
and deliver some extemporaneous comments based on his many 
years of experience in burning bagasse. Rather than using an 
air heater with the low-draft-loss boiler shown in Fig. 2, the gas 
baffles can be arranged to provide better efficiency when draft is 
available as would be the case with 175-ft stacks mentioned by 
Professor Kerr. By increasing height of the vertical baffle behind 
the superheater and installing a vertical baffle down from the 
steam drum in front of the superheater, the effect of three-pass 
bafflings can be obtained. However, as stated in the paper, the 
primary object of this design of boiler was to provide a boiler 
which could generate steam at high capacity on natural draft 
from existing stacks in many plants which are not concerned 
with efficiency of fuel burning and which, as a matter of fact, have 
a problem of getting rid of excess fuel. For those plants where 
economy of fuel is a primary factor, the arrangements shown in 
Fig. 1 or Fig. 3 of the paper, containing air heater and forced 
and induced-draft fans will produce maximum efficiency. 

The author is grateful to Messrs. de Lorenzi, Dennis, Yar- 
brough, and Kerr for contributing information from their ex- 
periences to this paper. : 
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Experimental Combustion of Pulverized Coal 
at Atmospheric and Elevated Pressures 


By H. R. HAZARD! anp F. D. BUCKLEY? 


Among the basic problems associated with the develop- 
ment of a gas-turbine plant to use pulverized coal are 
those related to the burning of the pulverized coal under 
gas-turbine conditions. These conditions include high 
heat-release rates, high excess air, high static pressures, 
and a wide range of variation in all operating conditions. 
No previous data indicating the effects of pressure on the 
reaction rate of pulverized coal were available at the start 
of this investigation, and there had been little occasion to 
burn pulverized coal at the high heat-release rates used in 
gas-turbine practice when burning liquid fuels. This 
paper presents results obtained in a study of the effect of 
pressure upon the combustion .reaction, and describes 
tests made with four small air-cooled combustors operated 
at high heat-release rates and low pressure in connec- 
tion with a small gas-turbine unit. The work described 
was sponsored by the Locomotive Development Commit- 
tee of Bituminous Coal Research, Inc., under J. I. Yellott, 
director of research. It was one of several projects, related 
to the development of the coal-burning gas-turbine loco- 
motive, which have been assigned to a number of univer- 
sities and research institutions, and which have been 
described by Yellott in a recent paper.’ At the present 
time, large-scale development work is under way both at 
Battelle, where full-scale atmospheric-pressure combust- 
ors are under test, and at the Dunkirk, N. Y., plant of the 
American Locomotive Company, where full-scale coal- 
preparation equipment is being operated with a '/;-scale 
combustor at full pressure. 


A STUDY OF PRESSURE COMBUSTION 


N ORDER to determine the effect of pressure upon the com- 

] bustion of pulverized coal, a series of tests was run in a 

furnace built for this purpose. This series included tests 

on three sizes of burners over a pressure range from 2 psi to 75 

psi and over a firing range from 40 lb of coal per hr to 130 lb of coal 
per hr. 


DeEscRIPTION OF EQUIPMENT 


The Pressure Furnace. Fig. 1 is a view of the furnace in op- 
eration, Fig. 2 is a diagram showing construction of the pressure 
furnace. 

The furnace was built up of three 2-ft lengths of 10-in. pipe, 
each length water-jacketed and lined with a molded carborundum 
sleeve 1 in. thick. A 1'/,in. port was placed at the center of 
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‘Formerly Research Engineer, Battelle Memorial Institute; now 
Research Engineer with Locomotive Development Committee, 
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*“Coal-Burning Gas-Turbine Plants,” by J¢ I. Yellott and 
t. F. Kottcamp, presented at the ASME Semi-Annual Meeting, 
Chicago, Ill., June 16-19, 1947. 

Contributed by the Fuels Division and presented at the Annual 
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each section for observation and sampling purposes, the ports 
being 1 ft, 3 ft, and 5 ft from the burner. A separate cooling- 
water circuit to each furnace section permitted determination of 
heat-absorption rates by measurements of the cooling-water 
temperature rise. Observation ports were provided at the burner 
section. 

Burner Design. Three burners were used during the test 
series. These burners were geometrically similar in design but 
differed in dimensions to give equal burner-tip velocities for equal 
firing rates at design pressures of 2, 30, and 60 psi, respectively. 

Fig. 3 shows the configuration of the burner for 2 psi and of the 
burner end of the furnace. The dimensions of the three burners 
are given in Table 1, the designations of dimensions being those 
used in Fig. 3. 


TABLE 1 


Burner No. 

Design pressure, psi 
Dimension A, i 
Dimension B, in 
Dimension C, in 
Dimension D, in 


DIMENSIONS OF BURNERS 


Burners were designed to impart a spin to the secondary air. 
A spark-ignited hydrogen pilot burner located in the burner head 
was used to ignite the coal flame. 

Furnace Pressure Regulation. Regulation of furnace pressure 
proved to be one of the most difficult problems encountered. 
A simple valve consisting of a cone in an orifice was first used to 
control furnace pressure, but, as sintered ash would gradually 
build up around the valve cone, then suddenly break loose, pres- 
sure fluctuations resulted even with the most careful manual 
control. Momentary fluctuations in coal-feed rate also caused 
pressure fluctuations, and, conversely, the coal-feed rate was very 
sensitive to pressure fluctuation. Redesign of the valve, as 
shown in Fig. 4, incorporating a pneumatic balancing piston, 
resulted in improved pressure regulation. 

Feeding of Pulverized Coal. Throughout the test series, Elk- 
horn No. 3 coal, pulverized to 93 per cent through 200 mesh in a 
ball mill, Was burned. Because of the high volatile and the low 
ash content of this ceal, ignition and slagging difficulties were 
minimized. Table 2 gives the analyses of the coal used. 


TABLE 2 ANALYSES OF ELKHORN NO. 3 COAL USED IN TESTS 


Ultimate analysis, Proximate analysis, 
per cent 


Volatile matter 
Hydrogen i 
Oxygen 
Nitrogen 


High heat value, 14,360 Btu per Ib 
Ash-fusion temperatures, 


A pressure hopper was filled with about 700 lb of pulverized 
coal and was subjected to furnace pressure plus a tew pounds for 
pressure drop through the piping system. The coal was fed 
from this hopper into the primary-air stream by means of a 
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THE PRESSURE FURNACE 
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Fig. 2 
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Fic. 3 Section oF BURNER FOR PRESSURE FURNACE 


variable-speed feed screw and was carried to the burner through 
3/,-in. piping and rubber hose. The feeding equipment was 
placed on a platform scale for measurement of the coal-feed rate. 
Difficulty was experienced in maintaining a uniform rate of 
feed, as coal would surge through the feed screw upon a momen- 
tary decrease in furnace pressure, or be retarded by air blowing 
back into the hopper upon a rise in furnace pressure. Equaliza- 
tion of the air pressures between the end of the feed screw and the 


GAS OUTLET PIPE — 
CONTROL“AIR 
INLET 


GAS INLET-~ 


PISTON 
OW RESERVOIR 


Fig. 4 Secrion oF PNEUMATICALLY CONTROLLED PRESSURE- 


REGULATING VALVE FOR PRESSURE FURNACE 


air space above the coal in the hopper was not effective in pre- 
venting these variations in feed rate, as the pressure of the air 
trapped in the fluidized coal was relieved both upward into the 
air space at the top of the hopper and downward through the 


feed screw. The most effective means developed to control 
these variations was removal of the feed-screw flights for about 
one turn, to cause the formation of a dense coal plug which 
would seal against a few pounds’ of pressure differential. It 
appears that a uniform coal feed may be obtained either by use of 
a coal feeder which seals positively against a few pounds of pres- 
sure differential across the feeder, or by some means of insuring 
against the occurrence of such a differential when combustor 
pressure fluctuates. 

Air Preheater. To explore the effects of air preheat, a gas- 
fired preheater was used to heat the secondary air to 600 F. 
This preheater was of the tubular type, with high-pressure air 
passing through the tubes in three passes and hot combustion 
gases passing over the tubes in three passes. 


INSTRUMENTATION OF THE PRESSURE FURNACE 


Gas samples were taken simultaneously through three water- 
cooled samplers inserted into the three sampling ports. Samples 
were taken at the axis of the furnace only, each sample being 
withdrawn at a constant rate over a period of 15 min and collected 
over brine for immediate Orsat analysis. Simultaneous sampling 
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at the three locations insured identical combustion conditions '20 
for each set of samples. From each of these samples, the com- 
pleteness of combustion was determined, 100 
The rates of primary- and sevondary-air flow were measured | 
separately by means of sharp-edged orifices. @0 
The rate of coal flow was measured by timing the intervals Py a t | a 
required to feed 5-lb increments of coal into the furnace. A z 60 -— 7 ++] 
mercury-switch device actuated by the scale beam gave accurate 
indication of the end of each time interval. From these data, 2 so} = @ 
variations in coal-feed rate were detected and the coal feed was + BURNER NO. 3 a Sa 
} 
OPERATING PROCEDURE | | | | | 
20 40 60 80 100 120 140 160 180 200 
The pressure furnace was preheated with natural gas, following van, 
which coal was fired for about an hour to stabilize temperatures, BURNED PLorrep AGAINst REesIpENcE Time 
pressures, and coal rate before test data were taken. ror Burners Nos. 2 AND 3 
During the test period, data were taken periodically, 
and gas samples were drawn simultaneously from the ‘om ] | 
three furnace sampling ports for immediate analysis. | | : . A 
A total of 103 tests were run at pressures of 2, 30, 60, ; | deeper | +, 4° ; . a 
and 75 psi, and at coal rates from 40 to 130 lb perhr. « 
Data from tests Nos. 1 to 50 were rather erratic and were 
not included in correlations. Of the tests included, 19 3 60 > fate | 
were run with air preheated to 600 F, and 34 were run no 2 vate 
without preheat, with air at 100 F. © 309i 
Data from the pressure furnace were plotted in terms = pe : = 
of the percentage combustible burned against the resi- — 2 l 
dence time of the particles. The percentage combusti- 3 . | 
ble burned was calculated from the measured coal and 
air rates, and Orsat gas analyses. Three determinations = = 
were made for éach test, one for each of the three . ° 20 0 cannes tinea 
sampling points. Fie. 7 


The residence time, or time for the furnace gas to 
travel from the burner to the point of measurement, 
was caleulated using measured flow rates and pressure with an 
assumed gas temperature of 2500 F. This calculation involves 
some indeterminate error in so far as the rates of burning and 
cooling affect the gas temperature and quantity. Necessarily, it 
was assumed that the residence times of the gas and particles 
were the same. 

Figs. 5, 6, and 7 show the relation between residence time and 
percentage of combustible burned. 

Fig. 5 shows data from tests using burner No. 1. Combustion 
was poor and test data rather erratic when using burner No. 1, 


CoMBUSTIBLE BURNED PLotTTrep AGAINST REsIDENCE TIME FOR 
BuRNER No. 2 With PREHEATED AIR AT 600 F 


probably owing to ineffective turbulence at the burner. A dis- 
tinct improvement in combustion with increasing pressure was 
found for this burner, though’such improvement was not evident 
for other burners. 

Fig. 6 shows data from tests using burner No. 2 and burner No. 
3 without preheat. Data obtained with these burners were less 
erratic than those with burner No. 1 shown in Fig. 5, and combus- 
tion was considerably better. No effect of pressure upon com- 
bustion is evident from these data. 

In Fig. 7 data from tests using air preheated to 600 F with 
burner No. 2 are plotted. It is possible to draw a family 


of curves through the data points, as shown by dotted 
lines. From these curves it might appear that pressure 


affects combustion adversely to a small degree. How- 
ever, it is probable that this apparent effect is an arti- 


ficial result of the method of calculating residence time. 
For a given residence time, a high pressure represents 
a high firing rate and a consequent high gas tempera- 


ture, resulting in increased gas volume and a conse- 
quent true residence time shorter than the calculated resi- 
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dence time; conversely, a low pressure represents a low 
firing rate, with a consequent true residence time greater 


than the calculated residence time. If proper correction 
could be made to obtain true residence time, it is proba- 
ble that all points would be displaced to the heavy curve 


CALCULATED RESIDENCE TIME, 


BuRNER No. 1 


MILLISECONDS 


AGAINST RESIDENCE TIME FOR 


shown. Thus it is probable that for the data in Fig. 
7 the effect of pressure on the combustion reaction is 
negligible. 


The most important effect of air preheat was to im- 
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prove ignition and flame stability. Without air preheat, during 
high-rate tests with the smaller burners, it was not unusual for 
the flame to burn several inches from the burner. With air 
preheat, as indicated both by observation and by the data in 
Fig. 9, the flame burned closer to the burner, giving better com- 
bustion up to the first sampling point at the higher burner ve- 
locities. From comparison of the average curves in Figs. 6 and 
7, it is evident that there is little, if any, effect of air preheat 
on combustion over longer burning periods, 

Most of the test points shown in Figs. 5, 6, and 7 were obtained 
at coal rates of about 130 lb per hr and ‘with a nominal excess air 
of 20 per cent. 

The scatter of data was believed to be caused by stratification 
in the furnace and by instantaneous variations of the coal-feed 
rate. 


Conc.usions From PrEsstRE-FURNACE TESTS 


From the data obtained from the pressure furnace, it may be 
concluded that the combustion reactions are not affected meas- 
urably by pressure up to 75 psi or by air preheat up to 600 F. 

While the method used for obtaining and correlating data on 
pressure combustion was not conducive to the highest accuracy 
and could not be expected to define small variations in reaction 
rate caused by pressure, the data prove that such variations are 
small if they exist. For the intended purpose of providing a 
basis for design of pressure combustors, more elaborate work 
would not be justified. 

It is not recommended that the curves of combustible burned 
plotted against residence time be used for design purposes. 
These curves depend upon combustor size and other variables, 
and are presented for comparison of data only. It appears that 
existing data such as those of Sherman,‘ defining the reaction 
rates of coals of various compositions and size consists, can be 
used with confidence in designing equipment for combustion at 
elevated pressures. 


STUDY OF SMALL-SCALE GAS-TURBINE COMBUSTORS 
FOR BURNING PULVERIZED COAL 


Concurrent with the study of pressurized combustion, a study 
of coal-burning gas-turbine combustors was undertaken. Of the 
designs considered, those which seemed to merit study were 
the balanced-vortex combustor, which had been the subject of 
an experimental investigation by Hurley,’ and the various 
tubular designs characterized by combustion within a flame tube 
with the proper amount of air for best combustion. 

An aircraft turbosupercharger was set up as an open-cycle gas 
turbine and was used to test four small combustors, including 
one of the balanced-vortex type and three of the tubular type. 
These combustors were built of sheet metal and were designed 
for high heat-release rates and low exit-gas temperatures, with 
air cooling throughout. The test unit, which first operated 
successfully in June, 1946, is believed to have been the first coal- 
fired gas-turbine unit to be operated in this country. 


THE TURBOSUPERCHARGER Bootstrap UNIT 


The aircraft-type turbosupercharger combines two of the basic 
elements of the gas-turbine engine, the compressor, and the 
turbine. With the addition of a combustor to heat the air be- 
tween the compressor outlet and the turbine inlet, a simple 
open-cycle gas-turbine engine is completed. This arrangement 


4“Burning Characteristics of Pulverized Coals and Radiation 
From Their Flames,’’ by R. A. Sherman, Trans. ASME, vol. 56, 
1934, p. 401. 

5“‘Some Factors Affecting the Design of a Small Combustion 
Chamber for Pulverized Fuel,” by T. F. Hurley, Journal of the 
Institute of Fuel (British), vol. 4, 1931, pp. 243-254. 
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is frequently referred to as a turbosupercharger “bootstrap” unit. 

The turbine was started by means of a compressed-air jet from 
a nozzle directed at the back of the turbine blades. At a turbine 
speed of about 3000 rpm, with a moderate air flow established 
through the combustor, a hydrogen pilot flame in the combustor 
was lighted and the coal feeder started. On ignition of incoming 
fuel, the turbine would accelerate to a speed depending on the 
fuel rate. The desired fuel rate was then established. As 
the desired combustor-outlet temperature was usually below the 
characteristic operating temperature of the bootstrap unit, air 
was supplied to the starting nozzle to increase turbine speed and 
the related air rate, and thus reduce turbine-inlet temperature. 

Because the compressor was the only load on the turbine, any 
variation in fuel-feed rate caused an immediate change in turbine 
speed, altering all test conditions. It was thus essential to obtain 
a uniform feed of pulverized coal to the combustor in order to 
maintain constant test conditions. 


Tue BALANCED-VoORTEX COMBUSTOR 


The balanced-vortex combustor is a design in which the forces 
on coal particles injected into a fluid vortex are utilized to pro- 
mote combustion. In this design, combustion air enters tan- 
gentially through vanes around the periphery of a squat cylin- 
drical chamber having a central outlet. Into the vortex thus 
established pulverized coal is injected. The inward flow of air 
toward the combustor outlet exerts a viscous-drag force on the 
coal particles which is approximated by Stokes’ law. — This force 
is opposed by centrifugal force due to the high rotational velocity 
of the particles in the vortex. By adjustment of the two vortex 
velocity components, it is possible to cause a particle of a given 
size to rotate temporarily in a circular path of any selected radius, 
at which time the viscous and centrifugal forces acting on the 
particle will be in balance. : 

In designing a combustor utilizing this principle, the vortex 
velocities may be adjusted to retain a very small particle, say, 
30 microns, at the combustor-outlet diameter. Then all larger 
particles would be retained in the combustor by centrifugal force 
until they burned to the escape size. Smaller particles would 
pass through the combustor, with some turbulence due to the 
centrifugal force. 

The balanced-vortex design is particularly adapted to the 
burning of coarser consists of pulverized coal, as coarse material 
would be more likely to burn in such a combustor, where it would 
be retained, than in a tubular design, through which it could 
pass without burning. 

A mathematical treatment of the balanced-vortex combustor is 
somewhat beyond the scope of this paper. However, a limited 
discussion of the design has been published by Hurley,® and a 
more complete treatment, including effects of swelling of the par- 
ticle, gas-temperature rise, and change of combustor cross section, 
has been prepared by Bell.® 

Fig. 8 shows combustor No. 1, which was designed to burn 275 
Ib of coal per hr with 150 Ib of air per min at 15 psi. The corre 
sponding combustor-outlet temperature was 1600 F and the com- 
bustor heat-release rate was 3,000,000 Btu per (cu ft) (hr). 
The combustor consisted of a type 321 stainless liner within a 
sheet-steel interliner, forming a plenum chamber around the 
liner, and in turn enclosed in a pressure-retaining shell. The 
stainless liner was made in the form of a cylinder 20 ip. in diam 
X 8in. high. The sides of the liner were formed of eight ovér- 
lapping circumferential vanes having an opening between vanes 
of approximately '/, in. The bottom was conical in shape, 


¢“Motion in a Balanced-Vortex Combustor,” by J. C. Bell, 
Appendix of Eighth Progress Report by Battelle to Locomotive 
Development Committee on ‘“‘Combustion of Pulverized Coal for 
Gas-Turbine-Driven Locomotive,’’ May, 1947. 
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covered by '/: in. of plastic chrome ore to aid ignition, and had a 
6'/.-in-diam center outlet. The top was flat. All of the air 
entered the combustor tangentially from the plenum chamber 
between the combustor liner and the interliner, which were 

spaced to maintain high air velocity over all parts of the liner. 
The top of the liner was cooled by air passing radially inward to 
a 3-in. hole at the center. The circumferential vanes were cooled 
by combustion air in the plenum section, and the bottom was 
cooled by the bulk of the excess air. The liner and interliner 
were supported from the cover of the outer shell, the whole 
assembly being removable from the outer shell as a unit. Pul- 
verized coal was injected through 6 nozzles equally spaced on a 
14-in-diam circle in the top of the combustor. The coal was 
ignited by means of a small spark-ignited hydrogem torch in the 
top of the combustor. Five sighting ports were placed to allow 
observation of the flame. A coke separator, utilizing the swirl 
of the combustor exhaust gas, was attached to the combustor 
outlet to protect the turbine from damage. 
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Fic. 8 ComsBustor No. 1, THE BALANCED-VoRTEX COMBUSTOR 

Combustor No. 1 was built for a brief trial to determine the 
suitability of such a design for gas-turbine application. No 
provision was made for measuring or controlling the division of 
combustion air and cooling air so that actual combustion condi- 
tions could be studied. The combustion-air vanes were merely 
adjusted to give the best combustion conditions and a few tests 
were run to observe the effects of coal fineness and firing rate. 
Following these tests, work on the balanced-vortex combustor 
was suspended, and similar tests were run on tubular combustors 
to permit comparison of operating characteristics. 

Arrangement of Test Equipment. Fig. 9 shows the arrangement 
of equipment used for testing combustor No. 1. Air enters the 
turbosupercharger compressor (2) where it is compressed to a pres- 
sure of from 2 to 12 psi, depending upon speed and therefore upon 
firing rate. From the compressor outlet it goes to the combustor 
(4) where it is heated by the burning of the coal. The heated air 
from the combustor goes through a cyclone separator (6), which 
removes any large agglomeration of coke, which might damage 
the turbine. After passing through the turbine (9), the air is ex- 
hausted to the atmosphere through a short straight stack. The 
flow of primary air carrying the pulverized coal in suspension is 
controlled by a valve at the combustor (5), and the coal rate 
is controlled by variation of the speed of the coal feeder. Coke 
can be removed from the cyclone by removing a cap (7) at the 
bottom of the cyclone. The turbine is started by means of a 
compressed-air jet directed at the exhaust side of the turbine 
blades (12). 
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In order to make a heat 
balance, it was necessary to 
measure coal rate, primary- 
air rate, compressor-inlet air 
rate, combustor-inlet tem- 
perature, and combustor- 
outlet temperature. Com- 
pressor air rate was measured 
by a 4°/,in. elliptical flow 
nozzle (1), Fig. 9, for which 
ASME coefficients were 
available. Combustor-inlet 
temperature was measured 
by a chromel-alumel thermo- 
couple in the air duct (3). Combypstor-outlet temperature was 
measured with a quadruple-shielded, 22-gage chromel-alumel 
thermocouple, located at the turbine inlet (8). The tempera- 
ture gradient across the pipe was less than 10 F at this point 
owing to the excellent mixing obtained in the cyclone (6). 
A single-point high-speed electronic recorder was attached to this 
thermocouple, allowing close observation of temperature varia- 
tions and close determination of mean gas temperature from the 
chart. 

As a check on the heat-balance method of determining com- 
bustion efficiency, an ash balance was also made. Exhaust gas 
was sampled by a */,;-in-diam sampling tube placed !/; in. from the 
discharge side of the turbine blades (12), Fig. 9. The sample 
was aspirated through a flannel bag which removed the fly ash. 
The sample velocity entering the sampling tip was held approxi- 
mately the same as the velocity of the surrounding exhaust gas. 
As the coke cyclone removed nothing but larger azglomerations 
of coke sometimes formed in lighting off the combustor, it did 
not interfere with the accuracy of the ash balance. 

Coal Preparation, Feeding, and Measurement. Fig. 10 is a 
Bennett? diagram on which sieve analyses for the coal burned 
during all combustion tests are plotted. Elkhorn No. 3 coal was 
burned during all tests. The coal was pulverized to 85 per cent 
through 200 mesh, and 93 per cent through 200 mesh for tests on 
combustor No. 1. 


Fia.9 ARRANGEMENT OF EQquIP- 
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Fic.10 Brennetr DiaGRaM SHOWING Size Consists or PULVERIZED 
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Coal was fed to the combustor by means of a commercial screw 
feeder fitted with a pressure hopper and operated at about 20 
psi. The coal rate was measured by placing the entire feeder 
on scales and checking the weight loss at 5-minute intervals. 


7“Broken Coal,” by J. G. Bennett, Journal of the Institute of 
Fuel, vol. 10, 1936, pp. 22-39. 
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The instantaneous rate of coal feed was indicated by a BCR 
air-coal flowmeter.’ This meter was very sensitive to changes 
in coal rate, immediately indicating any irregular coal-feeding 
conditions. As most of the early operating difficulties were 
traced to variations in the coal-flow rate, the meter proved to be 
an invaluable operating aid. As integration of the meter 
indication of coal rate was less accurate than periodic weight 
checks, the latter were used for heat-balance calculations. 


DESCRIPTION OF OPERATION 

‘ollowing preliminary operation to adjust the combustor for 
satisfactory operation, a series of 9 tests were run on combustor 
No. 1. This series included tests at high release rates of 2.3 to 
2.9 million Btu per (cu ft) (hr) and at a low rate of 1.5 million 
Btu per (cu ft) (hr), burning both coarse coal (85 per cent through 
200 mesh) and fine coal (93 per cent through 200 mesh). A 
final test was run with the refractory removed from the bottom 
of the combustor. 

The flame during all tests was cylindrical in shape with a di- 
ameter of about 12 in. It extended from the combustor outlet 
to the cone of the coke separator, where it was quenched by the 
cooling air. At low rates, a flame temperature of 2700 F was 
measured with an optical pyrometer; at high rates pyrex sight 
glasses melted and pyrometer data could not be obtained. 

A thin layer of fluid slag formed over the surface of the re- 
fractory floor, but no other ash accumulations formed. With 
the refractory removed, no slag was deposited in the combustor 
during a single test. 

Large pieces of coke were sometimes formed when lighting 
proved difficult. These usually revolved around the outside of 
the combustor until burned, though some escaped, to be caught 
in the coke separator. 

The combustor proved quite stable as long as a flame tem- 
perature above 2700 F was maintained. At lower flame 
temperatures, combustion was unstable. 

Lighting off required a rich mixture at the igniter, obtained by 
firing an excess of coal for the reduced air rate available at starting. 

Gas samples taken from the turbine inlet contained no CO. 
The entire combustion loss was in the form of unburned carbon. 

Thermocouples placed at 10 points on the stainless liner in- 
dicated moderate metal temperatures at all points except the 
center of the top plate, which reached 1430 F. This temperature 
could have been reduced by passing more cooling air over the top 
plate. 

Excellent test conditions were maintained throughout the test 
series. Combustor-outlet temperature, the variable most sensi- 
tive to variations in coal feed, was held constant within + 20 
F through most of the tests. 

No reliable data on pressure loss were taken. However, cal- 
culations indicate that pressure loss should be similar to that for 
other types of gas-turbine combustors currently in use. This 
was substantiated by the excellent operation of the turbosuper- 
charger bootstrap unit, which will not operate at all unless 
pressure loss is small. 

Combustion Efficiency. Combustion efficiency was determined 
for each test by a heat balance based upon measured flow rates 
and temperatures. As a check on the heat balance, an ash bal- 
ance was also made for each test. The percentage of ash in the 
coal and the percentage of combustible in the stack-dust sample 
were determined by laboratory analysis. On the assumptions 
that the ash weight was not changed in the combustion process 
and that all the ash left the combustor as fly ash, the weight 
of unburned carbon per pound of coal was determined. 

8 ‘‘Meter for Flowing Mixtures of Air and Pulverized Coal,’’ by 


H. M. Carlson, P. M. Frazier, and R. B. Engdahl, Trans. ASME, 
vol. 70, February, 1948, pp. 65-79. 
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In view of the simple instrumentation used, the agreement 
between heat-balance efficiencies and ash-balance efficiences was 
good; the average variation between values amounted to about 
3 per cent. 

In Fig. 11 combustion efficiency is plotted against residence 
time for all tests on combustor No. 1. Residence time was 
calculated as the ratio of combustor volume to volume per 
second of air passing through the combustion space. The air 
volume was calculated for an average temperature of 2700 F and 
for the static pressure measured for each test. This residence time 
is that for the air passing through the combustor, and does not 
necessarily apply to the coal particles. As the flame occupied 
only a 12-in-diam cylinder at the center of the 20-in-diam cham- 
ber, the true time available for combustion was about one half of 
the total calculated residence time. 
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DENCE TIME FOR BALANCED-VORTEX COMBUSTOR 


Fig. 11 points out the oustanding characteristic of the vortex 
combustor, that the combustion efficiency increases with an in- 
crease in firing rate and consequent decrease in residence time, as 
compared to a decrease in combustion efficiency expected in a 
tubular combustor. There are two factors acting to improve com- 
bustion at higher rates: (a) higher flame temperature improves 
ignition and flame stability; (6) a change in the force balance in- 
creases the ratio of outward centrifugal force to inward viscous- 
drag force, resulting in a decrease in particle escape size. 

Conclusions From Tests on Balanced-Vortex Combustor. From 
brief tests on an improvised design of balanced-vortex combustor, 
it appears that such a combustor can be built to operate under 
gas-turbine conditions. This design might prove to be a means 
of burning coal at much higher heat-release rates than would be 
economical in tubular combustors, as coal particles can be re- 
tained in the combustor fora much longer time than the air 
passing through. However, development is necessary to improve 
ignition and turndown characteristics before such application 
can be made. 


TUBULAR ComBUSTORS 


Arrangement of Test Equipment. Combustors Nos. 2, 3, and 4 
were tubular combustors, which were merely interchanged in the 
turbosupercharger duct work, with no change in operating proce- 
dure or instrumentation. The test equipment was essentially 
the same as that used to test the balanced-vortex combustor, 
though the coke separator was removed, the duct work rearranged 
and the measurement points relocated. 

Combustion efficiencies were determined both by heat balance 
and by ash balance. For the ash balance, a sample was taken 
from the center of the exhaust pipe 8 in. from the combustor out- 
let. The sampler was a '/2-in. stainless-steel tube with a scoop 
formed at the end, facing upstream. From the sampler the gas 
passed successively through a water-cooled heat exchanger, 4 


100 
o 
< 
SER 


HAZARD, 


small cyclone to remove burning coke particles which could not be 
contained in a cloth bag, and an 8-oz Canton-flannel bag filter. 
As the pipe was under several pounds of pressure, no aspiration 
was necessary. The resistance of the heat exchanger gave the 
proper sampling velocity at an average pressure. No means was 
provided for adjusting sampling velocities. The combustor- 
outlet temperature was measured by a quadruple-shielded chro- 
mel-alumel thermocouple placed 8 ft from the combustor outlet. 
This distance was sufficient to minimize the effect of stratification 
at the combustor outlet. The combustor pressure loss as meas- 
ured included the loss in two 90-deg bends. The highest cal- 
culated bend loss was only 0.20 in. of water, so that the error in- 
volved in this determination was negligible. 

Preparation of Pulverized Coal. During tests on tubular com- 
bustors, Elkhorn No. 3 coal was burned. This was pulverized to 
85 per cent through 200 mesh and 93 per cent through 200 mesh, 
using @ ball mill. A “‘superfine’’ product was prepared by passing 
coal mechanically pulverized to 85 per cent through 200 mesh 
through a flash pulverizer to reduce it to 98 per cent through 200 
mesh. The size consists for these three degrees of pulverization 
are plotted in Fig. 10. 

The flash pulverizer, or coal atomizer, is a development of J. I. 
Yellott. Its design includes a pressurized hopper in which 
crushed coal is stored, a device to feed coal from this hopper into a 
stream of primary air at the same pressure, and a critical-flow 
nozzle, followed by an attrition device. Pulverization is obtained 
both in the nozzle and in the attrition device. The equipment 
used for these tests includes a pressure hopper of 500 lb capacity, 
a feed screw rotating at speeds from 40 to 200 rpm, a !/;-in. 
critical-flow nozzle, and an attrition chamber consisting of a 10- 
in-diam cone, the nozzle discharging tangentially into the base of 
the cone and the pulverized coal leaving through a 1'/,-in. pipe at 
the apex. A flash-pulverizer air rate of 350 lb per hr at 80 psi was 
used, 


CompBustTor No. 2 


Fig. 12 is a sectional view of combustor No. 2. This combustor 
was a standard unit manufactured for the General Electric TG- 
180 jet engine, and was designed to burn liquid fuels. The only 
modifications made for coal-burning tests were: (a) removal of the 
ignition tubes provided for connection to other combustors; (0) 
substitution of a hydrogen ignition for a spark plug; and (c) 
addition of observation ports and piping flanges. 
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Fig. 12 TG-180 JetT-ENGINE 


The combustor consisted of an outer shell, a perforated cylindri- 
cal flame tube with a hemispherical head, an igniter, and an inlet 
for primary air and coal. The flame-tube perforations consisted 
of 10 rings of 8 holes spaced equally and arranged in rows. Be- 
tween these holes, 120 slots were placed in a spiral pattern to ad- 
mit air to sweep the entire inside surface of the flame tube. The 
hemispherical head of the tube had a pattern of slots arranged to 
sweep the entire surface. An annular space at the exhaust end of 
the flame tube allowed some of the air to pass over the tube with- 
out entering any of the perforations. Distribution of area for 
flow, which is the approximate distribution of flow through the 
various perforations was such that 75 per cent of the air 
entered the 80 large holes. The igniter used was a small hydrogen 
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burner which was lighted with a spark plug. It was placed, as 
shown in Fig. 12, to ignite the rich air-fuel mixture in the hemi- 
spherical flame-tube head. 

The inlet for primary air and coal was made from a piece of 
1'/,-in. pipe machined to fit into the hole provided for an oil 
atomizer. In this pipe was placed a spreader consisting of eight 
radial vanes, curved at the outlet end, which deflected the eight 
coal streams from the tip to give a dispersion in the form of a 
hollow-cone spray having an included angle of about 90 deg. The 


‘spacing of these vanes was somewhat unsymmetrical, causing 


nonuniform coal distribution. Three of the heavier coal streams 
impinged upon the flame tube, causing coke depositions. 

Tests on Combustor No. 2. Thirteen tests were run on combus- 
tor No. 2 to explore the effects of coal fineness, firing rate, and 
temperature rise on combustion. Four of these tests were,run at 
coal rates of about 160 lb per hr, and nine were run at coal rates 
of about 70 lb per hr. The corresponding heat-release rates were 
2.5 million Btu per (cu ft)(hr) and 1.25 million Btu per (cu ft) 
(hr), respectively. Comparison of plots of combustion efficiency 
against the several variables involved led to the conclusion that 
the primary variables, at least for the high combustion rates 
studied, were the time allowed for combustion and the coal fine- 
Residence time was calculated as the ratio of combustor 
volume to volume per second of air through the combustor, 
using an average temperature and air weight calculated for the 
mid-point of the combustor for each test. 
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In Fig. 13 combustion efficiency is plotted against residence 
time, with data points from all tests on combustor No. 2 shown. 
The bottom curve represents combustion of the coarsest coal (85 
per cent through 200 mesh), the intermediate curve represents 
combustion of the finer coal (93 per cent through 200 mesh), and 
tMe highest curve represents combustion of the finest coal (98 per 
cent thro1zh 200 mesh). Although the small number of test 
points does not accurately determine the position of these curves, 
it is evident that coal fineness has a marked effect on combustion 
efficiency when combustion time is severely limited. The dotted 
curve is taken from Sherman’s data, and represents data from a 
large refractory furnace burning similar coal pulverized to 80 per 
cent through 200 mesh. It is evident that somewhat lower 
efficiency was obtained in the test combustor burning coarse coal 
than would be indicated by Sherman’s data. This difference is 
probably due to the high radiation loss from the flame in the 
small combustor. 

Ignition characteristics of this combustor were excellent under 
all conditions. The arrangement of flame-tube perforations was 
such‘as to give air/fuel ratios ranging from 2.5 to 8.5 at the igniter 
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as the combustor air/fuel ratio was varied from 30 to 70, with 
corresponding outlet-gas temperatures of 1700 F to 900 F. No 
pilot flame was required, and the flame was stable with com- 
bustor outlet temperatures as low as 600 F, the lowest tempera- 
ture tested. 

The conical spray of coal from the burner impinged upon the 
flame tube owing to unsymmetrical coal distribution, with the re- 
sult that deposits of coke were formed in the head of the com- 
bustor. This condition was most troublesome at the highest 
firing rates, when large pieces of coke broke loose periodically to 
blow downstream to the turbine. At the firing rate of about 70 Ib 
per hr used for most of the tests, only a small amount of coke 
collected in the head. This built up to an equilibrium thickness of 
about !/2 in. over a small area, and burned away at about the 
same rate as fresh coal was being deposited. Small pellets of burn- 
ing coke having diameters of !/s in. or less broke loose in a continu- 
ous hail, and continued to burn through the turbine and stack. 
It was felt that the impingement of coal on the flame tube was due 
largely to poor distribution of coal and primary air and that such 
a condition could readily be remedied in larger equipment. 

The low pressure drop for this combustor indicated that a 
satisfactory degree of turbulence may be obtained in a small com- 
bustor with little pressure loss. 

The combustor was provided with five sighting ports through 
which the flame and flame tube could be observed. At the burner 
end of the flame tube, the combustion was intense, the outer shell 
reaching red heat opposite the first two rows of holes during all 
tests. The flame was opaque and incandescent at this end, with a 
flame temperature of about 2700 F, as measured by an optical 
pyrometer. 

Examination of the combustor after about 20 hr of intermittent 
testing revealed an irregular deposit of fine sintered ash about 
'/¢,in. thick over the entire inner surface of the flame tube. This 
deposit was a light reddish brown in color and rubbed off very 
easily. Slagging was not expected in this combustor because the 
small size resulted in comparatively low flame temperature, and 
because the walls were completely swept by air entering through 
regularly spaced slots. 

It appears that the jet-engine type of combustor has several 
advantages, including simple construction, ease of ignition under a 
wide range of conditions, stable combustion under all conditions, 
relatively low presssure drop, and freedom from slagging. It is 
inherently a wide-range combustor, permitting satisfactory 
operation over the range of combustor-outlet temperatures re- 
quired for gas-turbine service. 


ComBustor No. 3 


The essential details of combustor No. 3 are shown in Fig. 14. 
This combustor consisted of an unperforated flame tube fired by a 
scaled-down model of a conventional design of circular burner 
used in firing boilers. This flame tube was 7!/2 in. in diam X 23 
in. long, and was placed in the outer shell of combustor No. 2. * 

Primary air and coal entered through a 1'/,-in. pipe. A spiral- 
vaned spreader in this pipe formed a hollow-cone spray as the 
coal left the burner. Secondary air entered around the coal pipe 
through a 2'/;-in. throat. Six peripheral vanes imparted a spin 
to the secondary air in the same direction as the spin of the 
primary air. The total amount of air entering at the burner was 
estimated to vary from 130 to 200 per cent of theoretical combus- 
tion air over the range of combustor-outlet temperatures tested. 
Remaining air passed around the flame tube to mix with the gas 
at the downstream end. The igniter was the same as was used 
with combustor No. 3, and its position was not changed. 

Tests on Combustor No. 3. Only three tests were run on com- 
bustor No. 3, as it was obvious that alterations were needed, and 
the outer shell, taken from combustor No. 2, was unsuitable for 
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these alterations. The combustion efficiency during these three 
tests appeared to be about 5 per cent below that obtained with 
combustor No. 2 under 
similar conditions. Points 
representing these tests are 
plotted in Fig. 13. 
ty, Ignition was unsatisfac- 
owvonocen IGNITER tory, as it was impossible 
as to light the eombustor at 
8 normal air-flow rates. Once 
ignition was established, the 
flame was stable over a satisfactory range of operation, and no 
pilot flame was required for continued operation. It was felt 
that this was due to the location of the igniter in a zone of lean 
mixture, in contrast to combustor No. 2 for which the igniter was 
located in a zone of rich mixture. 

Pressure drop was relatively high in combustor No. 3, at 8 in. of 
water. This was due to excessive restriction of air flow at the 
burner and could probably be reduced greatly with little change in 
combustion characteristic. 

The outer shell of combustor No. 3 operated at red heat over its 
entire length. 

A thin coating of fine sintered ash was found on the inside of the 
flame tube. Coke was deposited in the burner head in a similar 
manner to that found in combustor No. 2. 
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ComBustTor No. 4 


Results from combustors Nos. 2 and 3 seemed to indicate that 
the short time allowed for combustion placed a limitation’ upon 
combustion efficiency. Accordingly, combustor No. 4 was made 
considerably larger than the previous combustors so that a 
higher range of residence time could be explored. 

Fig. 15 is a sectional view of combustor No. 4. This combustor 
was designed to burn 50 lb of coal per hr at a heat-release rate of 
275,000 Btu per (cu ft)(hr), with a corresponding particle 
residence time of 150 millisec. 
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The combustor consisted of a 10-in-diameter flame tube 42 in. 
long, a circular burner, a hydrogen igniter, and an outer shell. 
The flame tube was made of four short cylinders placed end to 
end, with '/s-in. slots between the ends of adjacent cylinders to 
admit a film of air over the inside wall surface. The burner was 
similar to that used in combustor No. 3, incorporating the same 
coal distributor in a circular burner. The tube admitting second- 
ary air was 2 in. diam and 3 in.long. With the coal distributor 
extending out of this throat slightly, a conical dispersion of 
primary air and coal, surrounded by secondary air, was obtained. 
Retracting the coal distributor to the rear of this throat resulted 
in premixing of the coal and secondary air before ignition. The 
hydrogen igniter was so placed: that a small flame was directed 
into the rich mixture leaving the tip of the coal distributor. 
Seven sighting ports were placed to allow visual observation of 
combustion conditions and of metal temperatures throughout the 
flame tube. 

Tests on Combustor No. 4. During two tests run on combustor 
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No. 4 at its design rate of 50 lb of coal per hr, Elkhorn No. 3 coal, 
pulverized to 93 per cent through 200 mesh, was burned. The 
first test was run with the fuel distributor flush with the inside of 
the flame-tube head, and the second was run with the fuel dis- 
tributor retracted 2 in. into the burner throat, causing premixing 
of coal and secondary air before ignition. This change caused no 
apparent difference in the performance of the combustor. At a 
residence time of 144 millisec, combustion efficiency obtained was 
85 per cent. 

The performance characteristics of combustor No. 4 were excel- 
lent. Quick positive ignition was obtained at normal operating 
air rates, the flame was stable at outlet temperatures as low as 700 
F, and no pilot flame was required during operation. 

During operation, the burner head of the flame tube was heated 
to a visible red color; the remainder of the flame tube was not 
heated visibly. The visible combustion, or flame luminosity, 
ended about 18 in. from the burner. Large particles which were 
visible at this location passed through the remaining 24 in. of 
combustion space with little change in appearance. The hottest 
observable portion of the flame was immediately adjacent to the 
burner, at 2500 F, with flame temperature falling rapidly in the 
first 6 in. of combustion space. 

No coke deposits of any kind were formed during operation at 
the design rate. At higher firing rates, with a deficiency of air at 
the burner, heavy coke deposits could be formed over the entire 
flame-tube head up to the first peripheral air slot. 

Inspection of the combustor after tests revealed a much greater 
ash accumulation than had been found in previous combustors. 
The inside of the flame-tube head, up to the first peripheral air 
slot, was covered to a depth of #/32 in. with fused slag. The re- 
maining 36 in. of the flame-tube length was coated to a uniform 
thickness of about #/3. in. by an extremely fine, flourlike coating 
of ash from which the caybon had been completely burned. It is 
suspected that the low gas velocity through this flame tube, 
about 30 fps, was a contributing factor to this ash accumulation. 


Conc.Lustions From Tests oN TUBULAR COMBUSTORS 


From the few tests run on two types of small tubular com- 
bustors, it is evident that combustion of pulverized coal at high 
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heat-liberation rates in air-cooled sheet-metal combustors is en- 
tirely feasible. Much of the technique which has been evolved 
for design and comparison of aircraft-type liquid-fuel-burning 
combustors is applicable to combustors burning pulverized coal. 
Among the important differences in design is the necessity of 
avoiding all impingement of pulverized coal on hot metal sur- 
faces, and the comparatively low heat-liberation rates which must 
be used to provide sufficient time for good combustion of slow- 
burning carbon particles {200,000 to 500,000 Btu per (cu ft) (hr) 
(atmosphere), compared to perhaps 5,000,000 Btu per (cu ft) 
(hr)(atmosphere) for liquid fuels]. 

Combustor No. 2 was a jet-engine combustor designed for burn- 
ing kerosene over an extreme range of firing rates. This wide- 
range performance is due to arrangement of flame-tube perfora- 
tions to cause strong recirculation of flame into the incoming fuel. 
This recirculation was also probably responsible for the excellent 
ignition characteristics of this combustor. 

Combustors Nos. 3 and 4 both incorporated a burner admitting 
a fixed fraction of the total air at the head of the flame tube and 
were limited in their operating range. This was probably a 
matter of burner design, as the recirculation in the burner zone 
was different from that in combustor No. 2. The design of 
combustors Nos. 3 and 4 has the advantage of providing a maxi- 
mum residence time per unit of combustor volume, which, in 
large combustors, should result in high combustion efficiencies. 

The principal value of small-scale low-pressure combustion 
studies appears to lie in comparison of such characteristics as 
ignition, combustion, cooling of metal parts, temperature dis- 
tribution at the combustor outlet, and deposition of coke and ash 
for various combustor configurations. At the present state of the 
art of combustor design, full-scale work over the complete range 
of gas-turbine conditions from idling to maximum load, including 
starting acceleration, and deceleration conditions, must be relied 
upon for accurate determination of performance characteristics 
of the final design of combustor. These are especially necessary 
for investigation of actual gas temperatures and metal tempera- 
tures, which may be higher than those in small combustors, and 
to determine practical means necessary to prevent slag and ash 
accumulation. 
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Instrument-Gear Standards and Design 


By G. W. KUNTNY,' PHILADELPHIA, PA. 


Common gear formulas alone do not guarantee smooth, 
continuous, and uniform gear motion. Refinements and 
corrections on basic dimensions are sometimes needed. 
Small pinions, for example, must be made oversize with 
increased pitch diameters if weak undercut teeth and 
loss of overlapping tooth action are tobe avoided. Accu- 
rate mathematical analysis of gear problems can be made 
by methods developed through the new science of gearing, 
“involute trigonometry.’’ Graphic gear analysis can be 
used to visualize gear theory and to double-check mathe- 
matical analysis. A fairly accurate graphic check can be 
made of essential gear elements such as overlapping tooth 
action, backlash, tolerances, and possible interference by 
duplicating the action of a gear-hobbing machine on a 
simple fixture described in this paper. Because accurate 
gear calculations are complex, the establishment of pre- 
selected standard specifications is recommended for fre- 
quently used classes and grades of gears. Samples of 
such “‘quick-reference’”’ tables are included. They are 
intended as a timesaver for the busy designer, and as a 
yardstick of gear quality for the less experienced drafts- 
man. 


NOMENCLATURE 
The following nomenclature is used in the paper: 
A 


undercut radius on gear meshing with basic rack having 
sharp-cornered teeth (see Fig.2) | 

undercut radius on gear meshing with basic rack having 
rounded teeth (see Fig. 2) 

standard addendum 

e = error producing undercut or interference 

radius on tip of tooth 

h, = whole depth of tooth 


A, = 


P = diametral pitch 

Q = radius to top of undercut on teeth 

r = pitch radius on pinion 

r, = base radius on pinion 

x = loss oninvolute measured from base circle 
¢ = pressure angle 


INTRODUCTION 


The first requirement in the production of high-quality instru- 
ment gears is gear specifications on drawings theoretically cor- 
rect and complete in every detail. No empirical short-cut method 
is practical. Neither do simple formulas found in some handbooks 
give best results. Essential elements are frequently overlooked 
and valuable gear properties lost by oversimplifying the problem. 
A modern gear-tooth profile is an involute curve similar to a 
uniform-motion cam. In a well-designed gear drive having suffi- 
cient overlapping tooth action, four cam-shaped tooth profiles, 
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and sometimes as many as six, are normally in action at the same 
time. The relations of several tooth profiles in action cannot be 
expressed in simple mathematics. They can, however, be ex- 
pressed accurately and evaluated through the new science of 
“involute trigonometry,” also known as “involutometry.”’ 

The busy designer is handicapped by having to make long 
time-consuming analytic calculations for gears, which represent 
only a relatively small part of his project. The economical and 
efficient procedure is to provide him with preselected standard 
gear specifications from which he can select gears quickly for a 
given purpose. Proposed preselected standard gear specifica- 
tions have been developed in this investigation for the nineteen 
quality classes of commercial and precision spur gears as recog- 
nized by the American Gear Manufacturers Association. Sample 
pages are shown in Tables 1 to 3 of this paper. Such tables be- 
come a timesaver for the busy designer and serve as a yardstick 
of gear quality for the less experienced draftsman. 

This investigation was limited to external spur gears with 
20 diametral pitch and finer, although most of the findings apply 
to other types of gears as well. The emphasis was placed on the 
requirements of the gear user rather than on those of the gear 
manufacturer. The practical result desired was the establish- 
ment of a detailed standard procedure and reliable data for 
writing instrument-gear specifications which would guarantee, 
at reasonable cost, the functional requirements for industrial 
instruments. 


Factors AFFECTING GEAR QUALITY 


Gear performance is sensitive to the slightest errors in design 
and workmanship. Slight tooth-profile errors or variations in 
tooth thickness, small errors in tooth spacing, and surface de- 
fects on teeth such as nicks, burrs, and sharp corners, may add 
up to a noisy gear drive which reduces the usefulness and sala- 
bility of an instrument. More serious errors, such as excessive 
undercuts on teeth, too generous tolerances, and large eccentricity 
or run-out, may impair seriously the operation of an instrument. 
Suitable material and proper heat-treatment for good wearing 
qualities are also essential. 

A pair of gears must have overlapping tooth action and pref- 
erably full involute action between tooth profiles. The proper 
running clearance, known as “‘backlash,’”” must be selected 
carefully for a particular application, excessive speeds and loads 
avoided, the right type of gear used, tooth profiles selected for 
minimum sliding between teeth in order. to reduce friction losses, 
proper lubrication and protection against dirt prov:ded, and good 
engineering principles observed in general. 

The efficiency of a gear drive is the final measure of instru- 
ment-gear quality. The forces available in instrume ts often 
approach zero. If gears consume more than their share of availa- 
ble power, the measurement or control response may fall below 
the high degree of sensitivity expected from a good instrument. 


Why Formvtas Fain 


When a designer is faced with a critical gear problem, he 
usually relies on his favorite handbook, although it may be 
out-of-date. He calculates pitch, diameters, addendum, depth 
of tooth, blank sizes, and the like, by the simple formulas given, 
without realizing the limitations of some of them. Some hand- 
books fail to note that these simple formulas, like many engi- 
neering formulas, give correct values only within certain 
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limits. The common gear formulas, for example, give correct 
diameters for 32 and more teeth only when 14!/2 deg pressure 
angle is used, and for 18 or more teeth with 20 deg pressure angle. 
Some handbooks and gear catalogs do not mention the fact 
that defective tooth profiles develop when the number of teeth 
or pressure angle is too low. For small gears, for example, cer- 
tain corrections must be made on some dimensions calculated by 
the common gear formulas if an efficient gear drive is to be ob- 
tained. These required corrections are examined in detail. 


DESTRUCTION OF OVERLAPPING TooTH ACTION BY EXCESSIVE 
UNDERCUTS 


Fig. 1 shows the geometrical relationship of error e which is 
responsible for the undercut and the loss of involute on tooth 


(ERROR PRODUCING 
@< INTERFERENCE OR 
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h,(30 PITCH AND FINER)= 222° + 
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Fic. 1 Derective 14!/2DrcG INvoLute Pinion WitH STANDARD 


ADDENDUM 

profiles. The error e is the distance by which the top land of the 
basic rack extends toward the gear center beyond the so-called 
“interference point.’’ While this gear construction satisfies the 
common gear formulas listed underneath the diagram, it violates 
the so-called “rule of minimum approach,” which in this case 
overrules the basic formulas. The rule of minimum approach 
states that a line drawn through the top land of teeth on a basic 
rack, or the outside radius of the mating gear, must not approach 
the other gear closer than the interference point. In other 
words, the error e must be zero. 

It may be suggested that a simple way to eliminate this trouble 
would be to reduce the length of the mating tooth by the amount 
e. This, however, may mean correcting one error by introduc- 
ing a new error which also destroys overlapping tooth action. 
In this particular example, illustrated in Fig. 1, the active portion 
of line of action would be only approximately the same length as 
the normal pitch, while it should be at least 120 to 140 per cent 
of the normal pitch, in order to obtain continuous and uniform 
gear motion. 


PossiBLE IMPROVEMENT BY INCREASING PRESSURE ANGLE 


Fig. 2 shows the slight improvement possible through increas- 
ing the pressure from 14'/, to 20 deg. A lack of overlapping 
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tooth action still exists, however, and the error e is still present. 
The length of the active portion of line of action in this example 
is less than the normal pitch. The length of the active portion 
of line of action can be estimated by finding the loss of involute 
with formulas listed below the diagram. Then by adding z to the 
base radius r,, the radius Q to the top of the undercut is obtained. 
The point where the radius Q cuts the line of action marked 
“make” is the beginning of tooth contact, and the point where 
the outside radius cuts the line of action marked “‘break’’ is the 
end of tooth contact. The length of tooth contact, called ‘‘active 
portion of line of action”? can be measured from the layout. The 
ratio between active portion of line of action and normal pitch 
is called ‘‘contact ratio,’’ which should be at least 1.2 to 1.4 for 
obtaining sufficient overlapping tooth action. 


RECOMMENDATIONS FOR OBTAINING FuLL INvoLUTE AcTION 


Fig. 3 illustrates the recommendations of the American Stand- 
ards Association for eliminating undercuts on gear teeth, and for 
obtaining full involute action on an eight-tooth pinion, by means 
of long addendum teeth. The defective tooth profiles shown in 
Figs. 1 and 2 are eliminated by simply increasing the diameter * 
of the gear blank and then generating the teeth with standard 
tools to standard depths measured from the enlarged outside 
diameter of blank. The increment which must be added to the 
nominal outside diameter in order to eliminate undercuts 02 
small pinions has been standardized by the American Standards 
Association in its Standard B6.1—1932, and by The American 
Gear Manufacturers Association in its Tentative Standard 
207.01—Feb., 1944. The use of long-addendump inions provides 
the theoretical maximum length of overlapping tooth action. 
The contact ratio for the eight-tooth long-addendum pinion show 
is approximately 1.3, which is satisfactory for most applications. 

Oversize long-addendum pinions introduce the slight complica- 
tions that they require increased gear centers or undersize 
mating gears. It is common practice to increase the nominal 
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gear centers, or decrease radii of the mating gear, the same 
amount by which the pinion radii have been increased. These 
corrections on gear centers or mating gears are, however, an 
approximation. If avery accurate control of backlash is needed, 
the theoretical center distance and backlash must be calcu'ated 
by involute trigonometry. The principal formulas of this new 
science of gearing are listed in the American Gear Manufacturer 
Association’s Tentative Standard 207.1-Feb., 1944. 


LONG 
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Fic. 3 AMERICAN STaNDARD 20-DeG InvoLuTE LonG-ADDENDUM 
PINION 

The diagram Fig. 3 also illustrates the fact that the eight- 

tooth standard long-addendum pinion shown is the smallest stand- 

ard gear having full-depth teeth. Pinions with seven or fewer 

teeth have reduced tooth depth and, unless the outside diameter 
is selected properly, have pointed teeth. 


Loss or OvEeRLAPPING AcTION THROUGH CUMULATIVE 
TOLERANCES AND EcceNTRICITY ERRORS 


Even with good tooth profiles it is possible to obtain a defee- 
tive gear drive, if errors from eccentricity and cumulative toler- 
ances are too large, as illustrated in Figs. 4 and 5. An eight- 
tooth long-addendum pinion meshing into a basic rack with zero 
backlash, Fig. 4, has about 30 per cent overlapping tooth action. 
When, however, the cumulative tolerances on pinion, rack, and 
mounting dinfensions plus minimum backlash allowance should 
add up to 0.008 on this 48-pitch pinion as shown in Fig. 5, then 
all overlapping tooth action is lost. Good gearing practice re- 
quires that at least 20 to 40 per cent remain under any condition 
for smooth transfer of power from tooth to tooth. 

More complete gear theory can be found in many books availa- 
ble on the subject, of which references (1, 2)* are probably most 
widely known. 


A Rapm Metnop or Grapuic GEAR ANALYSIS 


A timesaving tool developed for visualizing the complex 
geometric relationships of various gear elements is illustrated 
in Fig. 6. This tooth-profile generating fixture duplicates the 
action of a gear-hobbing machine on paper at 50 to 100 times en- 
larged seale. While the conventional layout method for develop- 
ing tooth profiles on a drawing board produces only the normal 


* Numbers in parentheses refer to the Bibliography at the end of 
the paper. 
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involute curves, this special fixture also brings out some freak 
features which may creep in under certain conditions. For a clear 
understanding of the operating principles of this device, some 
knowledge of gear-generating methods is desirable. The prac- 
tical use of this fixture is as follows: 

1 An enlarged accurate outline of a few teeth of the gear hob 
to be used is made on drawing paper and mounted on the cross 
slide in the center of the fixture as shown. 

2 A transparent paper template of a gear blank for a given 
gear is made on which outside radius, pitch radius, base radius, 
and root radius are drawn as shown at the right in Fig. 6. The 
second template shown at the left should be ignored for the 
present. 

3 The paper template of the gear blank is now screwed to a 
rotating stud which represents the gear center. The adjustable 
slide of the fixture on which the stud rotates is now moved to the 
left until the transparent paper template is superimposed on the 
drawing on the cross slide. The root circle of the gear paper tem- 
plate must be exactly tangent with a straight line drawn along the 
tip of the hob teeth shown on the cross slide. 

4 Equal steps of arbitrary lengths are now marked off along 
the straight pitch line on the hob teeth on the cross slide and 
along the pitch circle of the gear blank template, and are num- 
bered as shown in the illustration. We are now ready to generate 
the tooth profiles shown at the right of the illustration. 

5 The cross slide is moved step by step, while the paper tem- 
plate is rotated the same .equal steps corresponding with the 
numbers marked on the cross slide and templates. At each step 
the outline of the hob teeth is traced on the transparent paper 
template as shown in light lines on the template. The envelope of 
the various hob-tooth outlines on the template forms the tooth 
profile as a gear-hobbing machine would produce it from given 
dimensions. 

6 The tooth profiles of the pinion, shown at the left in Fig. 6, 
are now generated in the same manner, the cross slide being re- 
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TABLE 1 PROPOSED MINIMUM _ BACKLASH ALLOWANCE 
TOLERANCES AND RESULTING MAXIMUM BACKLASH FOR 
NINE STANDARD CLASSES OF COMMERCIAL GRADE 20-DEG 


Fic. 6 Fixture ror GENERATING TooTH PgoriLe TEMPLATES AT 


ENLARGED SCALE 


versed so that the cutting-edge outline is again used for tracing. 

7 The cross slide can now be turned upside down. The two 
transparent paper templates of gear and pinion are then moved 
together until the teeth are “in mesh,’”’ and one templet is super- 
imposed upon the other. The distance from center to center of 
the two paper templates should be the same as the theoretical 
gear centers at enlarged scale. 

8 We are now ready to study the pair of gears in motion by 
rotating both templates together. The essential gear elements, 
such as overlapping tooth action, backlash, and possible inter- 
ference between teeth, can be observed and measured fairly 
accurately at 50 to 100 times enlarged scale. By drawing a line 
tangent to the two base circles, and intersecting the line of cen- 
ters, the operating pressure angle can also be measured. 


Proposep Basic SPECIFICATIONS 


Table 1 is a graphic summary of the proposed basic specifica- 
tions for nine classes of commercial grade fine-pitch spur gears. 
Pressure angle of 20 deg was selected according to réecommended 


practice of the American Gear Manufacturers Association. The 
preferred diametral pitches are 20, 24, 32, 40, 48, and 56; first 
choices being 32 and 48 diametral pitch. The recommended 
minimum backlash and maximum backlash vary according to 
class and pitch from 0.001 in. to0.020in. The five elements which 
determine the minimum and maximum backlash are shown 
graphically in the block diagram. 


‘being 32, 48, 64, and 80 diametral pitches. 


INVOLUTE FINE-PITCH SPUR GEARS 


MAXIMUM RADIAL CLEARANCE 
BACKLASH ° Low HIGH 
oR 
RUNNING OF PINION | OF GEAR | OF GEAR 
CLEARANCE CENTE 
TOLERANCEITOLERANCE 
SEE NOTE | |SEE NOTE? 


T 


CLASS QUAME TRAL 


PITCH MIN. MAX 


[20-24] 006-020 
COMMERCIAL I-A 932-40] 005-016 
48-56 | 004-015 
20-24) 005-0 

004-015 
(48-56 | 003-012 
{20-24} 004-015 

003-010 
(\48-56| 002-009 
20-24) .005-015 

2-A 932-40 
48-56 
20-24 

2-8 32-40 
48-56 
20°24 

2-C «32-40 
48-56 


20°24 
3-A 32-40 
48-56 | 002-005 
20-24 
3-8 (32-40 
(48-56 
20-24 
3-C (32-40 
(48-56 


NOTE MAXIMUM LIMIT * OOOO FOR ALL CLASSES 
NOTE 2:MiINIMUM LIMIT* OOOO FOR ALL CLASSES 


Minimum backlash is obtained, when both pinion and gear 
have 18 or more teeth, by reducing the pitch radii of both pinion 
and gear by the radial minimum backlash allowance indicated 
in Table 1. When, however, the pinion has 17 or fewer teeth, 
the total backlash allowance is taken on the larger gear, and no 
modification for backlash is made on pinions in order to avoid 
errors on the Sensitive tooth profiles of small pinions. In rare 
cases when both mating gears have 17 or fewer teeth, long-ad- 
dendum pinions must be used, as given in Table 3, and the 
minimum backlash allowance must be added to the theoretical 
center distance. 

The maximum backlash of a pair of gears is determined through 
the cumulative effect of five elements graphically shown in the 
block diagram of Table 1, including: Minimum backlash allow- 
ance on pinion, minimum backlash allowance of gear, tolerances 
on pinion, tolerances on gears, and tolerances on gear centers. 

Table 2 is a graphic summary of the proposed basic specifica- 
tions for ten classes of precision-grade fine-pitch spur gears also 
based upon recommendations of the American Gear Manufac- 
turers Association. The yreferred diametral pitches for precision 
gears are 20, 24, 32, 40, 48, 56, 64, 72, 80, 96, and 120, first choices 
The recommended 
minimum backlash and maximum backlash vary from 0.0005 in. 
to 0.007 in., according to classes and pitches. 

No standard specifications can be given for the highest pre- 
cision Class 3-D, used for applications in which no measurable 
backlash is permitted between a pair of gears. Precision-geat 
specifications are, in general, similar to commercial-gear speci- 
fications explained in Table 1, except for smaller backlash allow- 
ance, finer tolerances, and better workmanship. 

Table 3 is a sample page from a set of “quick reference’’ tables 
for designers. From these tables the designer can take directly, 
without further calculations, all the working dimensions and 
tolerances as they should be put on shop drawings for the pre- 
ferred classes and sizes of gears. 

The nominal 20-deg pitch radii, listed as r,,m, are frequently 
needed for gear calculation. The actual working radii are usually 
larger or smaller when allowance for elimination of undercuts oF 
backlash allowance is included. 
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TABLE 2. PROPOSED MINIMUM BACKLASH ALLOWANCE, TOL- 
ERANCES AND RESULTING MAXIMUM BACKLASH FOR TEN 
STANDARD CLASSES OF PRECISION GRADE 


20-DEG INVOLUTE 
FINE-PITCH SPUR GEARS 


MANIMUM RADIAL CLEARANCE —— 
BACKLASH MIWMUM RADIAL 

CLASS TRAL REDUCED REDUCED 

20, 24, 32,40,004- 007 
|PREGSION 1-A< 48,56,64,72| 003- 
80,96,120 |.002- 0045} == @ | | 

20, 24,32,40.003- 005 


1°84 48,56,64,72|002 -004 


80, 96,120 | 
20, 24,3240) 002 - 0035 

56,64 ,72| 0015-0025 


48 ,56,64,72|002- 
80,96,120 Coes 
(20, 24,32,40,002- 003 


28448, 56,64,72| 0015: 002 


(80,96,120 002 


(20,24,32,4 | 
* 2°C< 48,56,64,72/001- 002 
\80,96,120 | | 

(20, 24,32, 


96,120 


(20,24,32,40) 
48,56,64,72 
| 80,96,120 


001 - 0015 
0008-001 (ZEEE 


p | } | | | 
004 006 006 
- 3-0 NO MEASURABLE BACKLASH AT ANY PITCH 


| NOTE |: MAXIMUM LIMIT ® 0000 FOR ALL CLASSES 
NOTE 2 MINIMUM LIMIT » 0000 FOR ALL CLASSES 


The gaging pitch radii listed as 7,,,, are the actual working di- 
mensions in which all needed are included. This 
dimension added to the pitch radius of a master gear gives the 
center distance to which the so-called ‘‘run-around’ gage must 
be set for making a composite check on a finished gear. 

The outside radii r,, include allowance for permissible 
tions in size and runout. 

The root radius r, is a reference dimension for calculating the 
largest-permissible hole in the gear. 

The whole depth of tooth A,, is the amount by which the cut- 
ting tool is fed into the gear blank, measured from the outside 
diameter, 

The minimum number of teeth on mating gear .V, for each gear 
listed, and the resulting contact ratio m,, are needed by designers 
for checking whether sufficient overlapping tooth action exists for 
a given application. 

The M dimension, listed in the last column of Table 3, permits 


corrections 


varia- 


LE 3 UICK-REFERENCE TABLE 


TAB Q 
LONG-ADDENDUM PINIONS, 
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a very accurate measurement of pitch diameter by means of a 
micrometer and two precision wires. The measurement can be 
made while the gear is still on the arbor-of the gear-cutting ma- 
chine. The wire-measurement check can be combined with the 
composite check on the run-around gage for a double inspection of 
critical precision gears. 
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FOR PROPOSED 48 DIAMETRAL PITCH 
FULL-DEPTH INVOLUTE, 


COMMERCIAL “GENERAL PURPOSE” CLASS 2-B 
Minimum Contact 
Gaging number ratio, 
Number Nominal pitch Outside Nominal of teeth or num- 
of teeth 20 deg radius radius whole on ber of Measure- 
on pitch +0.000 +0.0000 Root depth of mating active ment over 
pinion radius —0.002 —0.0025 _ radius tooth gear teeth 0.040 wires 
n Tnom Tgag ro Tr he N mp M 
5) 
$( See section ‘‘extra small pinions 
7 
8 0.08333 0.0941 0.1152 0.0674 0.0478 40 1.31 0.2398 
9 0.09375 0.1033 0.1243 0.0765 0.0478 36 1.34 0.2566 
10 0.10417 0.1126 0.1336 0.0858 0.0478 33 1.37 0.2800 
11 0.11458 0.1218 0.1428 0.0950 0.0478 30 1.39 0.2972 
12 0.12500 0.1310 0.1520 0.1042 0.0478 27 1.41 0.3196 
13 0.13542 0.1403 0.1611 0.1134 0.0478 25 1.42 0.3371 
14 14583 0.1495 0.1703 0.1225 0.0478 23 1.43 0.3588 
15 0.15625 0.1587 0.1795 0.1317 0.0478 21 1.43 0.3764 
16 0.16667 0.1679 0.1887 0.1409 0.0478 19 1.44, 0.3976 
17 0.17708 0.1772 0.1990 0.1512 0.0478 18 1.44 0.4153 
Rule 1; Long addendum pinions, listed on this page, are considered standard for pinions with 17 


or fewer teeth. 
dum Pinions. 


Rule 2: The preferred numbers of teeth for gea 


No modifications on dimaters or tooth thickness should be made on Long Adden- 


rs are underlined in tables. 
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The Removal of Aldehydes From Diesel 
Exhaust Gas 


By R. F. DAVIS! ano M. A. ELLIOTT,? PITTSBURGH, PA. 


This report presents the results of studies (a) to deter- 
mine the relation between aldehyde content of Diesel- 
exhaust gas and the odorous and irritating properties of 
that gas; (6) to determine the effectiveness of different 
scrubbing media for removing aldehydes from Diesel- 
exhaust gas. Observations on the odor and irritation pro- 
duced by Diesel exhaust gas have shown that both of these 
properties can be correlated with the concentration of 
aldehydes in the exhaust gas. The threshold concentra- 
tion for perception of odor is approximately 0.2 to 0.3 ppm 
of aldehydes (expressed as equivalent formaldehyde). 
The threshold of nasal and eye irritation occurs at about 1 
ppm of aldehydes (expressed as equivalent formaldehyde). 
A series of full-scale tests on the removal of aldehydes by 
scrubbing with water showed that, as ‘the concentration 
of aldehydes in the scrubbing solution increases, the per- 
centage removal of aldehydes decreases. At elevated 
temperatures, the removal was nil, and under no condi- 
tions was complete removal obtained. 

From a series of laboratory tests, it appeared that 
aqueous solution of sodium sulphite might be used in 
removing aldehydes from Diesel exhaust gas if hydro- 
quinone was added to inhibit the oxidation of sodium 
sulphite. A full-scale test showed that an aqueous scrub- 
bing solution, containing 10 per cent sodium sulphite by 
weight and 0.5 per cent hydroquinone, removed sub- 
stantially all aldehydes for a period of 7 hr, and 90 per cent 
or more of the aldehydes for a period of 15 hr. In this 
test approximately 3000 cu ft of dry exhaust gas (at 60 F 
and 29.92 in. Hg) was scrubbed per hour at a scrubbing 
temperature of 133 F. Estimates of the cost of scrubbing 
Diesel exhaust gas indicate that the cost of materials 
would be approximately 80 cents for an engine operating 
continuously for 8 hr and producing an average of 5000 
cu ft of dry exhaust gas (at 60 F and 29.92 in. of Hg) per 
hour. 


INTRODUCTION 


DOROUS and irritating materials are present in the ex- 
() haust gases from Diesel engines under some operating 

conditions and with certain types of fuel. In most appli- 
cations of the Diesel engine, the dilution of exhaust gases with 
the ambient air is sufficient to reduce the concentration of odor- 
ous and irritating materials to a nonobjectionable level. How- 
ever, the odor problem has been encountered in certain opera- 
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tions of Diesel engines in congested areas, and it becomes of 
considerable importance when Diesel engines are used in confined 
spaces, as, for example, in mining and tunneling operations. 

The desirability of eliminating or minimizing the odor from 
Diesel-exhaust gases became apparent in connection with the 
Bureau of Mines’ investigations of the hazards of using Diesel en- 
gines underground. In one underground application of Diesel 
engines on which detailed data are available (1),* the character- 
istic odor of Diesel-exhaust gas was evident even though alde- 
hydes, which are generally regarded as responsible for the odor, 
were present in the air only in extremely low concentrations. 
In this application, the odor was considered objectionable by 
some individuals. In an effort to eliminate such objections to 
the use of Diesel engines underground, the Bureau of Mines in- 
vestigated various methods for removing the odors from Diesel- 
exhaust gases. This report summarizes the results of these 
studies. 

Review oF Previous Work 


The odor of Diesel-exhaust gas has been mentioned frequently 
in the technical literature, but very little quantitative data have 
been published relating odor intensity to a particular constituent 
of the exhaust gas. Investigators of combustion in the Diesel 
engine (2) have pointed out that aldehydes and possibly other 
oxygenated organic compounds and polymerization products are 
responsible for the odor of Diesel exhaust gas. Other investi- 
gators (3, 4) have attributed the odor of Diesel exhaust to sulphur 
compounds. Such compounds may contribute to odor, but tests 
by the Bureau of Mines (5) have shown that the odor of Diesel 
exhaust was evident even with fuels containing essentially no 
sulphur. In these tests (5), odor intensity and degree of irritation 
were related to the concentration of aldehydes in the exhaust 
gas. Subsequently, Nikita, Levin, and Kichline (6) related the 
odor intensity of the exhaust from gasoline engines to concentra- 
tion of aldehydes, and Wetmiller and Endsley (7) used aldehvde 
concentration as a measure of odor intensity of Diesel exhaust 
gas. 

Very little information has been published on methods for 
deodorizing Diesel exhaust gases. Maurin and Kling (8) showed 
that water was not effective in deodorizing Diesel exhaust gases, 
but that scrubbing with aqueous solution of sodium carbonate 
or lime, followed by passage over activated charcoal was effective. 
These authors presented only limited quantitative data. Schmidt 
(4) claims that addition of chloride or activated oxygen to the 
fuel will eliminate odor from Diesel exhaust gases. 


Scope or PresENT 


From the literature survey, it seemed desirable (a) to obtain 
additional quantitative data on the relation between odor in- 
tensity and irritating effect of Diesel exhaust gas and the con- 
centration of aldehydes in the exhaust gas; (b) to obtain quanti- 
tative data on the effectiveness of water as a scrubbing medium; 
and (c) to develop an economical method for removing aldehydes 
from Diesel exhaust gas. These three objectives define the scope 
of the work to be described. 


3 Numbers in parentheses refer to the Bibliography at the end of 
the paper. 


745 


= 
‘ 
. 
= 
a=: 
. 


746 


RELATION BETWEEN Opor AND IRRITATION, AND CONCENTRA- 
TION OF ALDEHYDES 


Apparatus and Procedure. In determining the relation between 
the odor intensity and irritating effect of Diesel exhaust gas 
and the concentration of aldehydes in the exhaust gas, observa- 
tions were made on the exhaust gas before (raw gas) and after 
(scrubbed gas) passage through a water scrubber. The details 
of the scrubbing equipment are not significant in connection 
with odor tests and are given in a subsequent section of this re- 
port. 

Exhaust gas was conducted in a 1-in. pipe to an observation 
station. The observation station was a closed chamber 1 ft X 
1 ft X 2'/. ft, constructed of wood and having a front door 
hinged at the top. Exhaust gas was passed continuously through 
the observation chamber with the door closed. The door was 
opened only when an observation was made. Observations of 
odor intensity and nasal irritation were based on one inhalation. 
Observations of eye irritation were based upon an exposure of 
5 to 10 sec. At least 5 min elapsed between observations of any 
individual. The observer did not know the concentration of 
aldehyde in the exhaust gases nor did he know whether the ob- 
servations were made on raw or scrubbed gas. 

Aldehydes were determined by the method used by the 
American Gas Association (9), except that the silver was dis- 
solved in hot 1:3 nitric acid and refiltered to obtain the final 
filtrate. This method determines total aldehydes present, but 
the results are reported as concentration of equivalent formalde- 
hyde in parts per million parts by volume. 

Odor intensity and nasal and eye irritation were evaluated in 
accordance with the following scale (10): 


Odor Intensity Eye and Nasal Irritation 


0 No odor 0 No irritation 

1 Very faint, minimum odor, but 1 Faint, just perceptible, 
positively perceptible threshold, not painful 

2 Faint, weak odor, readily per- 2 Moderate 
ceptible 

3 Easily noticeable, moderate 3 ‘Strong, discomforting, pain- 
intensity ful, but may be endured 

4 Strong, cogent, forcible odor 4 Intolerable, cannot be en- 

dured 
5 Very strong, intense effect, 


may bite or irritate 
EXPERIMENTAL RESULTS 


The results of odor-intensity observations are shown in rela- 
tion to concentration of aldehydes in the exhaust gas in Fig. 1. 
Similar correlations are shown for the intensity of nasal and 
eye irritation in Figs. 2 and 3, respectively. In these figures 
the sense reaction is plotted as a function of the logarithm of 
the concentration of aldehydes. This function‘al relationship 
expresses Weber’s law (11, 12), which states that the sense re- 
action is proportional to the logarithm of the stimulus. Gam- 
ble (13) demonstrated that Weber’s law applies to the sense of 
smell, and Katz and Talbert (10) corroborated this and showed 
also that it applied to nasal and eye irritation. 

Fig. 1 shows that the odor intensity of Diesel exhaust gas is 
related to concentration of aldehydes. Throughout the range of 
concentrations covered, the relation is linear, indicating that 
Weber’s law applies. The same conclusions apply to nasal and 
eye irritation although the dispersion of the observations on eye 
irritation is greater than that of the other sense reactions. Each 
point in Figs. 1, 2, and 3 represents an average of the observations 
between five and eleven different individuals. Even when this 
comparatively large number of observations is used to obtain an 
average index of the sense reaction, the average points deviate 
approximately +0.5 units from the best linear relation. In spite 
_of this, the curves indicate a definite trend of sense reaction with 
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aldehyde concentration. Furthermore, removal of aldehydes by 
water-scrubbing decreased odor and irritation. From these re- 
sults it was concluded that aldehydes could be used as a satis- 
factory criterion of odor and irritation and that the most promis- 
ing method for elimination of odor and irritation would involve 
removing of aldehydes from the exhaust gas. 

Extrapolation of the relations, Figs. 1, 2, and 3, shows that the 
threshold of odor occurs at an aldehyde concentration of approxi- 
mately 0.2 to 0.3 ppm by volume, and that the threshold of nasal 
and eye irritation occurs at a concentration of about 1 ppm. 
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FFECT OF SCRUBBING WITH WATER ON REMOVAL OF ALDEHYDES 


The use of water as a scrubbing medium for removing alde- 
hydes from Diesel-exhaust gas has been mentioned frequently in 
both the technical and trade literature. Theoretical considera- 
tions indicate that incomplete removal of aldehydes is likely un- 
less the gas is scrubbed countercurrently with fresh water con- 
taining no dissolved aldehydes. Such a scrubbing system is not 
feasible for mobile Diesel-powered equipment. Even though 
scrubbing with water did not appear to be attractive, it was con- 
sidered advisable to obtain quantitative data on the limitations 
of water as a scrubbing medium for removing aldehydes from 
Diesel exhaust gase8, because of the number of inquiries on this 
subject received by the Bureau of Mines. 

Full-seale tests were made in which the exhaust gases from a 
standard commercial 4-stroke-cycle Diesel engine were scrubbed 
with water in a bubbling-tvpe scrubber. A schematic outline of 
the equipment is shown in Fig. 4. 

A bubbling-type scrubber was used in these tests because of the 
simplicity of its construction, and because this type scrubber 
had been used on Diesel mine locomotives (1, 14). 
ber was 18 in. X 18 in. X 18 in. and contained 10 gal of water 
under operating conditions. The exhaust gases entered through 
a 4-in. pipe, Fig. 4. The submerged section of this pipe was 
parallel to the bottom of the scrubber and contained five 1-in- 
diam holes on each side. The holes were drilled on 2-in. centers 
longitudinally. The longitudinal center lines on each side of the 
pipe were at an angle of 45 deg from the vertical (see Fig. 4). 
The scrubber contained a baffle plate and a cyclone separator to 
minimize entrainment. After leaving the scrubber, the gases 
passed through a packed tower to remove traces of entrained 
water which might have interfered with the determination of 
aldehydes in the outlet gases. 

In making a test, the engine-operating conditions were ad- 
justed during the first hour of operation. These conditions were 
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then maintained for the duration of the test (approximately 6 
hr). During this period, the water lost from the scrubber in 
saturating the exhaust gases was replenished by fresh water to 
maintain approximately 10 gal of water in the scrubber at all 
times. Samples of the exhaust gas at the inlet and outlet of the 
scrubber were taken at intervals during the test. These samples 
were analyzed for aldehydes, as mentioned previously, and for 
oxides of nitrogen, carbon dioxide, oxygen, carbon monoxide, 
methane, hydrogen, and nitrogen by methods described else- 
where (5). Samples of the scrubbing water were taken also at 
periodic intervals and analyzed for aldehydes. 

The injectors and the fuel pump in the engine used in these 
tests were not in proper mechanical condition, and for this rea- 
son, aldehyde concentrations in the exhaust were higher than 
with a properly operating engine. This was an advantage in 
these tests because a relatively wide range of aldehyde concentra- 
tions was desired in the odor tests previously described. 

The results of a typical test are shown in Fig. 5. In this test 
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Fic. 5 Variation Wits TIME oF CONCENTRATION OF ALDEHYDES 
in Raw Gas, ScRUBBED GaAs, AND SCRUBBING WATER 


the concentration of aldehydes in the inlet gas ranged from 44 
to 60 ppm, and that in the outlet gas ranged from 28 to 38 ppm. 
As the test progressed, the concentration of aldehydes in the 
scrubbing water increased, and the per cent removal of aldehydes 
decreased from about 50 at the beginning of the test to 14 at the 
end. The same trend was observed in all tests in which water 
was used as a scrubbing medium. 

In scrubbing Diesel-exhaust gases, the temperature of the 
scrubbing solution depends on the temperature of the exhaust 
gases entering and on the fuel:air ratio at which the engine is 
operating. Under actual operating conditions, the temperature 
in the scrubber will range from approximately 80 to 160 F. There- 
fore the effect of temperature on aldehyde removal was ex- 
amined and illustrated results are shown in Fig. 6. To compare 
the results, the percentage of aldehydes removed is shown as a 
function of the concentration of aldehydes in the scrubbing water. 
Fig. 6 shows that at any given temperature, the percentage of 
removal decreases as the concentration of aldehydes in the 
scrubbing water increases. The figure also shows that at any 
given concentration of aldehydes in the scrubbing water, the per- 
centage of removal decreases markedly as the temperature of the 
scrubbing water increases. 

The data presented in Fig. 6 are not rigorously comparable 
because the concentration of aldehydes in the raw gas was not 
the same in every test. In‘the tests at an exhaust-gas through- 
put of 4500 cu ft per hr, the range of concentration was as follows: 
75 to 134 ppm in the test at 103 F; 44 to 60 ppm in the test at 122 
F; and 16to29 ppm in the test at 140 F. In the test at an exhaust- 
gas throughput of 2100 cu ft per hr, and a scrubbing temperature 
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Fic. 6 Errect or TEMPERATURE AND CONCENTRATION OF Dis- 
SOLVED ALDEHYDES ON REMOVAL OF ALDEHYDES FROM DIESEL 
Exuaust Gas 


of 122 F, the aldehyde concentration in the raw gas ranged from 
11 to 42 ppm. In spite of the lack of control of aldehyde concen- 
tration in the inlet gases, the results shown in Fig. 6 clearly indi- 
cated the unsuitability of water as a scrubbing medium for re- 
moving aldehydes. 

The effect of exhaust-gas throughput is also indicated in Fig. 
6 by the results of tests at 122 F with exhaust-gas throughputs 
of 2100 and 4500 cu ft per hr. At the lower exhaust-gas through- 
put, the scrubbing water contained only 180 mg of aldehyde per 
liter at the end of 6 hr, and the percentage of aldehyde removed 
was 60 to 70. For a comparable period of time but with double 
the exhaust-gas throughput and with a higher concentration of 
aldehydes in the raw gas, the scrubbing water contained 740 mg 
of aldehydes per liter, and the percentage of removal was only 14. 

Water scrubbing was effective in reducing the odor and ir- 
ritation of Diesel exhaust gas to the extent that it removed alde- 
hydes from the gas. In every instance in which significant propor- 
tions of aldehydes’ were removed, the intensity of odor and irri- 
tation was decreased. In general, the decrease ranged from 0.5 
to 1.5 units on the arbitrary sense-reaction scale described pre- 
viously. Inno test was the scrubbed gas odorless or nonirritating, 
see Figs. 1 to 3. 


REMOVAL OF ALDEHYDES BY AQUEOUS SoODIUM-SULPHITE 
SOLUTIONS 


In view of the foregoing results with water as a scrubbing me- 
dium, it is evident. that some other means must be employed if 
substantially complete removal of aldehydes from Diesel exhaust 
gas is to be realized. A survey of the literature disclosed sev- 
eral possible chemical reactions which might be utilized in re- 
moving aldehydes. Each of these was investigated on a labora- 
tory scale by passing air-containing formaldehyde through the 
solution in question and determining the formaldehyde removal. 
The two most effective reactions studied were (a) oxidation of 
formaldehyde by chromic-acid solution; and (b) reaction with 
aqueous solution of sodium sulphite. The latter method ap- 
peared to be more suitable for use in Diesel engines because cor- 
rosion and handling problems would be less troublesome than 
with chromic-acid solutions. 

The laboratory experiments on the removal of formaldehyde 
by the reaction 


Na,SO; + HCHO + H.O —> NaOH + CH; (NaSO,) OH 
showed that removal of 50 ppm of formaldehyde from air was 


TRANSACTIONS OF THE ASME 


AUGUST, 1948 


substantially complete for long periods of time-at temperatures 
up to 160 F, and with solutions containing 2 to 5 per cent by 
weight of sodium sulphite. These tests showed also that the 
removal of formaldehyde decreased markedly when most of the so- 
dium sulphite had been oxidized to sodium sulphate by the 
oxygen in the air. Since Diesel exhaust gases contain significant 
concentrations of oxygen, it is necessary to inhibit or retard the 
oxidation of sodium sulphite to extend the effective life of the 
scrubbing solution. Previous work (15) had shown that hydro- 
quinone was the most effective inhibitor for oxidation of sodium 
sulphite. Under the conditions of the laboratory-scale tests at 
160 F, the addition of 0.3 per cent hydroquinone to a 5 per cent 
sodium-sulphite solution retarded oxidation significantly. For 
example, at the end of 5 hr, the concentration of sodium sulphite 
was 3.1 per cent without inhibitor, and 3.9 per cent with inhibi- 
tor. 

To determine the effectiveness of aqueous sodium-sulphite 
solutions in removal of aldehydes from Diesel exhaust gas under 
actual operating conditions, a series of full-scale tests were made 


_ using the apparatus previously described in discussing scrubbing 


with water. 

The first full-scale tests were made with no inhibitor added to 
the’solution to determine whether oxidation of sulphite would be 
a problem under practical operating conditions, and to deter- 
mine whether loss of activity of the solution resulting from oxi- 
dation might be obviated by using higher concentrations of 
sodium sulphite. The results of these tests are shown in Fig. 7. 
It will be observed that solutions containing 5 per cent sodium 
sulphite became inactive in less than 1 hr. The 10 per cent solu- 
tion was active for about 2 to 3 hr, and the 20 per cent solution 
for about 5 to 6 hr. The tests with the 20 per cent solution were 
run at two engine loads, namely, idling (scrubbing-water tem- 
perature about 100 F), and 50 per cent load (scrubbing-water 
temperature about 130 F). Fig. 7 shows that the scrubbing solu- 
tion was more effective at the lower scrubbing temperature. 

The results, presented in big. 7, show clearly that under actual 
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operating conditions, sodium sulphite is oxidized by the oxygen 
in Diesel exhaust gas and that increasing the concentration of 
sodium sulphite increases the effective life of the solution. How- 
ever, even with solutions containing 20 per cent sodium sulphite, 
the maximum life was only 5 to 6 hr, which probably would not 
be satisfactory for a practical application. 

The foregoing results indicated the desirability of using an in- 
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hibitor to increase the effective life of the scrubbing solution. 
Accordingly, a series of full-scale tests were made with different 
concentrations of hydroquinone added to a 10 per cent solution of 
sodium sulphite. The results of these tests are presented in 
Fig. 8. This figure shows that additions of hydroquinone 
have a marked influence in extending the effective life of the 
scrubbing solution. For example, with no inhibitor, the solution 
was inactive after approximately 3 hr, whereas, with a solution 
containing 0.5 per cent hydroquinone, the activity was accepta- 
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ble for periods up to 12 to 15 hr. The variation of scrubber inlet 
and outlet aldehyde concentration with time in the test with 0.5 
per cent hydroquinone present is shown in Fig. 9. Removal of 
aldehydes was substantially complete for 7 hr of continuous 
operation in this test. The three periods of highest inlet aldehyde 
concentration occurred when the engine was idled at the begin- 
ning and end of a test period. 

Test operators made observations of odor, and when aldehyde 
removal was substantially complete these operators reported 
that the scrubbed exhaust gases were substantially odorless. In 
the test with 0.5 per cent hydrocuinone present (see Fig. 9), 


three impartial observers had no difficulty in distinguishing 
between scrubbed and unscrubbed gas. These observers re- 
ported comparatively little odor and irritation in the scrubbed, 
gas. 

Sodium-sulphite solution removed small quantities of carbon 
dioxide, but carbon monoxide and oxides of nitrogen were not 
removed. 


PracticAL CONSIDERATIONS IN REMOVING ALDEHYDES FRoM 
Gas 


The application of the foregoing results to the removal of alde- 
hydes from the exhaust of a Diesel-powered mobile unit would 
involve: (a) the installation of a suitable scrubber; (6) the in- 
stallation of an auxiliary tank containing either water or scrub- 
bing solution; and (c) the provision of an automatic means for 
replenishing the water lost by evaporation either with water or 
scrubbing solution from the auxiliary tank. Such equipment has 
been installed in European Diesel mine locomotives in wh ch the 
exhaust gases are passed through water scrubbers to reduce 
temperatures and quench flame or sparks. 

If a scrubbing system were installed to remove aldehydes from 
Diesel exhaust gas, the system should be designed so that it 
would be effective in removing aldehydes for some selected period 
of time. In the case of the mine locomotive, this might be 8 hr, 
which is the duration of one shift. At the end of this time the 
spent scrubbing solution would be discharged and the system 
replenished with fresh solution. 

It is not possible to estimate accurately the cost of removing 
aldehydes from Diesel exhaust gases until detailed information is 
available on the engine operating conditions in any particular 
situation. However, the cost can be approximated from the re- 
sults of the test with 0.5 per cent hydroquinone added to a 10 
per cent sodium-sulphite solution. Ten gallons of this solution 
removed 90 per cent or more of the aldehydes from Diesel ex- 
haust gas ‘or about 15 hr at a temperature of 133 F, and with in- 
let aldehyde concentrations of 30 ppm or less. During the period, 
approximately 45,000 cu ft of dry exhaust gas (corrected to 
60 F and 29.92 in. Hg) was scrubbed. The oxygen content of the 
exhaust gas was 13.5 per cent. If we assume, as the results indi- 
cate, that oxidation of the sodium sulphite is the factor that limits 
the life of the solution, then the cost of the chemicals used for 
scrubbing will be determined by the total volume of exhaust 
gas that can be passed through the solution before it becomes 
inactive. The foregoing results permit such an estimate to be 
made as follows: 


Basis, 10 gal (approximately 91 lb of scrubbing solution) 


9.1 lb of sodium sulphite at $0.0525 perlb.................. $0.48 
0.45 lb of hydroquinone at $0.90 perlb...........0..0.2..... 0.41 
Total 30.89 


Cost per M cu ft of dry exhaust gas at 60 F and 29.92 in. Hg = 
89/45 = 2 cents 

If it is assumed that an engine produces an average of 5000 cu © 
ft of dry exhaust gas per hr and operates continuously for 8 hr 
a day, the daily cost for scrubbing chemicals would be $0.80, and 
the scrubbing system should be designed for a solution capacity of 
approximately 9 gal. The foregoing estimates are only approxi- 
mate, but they do furnish an indication of the order of magnitude 
of the cost of removing aldehydes by scrubbing the exhaust 
gas with aqueous sodium sulphite solutions. 


SUMMARY AND CONCLUSIONS 


This report presents the results of studies (a) to determine the 
relation between aldehyde content of Diesel-exhaust gas and 
the odorous and irritating properties of that gas; (b) to determine 
the effectiveness of different scrubbing media for removing al- 
dehydes from Diesel exhaust gas. 
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Observations on the odor and irritation produced by Diesel 
exhaust gas have shown that both of these properties can be 
correlated with the concentration of aldehydes in the exhaust 
gas. The threshold concentration for perception of odor is ap- 
proximately 0.2 to 0.3 ppm of aldehydes (expressed as equivalent 
formaldehyde). The threshold of nasal and eye irritation occurs 
at about 1 ppm of aldehydes (expressed as equivalent formalde- 
hyde). 

A series of full-scale tests in the removal of aldehydes by 
scrubbing with water showed that as the concentration of alde- 
hydes in the scrubbing solution increases, the percentage removal 
of aldehydes decreases. At elevated temperatures, the re- 
moval was nil, and under no conditions was complete removal 
obtained. 

From a series of laboratory tests, it appeared that aqueous 
solution of sodium sulphite might be used in removing aldehydes 
from Diesel exhaust gas if hydroquinone was added to inhibit 
the oxidation of sodium sulphite. A full-scale test showed that 
an aqueous scrubbing solution, containing 10 per cent sodium 
sulphite by weight and 0.5 per cent hydroquinone, removed sub- 
stantially all aldehydes for a period of 7 hr, and 90 per cent or 
more of the aldehydes for a period of 15 hr. In this test, ap- 
proximately 3000 cu ft of dry exhaust gas (at 60 F and 29.92 in. 
Hg) was scrubbed per hour at a scrubbing temperature of 133 F. 
Estimates of the cost of scrubbing Diesel exhaust gas indicate 
that the cost of materials would be approximately 80 cents for 
an engine operating continuously for 8 hr and producing an 
average of 5000 cu ft of dry exhaust gas (at 60 F and 29.92 in. 
Hg) per hour. . 
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Development of Cleavage Fractures 


in Mild Steels 


By A. B. BAGSAR,' PHILADELPHIA, PA. 


The susceptibility of several types and thicknesses of mild 
steel of ship-plate and pressure-vessel qualities and of 
samples of welds to development of cleavage or brittle 
fractures has been determined by a new test, termed the 
“‘cleavage-tear”’ test, in which a notched tensile-bend type 
of test coupon is used. The effects of notch and coupon 
geometries, load eccentricity, rate of loading, testing 
temperature, and of heat-treatments were investigated. 

At temperatures below the transition-temperature 
range, the presence of a notch of proper geometry and 
orientation was found to create a state of multiaxial stress 
which appears to expand the elastic range of steel and to 
raise its proportional limit almost to coincide with its 
breaking point. The breaking strength of rectangular 
sections containing a notch of the foregoing type was 
found to decrease, and susceptibility to cleavage fractur- 
ing to increase as the notch root radius was decreased. 
Within the limits investigated, the breaking strength of 
steel was found to be modified by the notch geometry, 
this modification being practically independent of the 
size effect if the section was 6 in. or greater in depth. 
The transition temperatures for the steels investigated in 
the as-rolled condition were found to be about 100 deg F 
higher than those indicated by the conventional Charpy 
impact test, and are considered to be more nearly indica- 
tive of behavior of steels in service. Nevertheless, the 
transition temperature of a steel cannot be defined for 
service conditions unless the state of stress which prevails 
under the same conditions is also defined. 

Two types of fracture were encountered, one being the 
brittle or cleavage type exhibiting no appreciable deforma- 
tion and lower nominal breaking strength, and the second 
the shear type exhibiting normal ductility and higher break- 
ing strength. Fractures above the transition range were 
of the shear type and below that temperature range of 
the cleavage type. On the basis of the test data presented, 
reconsideration of our present factors of safety is sug- 
gested for monolithic structures with the object of safe- 
guarding against the possibility of development of large 
cleavage fractures from small discontinuities, notches, or 
cracks. Other remedial measures for minimizing the 
damage of cleavage fractures, including modifications in 
design and material of construction, are suggested. 


INTRODUCTION 


UMEROUS failures in all-welded ships, pressure vessels, 
and structures through development of cleavage or brittle 
fractures received considerable publicity during World 

War II and attracted earnest attention. Steels manifesting 
satisfactory strength and normal ductility, as determined by the 


' Chief Metallurgical Engineer, Sun Oil Company. 
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conventional tensile and bend tests, were found to fail in certain 
services by cleavage fractures, exhibiting no evidence of any 
appreciable ductility. In view of the foregoing, a number of 
research programs were inaugurated by various governmental 
agencies and private laboratories to investigate this phenomenon 
and search for remedial measures (1).2_ Much has been learned 
and much remains to be learned about cleavage fractures. An 
understanding of this phenomenon and its interpretation are of 
importance to all industries fabricating or using metals, including 
the petroleum industry, whose production, processing, and dis- 


tribution facilities depend on metals, mostly on steel. 

In this paper are presented some of the results of a research 
undertaken about 4 years ago, with the object of studying cleav- 
age or brittle fractures in steels of ship-plate and pressure- 


vessel qualities. This work was modest in its scope at the 
beginning but became more involved as it progressed, due to 
complications introduced by numerous variables affecting de- 
velopment of such fractures. It was pursued as actively during 
the war years as possible, although it was almost suspended 
several times as other more urgent work intervened. This 
research was done under the direction of the author by the 
Metallurgical Section of the Sun Oil Company, most of the 
steels for the tests and some of the testing facilities being fur- - 
nished by the Sun Shipbuilding and Dry Dock Company. 

A search in the literature revealed no comprehensive or stand- 
ard testing procedure for investigating cleavage fractures or for 
a rational study of the numerous factors and variables affect- 
ing development of this type of fractures. Therefore a new 
approach to this problem and development of a new testing 
method became necessary. 

Cleavage fractures develop in steel plates and structural mem- 
bers of rectangular or complicated cross section, by multiaxial 
and unsymmetrical stress systems, imposed by various service 
conditions. It is obvious that the test coupon used had to be 
of atype which would simulate at least some of the basic 
conditions of loading or stressing encountered in service. In the 
conventional tensile tests, the imposed stress is unidirectional. 
In the notched cylindrical tensile coupon, although lateral stresses 
are introduced by the presence of the notch, the cross section of 
the coupon is symmetrical. The notched-bar coupon used in 
impact tests is profoundly affected by local nonhomogeneity of 
the material tested and by the “mass effect,” and yields qualita- 
tive rather than quantitative results. Hence none of the fore- 
going test coupons and testing methods were considered suita- 
ble for this investigation. 

Exploratory tests revealed that a notched-bend coupon of 
large dimensions (2) might be suitable for this investigation. 
This coupon consists of a notched simple beam positioned edge- 
wise and loaded in the center of the unnotched edge, with sup- 
ports near the ends of the opposite edge. However, some im- 
portant limitations of this test coupon were soon discovered. 
These included the difficulty of avoiding the severe distortion and, 
in some cases, buckling of the coupon at the points of support 
and of load application, also the difficulty of computing the 
stresses involved. 


1 Numbers in parentheses refer to Bibliography at end of paper. 
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A new and much more satisfactory type of test coupon was 
developed and used in this investigation. It is a tensile-bend 
type of coupon, which can be considered as being a notched 
beam of rectangular cross section subjected to combined axial 
tensile and transverse bending stresses, induced by eccentric 
loading. We shall call this the “cleavage-tear’’ test coupon, 
which term is the most descriptive one. Its details are de- 
scribed in the next section of this paper. This coupon was adopted 
for this investigation because it simulates some of the basic 
conditions of loading encountered in service and also because it is 
suitable for determining quantitatively the effect on the develop- 
ment of cleavage fractures of a number of important variables 
such as eccentricity of loading, coupon depth, notch depth, 
notch angle, radius at the base of the notch, and several other 
variables. This coupon has the further advantage of enabling 
one to test relatively large plate sections in full thickness, with a 
minimum amount of machining work. 

It could be stated in simple terms that cleavage fractures 
develop by separation of the metal along certain cleavage planes, 
whereas the shear fractures develop by sliding of one part over 
the other to the point where separation or failure occurs. It is 
possible to produce, in a given section of steel, cleavage fractures 
with considerably lower loads than the loads required to produce 
shear fractures. On the other hand, by application of a given 
load, it is possible to produce cleavage cracks in steel whose cross- 
sectional area is many times greater than that affected by shear 
fracturing by the same load. It is endeavored to show by this 
paper that failure of steel by cleavage fractures conforms to some 
laws and modified equations, and that conditions which favor 
development of such fractures can be evaluated reasonably 
accurately, even if some empirical terms are used to compensate 
for the effect of certain variables. These empirical terms could 
probably be reduced to rational terms as additional data become 
available. It is also endeavored to indicate by the paper certain 
design and material-specification details by means of which the 
occurrence of cleavage failures and the extent of damage caused 
by them could be minimized. 


TESTING METHOD AND PROCEDURE 


The Test Coupon. The test coupon used is essentially a short 
beam of rectangular cross section, which is notched at its edge 
and subjected to tensile loading, eccentrically applied. Its 
details are shown in Fig, 1 for various eccentricities of loading 
and coupon depths. Figs. 2 (a) and 2 (6) show 1-in-thick steel 
coupons of 6 and 22 in. depths, respectively, after they were 
broken in the test, developing cleavage fractures. 

It is to be noted in Fig. 1 that the coupon has a U-shaped 
recess on the top edge, the upper parts of the arms accommodating 
loading holes and providing the desired eccentricity of loading. 
The coupon is notched at the center of the slot, so as to induce a 
state of multiaxial stress when loaded. The tensile load is 
applied through a suitable clevis and pin arrangement, the pins 
being inserted in the round loading holes of the test coupon. 
The holes are reinforced if the total load required to cause frac- 
turing produces excessive deformation in the holes. This method 
of load application being of “hinged” type was found to be very 
satisfactory, since it practically eliminates auxiliary stresses 
induced by end restraints throughout the entire cycle of loading, 
and of fracture propagation. 

In order to obtain the desired rigidity and to prevent excessive 
deflection or failure along the arms and sides, proper ratios of 
width to depth of the coupon had to be used. It was also neces- 
sary to use a proper width for the slot so as to prevent end 
effects at the bottom of the slot and excessive deflection or 
buckling along the depth of the coupon. The dimensions 
shown in Fig. 1 were chosen with the foregoing in view. In all 
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Fig. Deraits or CLEAVAGE-TEAR COUPONS FOR VARIOUS 
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cases the thickness of the test coupons used was the full thick- 
ness of the steel plate which was to be tested. 

The test coupons were rather easily prepared by cutting the 
plate with a torch to the proper size and shape, and machining 
to a depth of about '/, in. the face that was to be notched so as 
to remove the metal affected by the heat of torch cutting, before 
notching was done. The weld-test coupons were made by butt- 
welding 1-in-thick plates together, from which D-type coupons, 
Fig. 1, were cut in such a manner as to locate the weld seam on 
the vertical axis of the coupon. By this arrangement the notch 
was located in the weld-deposited metal, and the fracture occurred 
in the latter when tested. 

It is apparent from the geometry of the test coupon used that, 
as a tensile load is applied, two types of tensile stress are de- 
veloped at the slotted edge, one being the axial stress produced 
by the direct tensile load, and the other being the resultant tensil 
stress produced by bending. Assuming that no notch is present 
and that the loading is such as to produce no excessive deflection 
or curved-beam conditions, the total stress s can be found 
within the elastic range by superposing the two stresses men- 
tioned, as follows 


in which P/A is the applied tensile load in pounds divided by the 
cross-sectional area in square inches, M is the maximum bending 
moment in inch-pounds due to load P, ¢ is the distance in inches 
from the outer fiber to the neutral axis and J is the moment 0! 
inertia of the cross section with respect to the neutral axis. 

At the bottom edge of the coupon the flexural stress is com- 
pressive, and therefore the net stress at that edge will be * 
follows 
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Fie. 2 (a) 


(Top) Coupon Wits 60-Dec Norcn, 

6 In. anv 4!'/, In. Eccentricity oF Loapine, AFTER 
at 85 F 

(Note the cleavage fracture developed.) 


Fic. 2 (b) (Bottom) Coupon Wirn 45-Dec 
Noren, 22 In. aNp IN. Eccentricity oF LOADING 
Broke into two pieces as cleavage fracture penetrated entire depth of 

coupon when tested at 32 F.) 


Me 
(2) 


If a notch is introduced, and the tensile load is increased to 
the breaking point of the steel, reconsideration of the foregoing 
stress analysis becomes necessary, By introducing a proper 
notch at the edge of the test coupon, a multiaxial state of stress is 
created, by virtue of which the yield load of the system is raised 
almost to coincide with the breaking load, as the experimental 
data presented in this paper show, and the total deflection pro- 
duced before fracturing is negligible. Under the circumstances, 
Equation [1] can be assumed to be applicable, if certain correction 
factors are introduced to compensate for the multiaxial state of 
stress and for the stress distribution which prevails in the presence 
of a notch. It is obvious that Equation [2] need not be con- 
sidered under conditions of fracturing, since as the fracture occurs 
the neutral axis is progressively depressed, and the stress at the 
bottom edge is materially altered. 

Experimental data indicated that in so far as establishing a 
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relationship between the breaking loads and the section and notch 
geometries is concerned, it would not be necessary to evaluate 
the stress-distribution details at the notch, if the proper size and 
type of coupons were used. It was found that if the section were 
considered as a whole, the P/A value required to produce frac- 
turing would represent the integral of all the resultant loads acting 
on the entire section subjected to fracturing, and that the follow- 
ing relationship would be valid 


P Me 


Sy = nominal breaking strength, psi. For cleavage frac- 
tures, Sy = nominal cleavage strength, S, psi. For 
the latter type of fractures Sy can also be considered 
as being the nominal unit breaking stress 

P = applied tensile load, lb, required to cause fracturing 
A = cross-sectional area, sq in., subjected to fracturing = 
(d — h)b 
bh = thickness of coupon, in. = plate thickness 
d = depth of coupon in unnotched section, in. 
h = depth of notch, in. 
M = bending moment, in-lb = Pe 
7 = moment of inertia of section, in.4 = (d — h)4b/12 
eé = load eccentricity, in., measured from centroid (Fig. 1), 
to center of loading hole = a + (d + h)/ 
c = distance of bottom of notch from centroidal axis = 
(d — h)/2 in. 
n = correction factor 
q = anisotropy factor, arbitrarily assumed to equal 1 for 
fractures transverse to direction of rolling of plate 


where 


If the fracture developed is of the ductile or shear type, Equa- 
tion [3] should be written in the following form 


P 
v=" + nar 


in which S’ is the nominal shear strength of the steel, psi, under 
tear conditions and in the presence of a notch, v is a variable cor- 
rection factor which includes the curved-beam factor, required 
by excessive deflection caused by shearing. The other symbols 
have the same meaning as in Equation [3]. Fractures which 
occur above the transition temperatures are normally of the 
shear type even in the presence of a sharp notch and, as will be 
shown in the subsequent sections of the paper, require considera- 
bly higher fracturing loads than those required by cleavage 
fractures originating from a notch of the same geometry but 
below the transition temperatures, that is, S’ normally has a 
higher numerical value than S. 

If a section of steel plate is broken under such test conditions 
that the fracture obtained is of brittle or cleavage type and this 
fracture is transverse to the direction of rolling of the plate, the 
factor q can be dropped from Equation [3]. The latter equation, 
by substitution of the foregoing values, can then be put in the fol- 
lowing form 


Equation [5] was found to be valid for evaluating the breaking 
loads for transverse sections, except additional modifications are 
necessary to compensate for a number of other variables affecting 
breaking loads. It is obvious that in Equation [5] P/A repre- 
sents the applied unit load to produce fracturing, and not unit 
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stress at the notch. It is also obvious that the actual unit stress 
at the notch cannot be evaluated by Equation [1] or [5], due to 
disturbance by the notch of the normal stress distribution, unless 
the stress-concentrg@tion factor and other necessary details are 
known. 

The term P/A, designated as the unit breaking load, is used 
throughout the paper as the index for comparing the data ob- 
tained under diverse conditions of testing. The advantage of 
such an index consists in the fact that both P and A are measured 
directly by tests for each condition, without making any assump- 
tions. However, it is apparent that P/A is not a fixed load in 
cleavage-tear tests unless the coupon and notch geometries and 
other variables are fixed, as indicated by Equation [5]. There- 
fore it was necessary to use certain standard types of coupon 
and test conditions for determining the effect of a single variable 
in each series of tests. 

Stress measurements and stress patterns appear to show that 
if the extent of the over-all deflection produced is slight, that is, 
if the fracture which occurs is of the cleavage type, the distance 
y between the neutral axis and the centroid for the standard D- 
type coupon, Fig. 1, is approximately as follows 


The neutral axis for this is then y in. below the centroid. It 
appears then that the position of the neutral axis of a notched 
bar is about the same as the unnotched bar, and that it is lowered 
by a distance. approximately equal to the depth of the notch, if 
the section is 6 in. in depth. Experimental evidence shows that 
in notched sections with depths greater than 6 in., the effective 
eccentricity of loading is approximately the same as that for the 
6-in. section, if the loading eccentricity component a, Fig. 1, is 
the same. 

In case of cleavage fractures, apparently no appreciable shifting 
of the neutral axis occurs from the foregoing positions even though 
some local yielding at and near the notch occurs as the load levels 
approach the breaking point. Experimental data seem to in- 
dicate that the factor n compensates fairly effectively for the 
assumptions made in deriving Equation [5]. 

According to Equation [6] it would appear possible to arrive 
at such ratios of coupon depth (d — h), to loading eccentricity 
e, that the entire section of the coupon under the notch will be 
subject only to tensile stress, the axis of zero stress in such a case 
being lowered to or below the lower edge of the coupon. The 
upper or notched edge will then have the maximum tensile stress. 
The stress will decrease to lower values or zero as the bottom 
edge of the coupon is reached, depending upon the values of 
(d — h) and é selected. 

Preparation of Notch. A special cold-pressing method of notch- 
ing was developed and used in these tests. This consisted of 
pressing a knife-edged die block of a given angularity and sharp- 
ness, made of heat-treated high-speed steel, into the edge of the 
test coupon, with suitable guide jigs to keep the notch in its 
proper location and to the predetermined depth. The pressing 
of the notch was done in the compression section of a hydraulic 
tensile testing machine. It was found that, generally, more 
reproducible results and sharper notch radii could be obtained 
by this method than by ordinary methods of machining. To 
obtain this result, however, it was found necessary that the knife- 
edge of the die block be prepared by careful grinding, checked 
periodically under the microscope as it is used, and reground 
as required in order to keep it in its original sharpness, angularity, 
and root radius. 

Numerous exploratory tests showed that in these tests the 
entire section of the coupon subjected to tearing or fracturing 
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determines the breaking load, and that these tests are relatively 
free from the influence of local irregularities which do not change 
the notch angularity and particularly the radius at the base of the 
notch. The local cold-working and slight burring at the edges 
of the notch, produced by the method of cold-pressing, were 
found by numerous tests to have no appreciable effect on the 
net breaking load of the section or on the fractures obtained. 
Considerable deformation or yielding has been observed to occur 
in all notches, especially in those with large root radii before 
fracturing occurs. 

In Figs. 3 (a) and 3 (6) are shown, at a magnification of 50 
diam}; sections through 45 and 60-deg notches with 0.003 and 
0.0015 in. root radii, respectively, prepared by this method. 
Most of the notches used in this investigation were 45-deg cold- 
pressed notches with a root radius of 0.0015 in., sections of which 
notch are shown in Figs. 3 (c) and 3 (d) at a magnification of 100 
diam, in unetched and etched conditions, respectively. It is 
to be noted from Fig. 3 (d) that the depth of penetration o! 


_ eold-working is rather shallow at the base of the notch, although 


it is appreciable along the side walls of the notch. The dimen- 
sions of the notch radii were controlled by the shape of the knife- 
edge of the die. :; 

Testing Procedure. All tests were made on a 300,000-lb- 
capacity hydraulic tensile testing machine, with the use of suita- 
ble clevis and pin-type grips for applying the tensile load. 
Unless otherwise stated, the rate of load application was 2 
ipm in all tests, which is about the maximum crosshead separation 
speed of the machine used. The test coupons, if tested at tem- 
peratures other than ambient, were kept for at least 1 hr, in 
bath of suitable capacity held at the prescribed temperature, 
before subjecting them to the cleavage-tear tests. 


. 


Fic. 3 (a) Kia. 3 (b) 
(Figures a and 6 are sections through 45 and 60-deg notches with 0.003 
and 0.0015 in. root radius, respectively, formed by cold-pressing; XX 50.) 


Fia. 3 (c) 


Fia. 3 (d) 


(Figures c and d show in unetched and etched condition, respectively, ® 
section through a 45-deg notch of 0.0015 in. root radius; 100.) 
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In evaluating the notch sensitivity of steels it has been the 
general practice to measure the energy absorbed or the energy 
spent to effect the fracture. This is the practice used inimpact 
tests. In some other tests the specific work of fracturing is used 
as a measure or index of resistance to fracturing. The measure- 
ment of fracture work was found in most cases to be inapplicable 
to the cleavage-tear tests. A much simpler index was found 
for evaluating the resistance or susceptibility of a given steel 
to development of cleavage fractures, in these tests, this index 
being the P/A values as has been previously stated. 

Exploratory tests summarized in Table 1, run in the early 
stages of this investigation, indicated that the breaking load 
might he such an index. In these, 3!/:-in-deep simple beam 
coupons were used, with a notch depth of 8/;.in. The load was 
applied at the center of the upper edge of the beam, opposite to 
the edge containing the notch, the beam being supported on 
round pins near the two ends of its lower edge. By this loading 
the notched edge of the coupon was in tension, and the opposite 
edge in compression. Steel 7, Table 2, in the as-rolled condition 
was used for these tests. For comparison, three coupons con- 
taining notches of various sharpness at the base and one un- 
notched coupon were used to determine the relation between the 
maximum deflection at the center of the beam at the time of 
fracturing and the load required to break the beam. The three 
types of notch used were a 45-deg V-shaped pressed notch with 
0.003 in. radius at the base, the standard Izod 45-deg V-machined 
notch with 0.01-in.. notch radius, the third being a standard 
Charpy keyhole notch with 0.039 in. root’ radius. The pressed 
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notch with radius of 0.003 in. showed the least deflection and the 
leaste breaking load. The beam containing the Izod notch of 
0.01 in. radius required higher breaking load and showed greater 
deflection. The Charpy notch required a still higher breaking 
load and produced a greater deflection than the two notches 
mentioned. No fracture was produced in the unnotched beam 
even after application of a high load and a bending deflection of 
4'/. in 

The relajonships between the breaking load and the deflection, 
deflection and the notch radius, and between the fracture-work in- 
dex and the notch radius are graphically presented in Fig. 4 on 
log-log co-ordinates. Additional test data are given on the 
relationship between the unit breaking loads and notch radii 
in a subsequent section of the paper. These data show that 
under cleavage-tear test conditions, the unit breaking load in- 
dicates with sufficient accuracy the resistance of a steel to frac- 
turing, higher breaking loads being required if greater amounts of 
flexing or deformation are to occur. 


MATERIALS OF 


Kight steels were used in this investigation, varying in thickness 
from !/, to 2!/, in., the chemical composition and the physical 
properties of which are listed in Table 2. Several exploratory 
tests were also made on mild-steel butt-welded seams in 1-in- 
thick plates welded by the manual- and submerged-are processes. 
The latter Were accepted for the tests on basis of x-ray inspection 
and were not tested for chemical or physical properties. 

It is to be noted that all the steels have a normal chemical 


RELATIONSHIPS OF BREAKING LOAD P, DEFLECTION F, NOTCH RADIUS R, AND INDEX OF FRACTURE WORK, W 


Test Coupon: Simple beam, 1 in. thick x 3!/2, in. deep X 16-in. span, with #/)s-in. deep notch 
All tests were made at 75 F, and with a loading speed of 0.3-0.5 in./min. 


Notch Breaking 
radius, load, 
Type of Notch R, in. P,\lb 
Pressed 45° V 0.003 33,400 
Pressed 45° V 0.003 33,000 
Average 0.003 33,200 
Machined Izod 45° \ 0.010 39,200 
Machined Izod 45° V 0.010 37,800 
Average 0.010 38,500 
Standard Charpy, keyhole 0.039 44,800 
Standard Charpy, keyhole 0.039 46,400 
Average 0.039 45,600 
Coupon not notched (63,400) 
TABLE 2 


Work index 


Deflection, = PX F, Initial 
F, in. in-lb fracture 
0.06 1990 Cleavage 

Cleavage 
0.06 1990 
Cleavage 
0.16 6160 Cleavage 
0.16 6160 
Cleavage-shear 
0.44 20,060 Cleavage 
0.44 20,060 
4.125 261,500 No fracture 


CHEMICAL AND PHYSICAL PROPERTIES OF STEELS TESTED 


Standard Rectangular Test Coupons with 8-In. Gage Length, Conforming to ASTM Specification E8, Were Used 


Plate thickness, in. 
Chemical composition 


Steel 7 Steel 12 Steel 13 Steel 15 Steel 16 Steel 17 Steel 20 Steel 22 
1 1 


1 


— 


21/4 1/3 


Carbon, % 0. 0.33 0.26 0.20 0.17 0.19 0.18 0.20 
Manganese, % 0.44 0.55 0.46 0.45 0.40 0.42 0.44 0.45 
Phosphorus, % 0.020 0.014 0.015 0.019 0.012 0.015 0.014 0.020 
Sulphur, % 0.033 0.035 0.030 0.029 0.034 0.030 0.026 0.045 
Silicon, %, 0.01 0.02 0.01 0.07 0.18 0.07 0.20 0.01 
Aluminum, % 0.044 : 
Titanium, % 0.006 
Tensile properties 
Longitudinal tensile (fracture Transverse to Rolling) 
Tensile strength, psi. 60,100 60,500 57,150 59,300 64,500 58,000 62,000 60,500 
Yield point, psi. 32,900 38,600 31 300 30,400 39,300 32,900 39,000 37,000 
Elongation, 8 in., % 30.7 0.3 30.0 1.0 28.0 31.0 33.0 27.0 
Transverse tensile (fracture Parallel to Rolling) 
Tensile strength, psi. 58,400 60,500 58,200 58,500 ... 56,000 
Yield point, psi. 31,200 35,200 30, 200 31,400 a 32,400 ao aaa 
Elongation, 8 in., % 32.2 29.6 31.0 1.3 27.0 zs 
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INDEX OF FRACTURE WORK, W, IN [000 INCH-LBS, = Px F 


8 


RADIUS AT BASE OF NOTCH, R, IN INCHES. 


TOTAL BREAKING LOAD, P, IN 1000 LBS. 


YA 


0.06 


DEFLECTION, 


0.10 


F, IN INCHES, 


Fig. 4 BETWEEN BREAKING Loap Deriecrion, Norcu Raptus 
AND DEFLECTION, AND BETWEEN Rapivs aT Base or NotcH anp INDEX oF FRACTURE 
WorK 


composition, and that their tensile strengths are within the range 
of 56,000-60,500 psi, with an average elongation of about 30 
per cent in 8 in., except the killed steels 16 and 20, which show a 
somewhat higher tensile strength and yield point. 

The microstructures of representative steels 7, 15, 17, 16, 20, 
and 22 in the as-received condition are shown in Figs. 5 (a) to 
5 (f), inclusive, at a magnification of 100 diam. As is noted, 
steels 7, 15, and 22 show distinct segregation banding and are 
ship-plate quality. Steels 7 and 22 are rimmed steels, and 15 
is semikilled. Steel 17 is less banded and is also of semikilled 
quality. The killed steels 16 and 20 show practically no banding. 

The austenitic and actual grain sizes, MeQuaid-Ehn normality 
(ASTM E 19-46), and the inclusion content (ASTM E 45-48T) 
of each steel are listed in Table 3. 


TABLE 3 GRAIN SIZES, NORMALITIES, AND INCLUSION 
CONTENTS OF STEELS TESTED 


Steel — Grain size 
Actual Austenitic Normality 


6-7 Normal D thin 4 and C heavy 3 
Normal D thin 5 and C thin 5 
Slightly abnormal Dheavy4andC heavy3 
Normal D thin 4and D heavy 3 
Slightly abnormal D thin 4and D heavy 4 
Normal D thin 5 and A heavy 3 
Normal D heavy 5and C thin 4 
Normal D thin 4and A heavy 2 


Inclusions 


The microstructure of welds was found to be satisfactory and 
comparable to that of welds meeting the requirements of Para- 
graph U-68 of the ASME Code for Unfired Pressure Vessels. 


DETERMINATION OF Errect OF VARIABLES ON DEVELOPMENT 
OF CLEAVAGE FRACTURES 


The behavior of steels with respect to their susceptibility to 
developing cleavage fractures was effectively masked by nu- 
merous variables. It was therefore necessary to investigate the 
effect of some of these variables, since no quantitative data on 
them were available. 

In this section are reported the effect of the following variables 
on the development of brittle or cleavage fractures, determined by 
the cleavage-tear tests: 


Kecentricity of loading. 

Depth and thickness of section. 

Depth of notch. 

Angle of notch. 

Radius at base of notch. 

Heat-treatments. 

Rate of load application. 

Temperature of testing. 

Unless otherwise stated, the following test conditions were used: 
The steels were tested in full thickness, in the as-received condi- 
tion and in a direction so that the fractures produced were trans- 
verse to the direction of rolling of the plate; the depth of notch 
was */;, in. and formed by cold-pressing; the angle of notch was 
45 deg, with 0.0015 in. radius at the base of the notch; the depth 
of the test coupon was 6 in., and its thickness 1 in.; the nominal 
eccentricity of loading was 4.5 in. (type D coupon, Fig. 1); the 
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Fig.5(c) MICROSTRUCTURE OF STEEL 17 1N AS-REcEIVED ConpiTIOoN; Fie.5(d) Microstructures OF STEEL 16 1N AS-RECEIVED CONDITION; 
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Fie. 5 (e) MicrosTRUCTURE OF STEEL 20 AS-RECEIVED CONDITION; 
Picrat-Nitat ErcHant 


temperature of testing was 32 F; and the rate of load application 
was 2 ipm of crosshead separation of the tensile machine. 

Unless otherwise stated, the unit breaking load values, if listed 
in the tables as single values, are averages of two or more tests, 
and the fractures obtained are of the cleavage type. 

Effect of Eccentricity of Loading on Breaking Loads. The 


CAD 


Fie. 5 (f) Microstructure or STEEL 22 1N As-ReCEIVED CONDITION; 


«100; ErcHant 


effect of eccentricity of loading on breaking loads was investigated 
by a series of tests on '/2 to 1'/;-in-thick plates, using the various 
types of test coupons shown in Fig. 1, for eccentricities of loading 
from 0 to 13 in., and 45 and 60-deg notches. Steels 12, 13, 15, 
and 17 were used for the coupons with 60-deg notch, and the break- 
ing loads were determined for fractures in two directions: parallel 


TABLE 4 EFFECT OF LOAD ECCENTRICITY, e, ON UNIT BREAKING LOAD, P/A 
(A) Notcu ANGLE, 60° 


Unit Breaking Loads, P/A, Psi 
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Eccentricity, , Steel 12, Steels 15 and 17, Steel 13, Average, Computed, 
6, in.” 3/, in. 1 in. 1!/, in. P/A P/A 
Fractures Transverse to Rolling Direction 
0 — 46,000 46,000 46,200 
1 28,200 Cae 28,200 28,900 
1.5 24,600 24,100 23,000 24,000 24,000 
3 17,600 Sai 17,000 17,300 16,600 
4.5 12,700 13,000 13,100 13,000 12 600 
7t 9,300 ate 8,700 «9,000 8,900 
9 7,300 7,500 7,400 7,300 
13 6,600 (shear) ine 5,400 5,400 5,300 
Fractures Parallel to Rolling Direction . 
0 — 45,700 45,700 45,700 
1 27,000 26,600 
1.5 23,000 24,100 21,400 22,800 22,000 
3 16,700 — 16,300 16,500 14,500 
4.5 12,100 11,000 12,300 11,800 11,000 
7t 8,000 ae 8,000 8,000 7,600 
9 sak 6,300 6,300 6,100 
13 4,600 ze 4,400 4,500 4.400 
(B) Nortcu ANGLE, 45° 
Fractures Transverse to Rolling Direction 
Steel 22, !/ In. Steel 17, 1 In. 
1.5 22,600-24,000 21,700—22,500 22,700 23,200 
3 16,000-18,000 15,600-16,200 16,400 16,100 
4.5 11,800-12,300 12,000—12,200 12,100 12,200 
9 6,800- 7,200 6,300— 6,600 6,700 7,000 


* The values of e listed above are nominal, to which 4/2 or 0.094 in. should be added to obtain the actual eccentricity (Fig. 1). 
t The coupon for these tests was the same as coupon Type F (Fig. 1) except its dimensions e and m were 1 in. longer than those 


of Type F coupon. 
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Fic. Erreet or Eccentrtc Loaptnec on Unit Breakine Loaps 
and transverse to the direction of rolling of the plate. For the 
45-deg notch, steels 17 and 22 were used, with fractures transverse 
to direction of rolling of the plate. The results are given in 
Table 4. 

Fig. 6 shows the reciprocal of unit breaking loads for trans- 
verse and parallel fractures, as a function of eccentricity of load- 
ing, for the coupons containing the 60-deg notch. The resulting 


curves are straight lines, indicating that P/A is inversely pro-. 


portional to e. It is to be noted that the slope of the curve for 
transverse fractures is considerably different from that for the 
parallel fractures. This indicates that the anisotropic properties 
of rolled steel plates can be clearly revealed by the cleavage- 
tear tests, and that the resistance to brittle fractures in the 
direction parallel to rolling is considerably less than in the direc- 
tion transverse to rolling of the plate, the anisotropy becoming 
more pronounced as the eccentricity of loading is increased. 
This is evident from Equations [7] and [8] which follow. Equation 
[8] covers fractures parallel to the rolling direction and contains 
the anisotropy factor q, the value of which for the steels tested is 
0.752/0.617 or 1.23. In deriving this value, q is assumed to 
have an arbitrary value of 1 for fractures transverse to the direc- 
tion of rolling. The test results appear to be more consistent 
for fractures in the transverse direction than for those in the 
direction parallel to rolling of the plate. 

It was found that Equation [5] could be used for expressing the 
relationship between the load eccentricity and experimentally 
determined unit breaking loads, P/A. The numerical values of 
S, n, and q were found from the test data, and substituted in 
Equation [5] yielding the following equations 


Transverse fractures 


Parallel fractures 


60-deg notch: — = ....... (8! 


Transverse fractures 
P 48,000 


45-deg notch: = ‘ be 
d—h 


The P/A values computed by these equations are also listed 
in Table 4. The equations show that the value of the factor 
n remains constant throughout the entire range of the tests. 
This indicates that no curved-beam conditions exist for the values 
of e, d, and h used, and that in so far as cleavage fractures are con- 
cerned the total deflections produced prior to fracturing are rather 
small. Itis also obvious that as the load eccentricity is increased 
beyond certain limits, the effectiveness of the notch is reduced 
(see Equation [6]), and thereby the deflections become appreci- 
able, causing shearing to occur. In the latter case, the factor 
v should be applied, as indicated by Equation [4]. Such a condi- 
tion appears to have been reached in the tests where the values of 
e/(d — h) exceeded about 2.3. 

An examination of Equations [7], [8], and [9] reveals that the 
numerators in these equations are also constant throughout the en- 
tire range of the tests and could be considered to represent the 
cleavage strengths, in psi, of the steels tested in the presence of 
the corresponding notches, since P/A equals the numerator in 
each case if eis assumed to be zero. It appears that the numerical 
values of S in Equations [7], [8], and [9] could also be considered 
as representing the breaking strength of these steels in the ab- 
sence of a notch, but under the same state of stress which would 
have prevailed had the notch been present. : 

Figs. 7 (a) to (d) show the appearance of cleavage-tear coupons, 
after fracturing at 72 F, for eccentricities of loading of 0, 3, 7, 
and 9 in., respectively. The coupons were coated with lime 
whitewash to show the stress pattern, and, in addition, reference 
lines were drawn on the coupon shown in Fig. 7 (6), for measuring 
the deformation produced by the fracture. It is to be noted from 
Fig. 7 (a), that even if the tensile pull is applied on the centroid 
of the coupon, some eccentricity of loading is induced by the 
presence of the notch on the edge of the coupon, as indicated by 
Equation [6]. A comparison of Figs. 7 (6), (c), and (d) shows 
that the neutral axis of the coupon moves closer to the centroid 
with increasing eccentricity of loading, as is indicated by 
Equation [6]. 

Effect of Section Depth and Thickness on Breaking Loads. 
The effect of coupon or section depth and thickness on the unit 
breaking loads was investigated by using coupons of various 
depths shown in Fig. 1, the range of coupon depths covered being 
1 to 24 in. Steels 7, 15, 17, 20, and 22 were used for the tests 
representing a thickness range of '/2 to 2'/; in., inclusive. 

The results of these tests are listed in Table 5 and those ob- 
tained on 1-in-thick coupons graphically presented in Fig. 8. 
It is to be noted that as the depth of the coupon decreases from 
the value of 6 in., the unit breaking load decreases, and also in- - 
creasing the coupon depth beyond about 6 in. has practically no 
effect on the unit breaking load. 

Equation [9] derived from loading-eccentricity tests described 
in the preceding section for 45-deg notch was found to be applica- 
ble, except it had to be modified to satisfy the condition that 
for coupons 6 in. or greater in depth the P/A value remains 
practically unchanged. The modified equation applies where the 
load-eccentricity values are such that the term e — (d — h)/2 is 
greater than —3. If the latter is less than —3 the point of load 
application would be below the centroid of the 6-in. section, and 
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(d) 


it appears thereby the effect of the notch is nullified. The 
modified equation is 


48,000 
be e 
0.6 — 0! 
(10) 
where 


k = 0, if net section depth, d — A, is less than 6 in. 
k = 1, if net section depth, d — h, is 6 in. or greater, and 
e — (d — h)/2 is greater than —3. 


The P/A values computed by Equation [10] are listed in Table 
5 and agree well with the experimentally determined values for 
the entire range of coupon depths and thicknesses covered. The 
tensile testing machine of 300,000 lb capacity, available for these 
tests, did not permit testing coupons in 1-in-thick plates greater 
than 24 in. in depth, with the load eccentricity used. It is 
believed that the results obtained on coupons of depths greater 
than the foregoing would conform to Equation [10]. 

It would appear from what has been said that a net section 
depth of about 6 in. is required to obtain the required rigidity 
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TABLE 5) EFFECT OF DEPTH AND THICKNESS OF COUPON, ON UNIT BREAKING LOAD, P/A 


Coupon - ——Unit Breaking Loads, P/A, Psi — 

depth, d, in. Steel 22, !/; In. Steel 17, 1 In. Steel 20, 21/, In. Average, P/A Computed, P/A 
13/16 5,000— 5,200 7,200* 5,700— 6,500 5,500 5,300 
23/16 8,700—-10,700 9,700 8,100 
33/16 9,400-10,800 10,600-11,000 9,800—10,600 10,400 9,700 
43/i6 11,000—11,700 11,400 10,900 
6 11,600—13,300 12,000-12,300 11,600-12,000 12,100 12,200 
10 12,400—12,800 12,600 12,300 
12 13,000-13,600 12,000-12,400 12,600 12,300 
18 10,600-12,400 12,200-12,400 aes 12,300 12,300 
22 12,200-4 2,500 12,350 12,350 
24 12,300-12,500 12,400 12,350 

* Partly shear, due to excessive deflection. ° 


TABLE 6 EFFECT OF NOTCH DEPTH 4, ON UNIT BREAKING LOAD P/A, AND ON NOMINAL CLEAVAGE STRENGTH, 8 


Computed 
Notch depth, Experimental — Computed nominal cleavage 
h, in. P/A range, psi P/A average, psi P/A, psi strength, S, psi 

"/3 22,500-23,000 22,750 23,000 90,500 
14,300-14,700 14,500 14,500 57,300 
*/s3 12,800-12,800 12,800 13,000 50,400 
12,000-12,600 12,300 12,300 48,300 
5/39 12,000—12,100 12,050 12,150 48,000 
12,000-12,300 12,150 12,150 48,000 
1/, 12,000-12,100 12,050 12,000 48,000 

and to compensate for the stress gradients created by the notch, 26 

and that for sections 6 in. or greater in depth, the P/A value 

becomes independent of the size of the section, within the limits 

investigated. It is apparent, however, that the foregoing need 24 

be somewhat modified in cases where the degree of triaxiality 

is appreciably increased by a pronounced increase in the ratio of 

the section thickness to section depth. The use of large test 22 

coupons has recently been advocated by some investigators (3) % 

on the basis of other considerations. It would appear also that 8 

the numerator in Equation [10], which is 48,000 psi, is the nominal = 20 

cleavage strength of the steels for the notch geometry used, since, * 

for coupons 6 in. or greater in net depth, the value of P/A ale 

approaches that of the numerator as the term e— (d — h)/2 ap- J 18 

proaches the value of —3. This appears to explain why the 3 

unit breaking lead does not change materially as the thickness g 

of coupon is varied or its net depth is increased beyond 6 in. Sw 

It follows from this that a notch of specified geometry and = 

orientation establishes a state of stress which in turn establishes - 

a well-defined load level to initiate cleavage fracturing. A small Sas \ 

notch at the edge of a rectangular section appears to modify xs 

the breaking strength or the load-carrying capacity of the section, _ 

if the loading is such as to make the notch effective, regardless ‘s 

of the depth of the section. 

Effect of Notch Depth on Breaking Loads. The effect of notch 

depth was determined by a series of tests, in which D-type oa 

coupons, shown’in Fig. 1, made of steel 17 were used, except 3 “ 

that the notch depths were varied from '/3. to '/, in. The re- NOTCH DEPTH, h, IN 7& INCHES. 


sults of the tests are listed in Table 6, and graphically presented 

in Fig. 9. In Table 6 are also included the computed nominal 

cleavage strength, S, and P/A values for various notch depths. 
The equation for the curve in Fig. 9 expresses the effect of 
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in which 


notch depth variations. By modifying Equation [10] by the m = 1, if notch depth is less than °/s: in. 
term just mentioned, the following equation is obtained m = 0, if notch depth is °/;2 in. or greater 
h — 0.031 It is to be noted that in the preceding section the results were 
p 48,000 E + 0.71m (1.2% pee )| found to be consistent by using the same notch depth, while the 
= — coupon depths and thicknesses were varied through a fairly wide 
1 + ooi7| (5) + k(d —h—6) (5: —050) range. This indicates that the effect of the geometry of the 
d—h d—h notch on breaking loads is not directly related to the effects pro- 


er {11} duced by the geometry of the test coupon. Equation [11] shows 


= 

ag 

: : 

24 

‘ 

SAS 


762 TRANSACTIONS OF THE ASME 


that changing the notch depth changes the nominal stress by an 
amount proportional to the parabolic relation: (h — b)/h*, 
in which b and care constants. It is evident from the latter that 
P/A is practically unchanged if the value of h becomes large, 
and that it approaches infinity as the value of h approaches 
zero, indicating that no cleavage fractures develop in absence of 
a notch. 

Table 6 shows that the nominal cleavage strengths increase ap- 
preciably as the notches become shallower, the value of S for a 
notch depth of !/3. in. being 90,500 psi. This would indicate 
that the extent of stress concentration decreases as the notch 
depth decreases. It is to be noted that cleavage strengths 
are independent of notch depths greater than about 5/32 in., 
and that a notch as shallow as '/32 in. is sufficient to initi- 
ate a rupture or cleavage crack, although at much higher loads 
than the deeper notches. It follows then that the so-called 
“notch severity” is not as important a factor in large sections as 
has been suspected. On this basis, it is obvious that a sharp 
notch of 5/3. in. or greater in depth is capable of concentrating 
stresses to such a degree as to reduce the nominal cleavage 
strength of steel below its shear strength, thereby favoring cleav- 
age or brittle fractures to occur at relatively low loads, if the 
section is 6 in. or greater in depth and is of sufficient thickness to 
support development of cleavage cracks. The implications of 
this conclusion in design work are numerous, discussion of which 
is beyond the scope of this paper. 

Effect of Notch Angle on Breaking Loads. For determining the 
effect of notch angle on breaking loads a series of tests were made 
using D-type coupons from steels 15 and 17, with angles of notch 
varying from 30 to 120 deg. Most of the tests were conducted 
at 32 F, and some at room temperature. The experimental 
data are summarized in Table 7 and graphically presented in 
Fig. 10. 

The equation expressing P/A as a function of the tangent of 
one half the notch angle, tan N /2, is as follows 


P. N N 
A = 12,150] 1 + 0.29 tan 2 tan — tan 22.5 } |. . .[12] 


Equation [12] indicates that, as the notch angle is changed, the 
breaking load is modified by a component of the stress propor- 
tional to: tan N/2[tan N/2 — tan 22.5]. Although the tan N/2 
versus P/A curve is parabolic in type, the P/A value for notch 
angles 0-45 deg can be considered as being approximately con- 
stant and equal to 12,150 psi for the test coupon used. 

By combining Equations [11] and [12] the following more gen- 
eral equation is obtained 


48,000 + 0.71m (1.215 
pi-24 


h — 0.031 
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It is of interest to note that in Equations [7] and [9], which 
cover load-eccentricity tests with 60 and 45-deg notches, the value 
of the factor n remains constant, although the nominal cleavage 
strengths of the steels are different for the two notches. This in- 
dicates that the curves A/P versus e for cleavage fractures ob- 
tained with notches of different angularity are parallel to each 
other, and that only the numerator of the equation need be 
changed if the notch angle is changed. This would be predicted 
by Equation [13]. On this basis, Equation [7] was computed 
from Equatéon [9] by the use of the notch-angularity term given, 
which computation yielded the value of about 49,300 psi for the 
numerator of Equation [7] as compared with the experimentally 
determined value of 49,200 psi. The agreement is not bad. 

The unit breaking loads computed in accordance with Equation 
[13] are included in Table 7, and are in close, agreement with the 
experimental values. Equation [4] need not then be applied for 
computing the shear-fracture loads, since in this case the siope of 
the tan N’/2 versus P/A curve applies the necessary correction. 

The experimental data show that with angles of notch of about 
90 deg or less, the initial fractures are mostly of the brittle or 
cleavage type, whereas those with notch angles greater than 90 
deg are of the shear or the ductile type. A straight notch of a 
width of about 0.035 in. made by the cut of a regular hacksaw was 
found to require about the same unit breaking load as a notch 
of 90 deg. In this connection it is of importance to note that fillets 
90 deg or less in angularity, with small radii'at the base, are ca- 
pable of starting cleavage or fatigue cracks. The effect of notch 
radius on breaking loads is discussed in detailin the next section 

In conjunction with determination of breaking loads for notches 
of different angularity, the yield loads were also determined in 
each case. In these tests yielding occurs progressively, it first 
appearing at the notch. The yield load just referred to is the 
load at which the first evidence of yielding is observed by flaking 
off of the scale at or near the notch. It was found that the yield 
load was approximately the same for all notches, ranging from 
10,800 to 11,800 psi, with 11,300 psi as the average. The ratio of 
the yield load to the breaking load for each notch angle is included 
in Table 7, and is also shown graphically in Fig. 10. 

An examination of values of this ratio shows that where the 
ratio of the yield load to breaking load is about 0.80 or higher, 
cleavage fractures occur, and that where this ratio is lower than 
0.80, shear fractures predominate. It is also apparent, that as the 
notch angle approaches zero, the yield load almost coincides with 
the breaking load. It follows then that, other conditions being 
the same, cracks if subjected to stresses of sufficient intensity are 
likely to extend themselves in the form of cleavage fractures. It 
is also apparent that a finite unit breaking load is required to pro- 


N N 
— 0.12 tan + 0.24 tan? ) 


P 
A 6e 
1 0.61 —— k(d — h — 6) | ——- — 0! 


TABLE 7 EFFECT OF ANGLE OF NOTCH N, ON UNIT BREAKING LOAD, P/A, AND ON RATIO OF YIELD TO BREAKING LOADS 


Ratio of 
Notch Experimental yield load 
angle, P/A P/A Computed, to breaking 
i Tan N/2 Range, psi Average, psi P/A, psi load Fracture 
30 0.268 12,000-12,200 12,100 12,100 0.94 Cleavage 
45 0.414 12,000-12,300 12,150 12,150 0.93 Cleavage 
60 0.578 12,300-12,700 12,500 12,600 0.90 Cleavage 
75 0.793 13,000—13,400 13,200 13,100 0.86 Cleavage 
90 1.000 13,800-14,600 14,200 14,200 0.80 Cleavage 
98 1.150 14,800-15,400 15,100 15,100 0.75 Shear-cleavage 
105 1.303 15,500—-16,900 16,200 16,300 0.71 Shear 
120 1.732 19,000—20,600 19,800 20,200 0.56 Shear 
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Zero 
angle of notch can be assumed to be approached by cracks, on 
which basis the P/A value computed by Equation [13] for \ 
= 0 is 48,000 psi. 

In light of the foregoing data, let us consider the maximum de- 
flection within the elastic range obtainable at the center of a sim- 
ple beam, which is supported at the ends and loaded in the center 
with asingle load. This deflection can be computed by the follow- 
ing flexure formula 


duce fractures even if the angle of notch approaches zero. 


PR 
= 


where 
F = maximum deflection at center of beam, in. 
P = applied load, Ib 
( = length of beam between supports, in. 
E Young’s modulus of elasticity = 30 10° psi 
moment of inertia, in.‘ 


" 


The coupon used in the tests summarized in Table 1 was a 
beam of this type, and was | in. thick, 3'/2 in. deep, and had a span 
of 16 in. The data presented in Table 7 indicate that in sharp 
notehes the yield point and the breaking load practically coin- 


TABLE 8 EFFECT OF NOTCH RADIUS R, ON UNIT BREAKING LOAD P/A (TEMPERATURE OF TEST: 72 F) 


Experimental 
Notch P/A P/A Computed 
radius, Range, Average, P / A, 
Notch Type R, in. psi psi psi Fracture* 
Base of a cleavage crack 3 X 10-* 6,020 (B) 
1 xX 8,950 (B) 
1 X 107? 11,600 (B) 
Pressed notch, 45° 11,700-12,200 11,950 12,150 B 
Pressed notch, 45° 3 X 1073 12,600-12,600 12,600 13,200 B 
Machined V notch, 45° 7x ie 13,400-15,100 14,250 14,500 B 
Machined Izod V, 45° 1 X 107? 14,500-15,500 15,000 15,100 S,B 
Machined Charpy keyhole 4X 107? 16,850-18,150 17,500 17,650 S&B 
Drilled round hole 1 X 107! 19,000-21,500 20,300 19,500 A 


* S designates shear and B brittle or cleavage fractures. Letters in parentheses designate probable type of fracture. 
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cide with each other. Assuming, then, P to have the value of 
about 30,000 lb, which load induces a tensile stress of about 
60,000 psi at the notched edge of the beam, a deflection of 
about 0.025 in. is possible within the elastic range, according to the 
equation cited, assuming that the breaking strength and the yield 
point (proportional limit) are brought together by the notch. 
The curve F versus R in Fig. 4 shows that this amount of deflec- 
tion would be obtained if the radius at the base of the notch was 
about 0.001 in., from which it follows that with the latter radius 
at the base of the notch the beam would break but still would be 
within the elastic range. In a subsequent section of the paper it is 
shown that the radius at the base of cleavage fractures is of the 
order of three millionths of aninch. By extrapolation, it is found 
from Fig. 4 that the deflection corresponding to this notch ra- 
dius is about 0.0003 in. It is obvious therefore that no appre- 
ciable yielding is possible in fractures of strictly cleavage type, 
since the radius at the base of such cracks is much smaller than 
the given value, and that under the circumstances such cracks 
extend themselves with cleavage fractures. The latter confirms 
conclusions reached by notch-angularity data, just discussed. 

Effect of Notch Radius on Breaking Loads. The effect of the 
radius at the base of the notch on breaking loads was studied 
through a series of tests on steel 17, using D-type coupons, in 
which notch radii varied from 0.0015 to 0.10 in. In Table 8 are 
listed the experimental and computed unit breaking loads for 
each notch. Fig. 11 is a log-log plot, showing P/A as a function 
of the notch radius R. The resultant curve is a straight line, its 
equation being 


P/A = 25,300 R13, 
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It is to be noted that Equation | 14] is identical in form to theo- 
retical equations for expressing natural strain in terms of the ten- 
sile stress (4). The constant 25,300 in Equation [14] can be 
written in the following form: 25,300 = 12,150/(0.0015)°-!"8, where 
12,150 is the experimentally determined unit breaking load for 
a notch with 0.0015 in. root radius. This expression 1/R °-''8 
can be considered as being an index of stress concentration at the 
notch as approximate stress measurements have shown. It ap- 
pears that R is independent of the notch angle, as is indicated by 
the data given in Tables 1 and 8, and of coupon depth as indicated 
by the data in Table 5. The value of 1/(0.0015)°-""5 is 2.085. 

Insertion of these values in Equation [13] yields the following 
equation 
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ture, and because the breaking load needed progressively de- 
creases as the depth of the crack increases, due to resultant in- 
crease in eccentricity of loading. 

Sharp notches, such as surface fissures in forgings, castings, or 
rolled plates, also weld underbead cracks, weld undercuts, and 
similar surface trregularities fall under this category. It is obvi- 
ous that they should be avoided in all cases possible, since cleav- 
age fractures are likely to originate from them at relatively low 
load levels because of the smallness of the radius at the base o! 
these irregularities. Incipient fatigue eracks can be considered as 
being small cleavage fractures. 

Effect of Heat-Treatment on Breaking Loads. In Table 9 ar 
summarized the unit breaking loads obtained on steel 17 afte: 


h— 0.031 N N 
48,000 | 1 + 0.71m { 1.245 — — 1 — 0.12 tan ,) a 0.29 tan? 2 (2.085 Re 14 


It is apparent from Equations |14] and [15] that P/A becomes 
zero if R is zero. However, since finite loads are required to con- 
tinue extension of cracks into sound sections, it is obvious that the 
radius at the base of a crack has a finite value. Numerous cleav- 
age cracks were examined at high magnifications with the object 
of measuring the radius at the base of such cracks. It was found 
that the radii varied considerably, the smallest being of the order 
of 3 X 10-%in. The breaking strength of the steel section con- 
taining a */;.-in-long cleavage crack computed by Equation [15] 
amounts to 23,700 psi. The order of the stress at the base of such 
a crack is obtained by multiplying the constant 48,000 in Equa- 
tion [15] by 4.21, which is the reciprocal of R°-"!5, with R = 
10-*. According to the foregoing, this stress is in excess of about 
200,000 psi, indicating that the values of technical cohesive 
strength of the steel are reached at the base of cleavage cracks. 
The relative stress-concentration ratio on this basis would then be 
greater than 9. In the foregoing it is assumed that the steel is at 
a temperature below its transition-temperature range. 

Fig. 11 shows that the unit breaking loads for small root radii of 
notches made by cold-pressing and those for notches with large 
root radii prepared by machining or drilling conform to the 
straight-line relationship of P/A versus R, within the experi- 
mental accuracy. This indicates that the breaking loads are not 
affected materially by the shallow cold-working found at the base 
of the pressed notches. Undoubtedly, some localized cold-work- 
ing occurs at the base of all notches before fracturing occurs, so 
that the small amount of cold-working present in the pressed 
notches prior to stressing should not change the situation ma- 
terially. This is also indicated by Fig. 4 and the data given in 
Table 1 

In this connection, the test data also show that notch radii 
smaller than the radius of the conventional Izod V-notch (0.01 
in.) favor development of cleavage or brittle fractures, and that 
notches with Izod or Charpy radii produce a combination of 
cleavage-and shear fractures. Notches with radii greater than 
the latter notches favor shear fractures. This is illustrated in 
Figs. 12(a) and (b). The shear fracture in Fig. 12(a) started from 
a notch which had a radius of 0.10 in. at its base, whereas the 
cleavage-shear fracture in Fig. 12(b) started from a notch with 
0.04 in. radius at its base. 

The nominal breaking strength of 23,700 psi referred to is 
only about 40 per cent of the axial tensile strength of the steels 
tested, determined by the conventional method. It follows then 
that cracks, if present, are very dangerous since relatively a much 
smaller load will be required to extend them in the sound struc- 


5 k and m have the same values in Equation [15] as those designated 
in previous sections. 


= | 15} 


A 6e 
1 + 0.617 e ) + k(d — h— 6) (; => — 0. 0) 


various heat-treatments, including annealing, normalizing, water- 
quenching, and stress-relieving, and also on manual and submerged 
are-weld seams in the as-welded and stress-relieved conditions 
Notch angles of 45, 60, 90, and 120 deg were used to determine the 
effect of notch angularity on the behavior of the steel in various 
heat-treated conditions. For the weld seams the 45-deg note! 
was used. 

In these tests the coupons were notched after heat-treat- 
ment. Of the heat-treatments used, normalizing consisted o| 
heating to 1650 F for 1 hr and cooling in still air. Annealing wa- 
done by heating for 1 hr at 1650 F and furnace-cooling. Water- 


(a) Top (b) Bottom 
Fig, 12 Types or SHEAR FRACTURES 


(The shear frac ture, shown in a, started from a 45-deg notch whose bast 
radius was 0.10 in. in a coupon 6 in. deep and 1 in. thick when a load of 
121,800 lb was applied with an eccentricity of loading of 4'/2in. P/A = 
20, 300 psi. Fracture: Shear. The fracture shown in b started from 4 
45-deg notch whose base radius was 0.04 in. in-a coupon 6 in. deep and 
1 in. thick when a load of 101,000 lb was — with an eccentricity of 
loading of 41/2 in. P/A = 16,850 psi. Fracture: A combination of 
cleavage and shear. Both coupons were broken at 75 F.) | 
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TABLE 9 EFFECT OF HEAT-TREATMENT ON BREAKING LOADS 
(a) Steel 17, in Conditions Indicated 


P/A Range, 
Condition psi 


Notch angle, 45° 


As-received 11,800—13,100 
Stress-relieved 
At 300° F. 11,400-12,200 
At 1200° F. 11,000—-11,250 
Normalized 12,200-13,800 
Water quenched 16,300—17,500 
Water quenched and stress- 
relieved at 1200° F 16,000—17,300 
Notch angle, 60° 
As-received 10,800—13,200 
Normalized 15,000—-18,900 
Water quenched 17,000—24,000 
Annealed 10,200—16,700 
Notch angle, 90° e 
As-received 13,000—14,800 
Normalized 13,600—14,700 
Notch Angle, 120° 
As-received 18,100—21,000 
Normalized 19,000—19,600 


(b) Welded Joints, in Conditions Indicated 


Notch angle, 45° 
Manual Welds 


As-welded 13,000 
Stress-relieved 
At 300° F. 16,800 
At 1200° F. 17,300—17,800 
Submerged-are welds 
As-welded 12,500 
Stress-relieved 
At 300° F. 12,000-12,500 
At 1200° F. 14,850-16,600 


condition. 


1650) 
The stress-relieving treatment consisted 
of heating for 1 hr at the temperatures indicated in Table 9. 

It is to be noted from the test data given in Table 9 that nor- 
malizing and, especially, water-quenching materially increase 
the breaking loads and at the same time reduce markedly the 
tendency toward development, of brittle fractures if the angle of 
notch is 60 deg or less. The effect of these heat-treatments is not 
detectable with angles of notch greater than about 60 deg. It 
was found that annealing produces some very erratic results, evi- 
dently due to the fact that fhis heat-treatment promotes segre- 
gation and ferrite banding in some of the steels, and thereby re- 
duces their resistance to cleavage fracturing. Some further study 
in this direction is contemplated. Somewhat analogous results 
were also obtained in steel plates stress-relieved at 1290 F. In 
the case of welds, stress-relieving at 1200 F was found to be bene- 
ficial both to manual and to submerged are welds. The latter’ 
heat-treatment mereased the breaking loads as well as the resist- 
ance of both welds to propagation of brittle fractures. Heating 
for 1 hr at 300 F produced practically no effect on the plate ma- 
terials but. appeared to increase somewhat the resistance of the 
manual weld to cleavage-fracturing. The effect of heat-treat- 
ments on transition temperatures is discussed in a subsequent 
section of the paper. 

The effect of heat-treatments is somewhat quantitatively ex- 
pressed in terms of the ratio of the unit breaking load of the heat- 
treated pieces to that of the pieces in the as-received condition. 
These ratios are tabulated in the next to last column of Table 9, 
for comparison. It can be seen, for example, that with a notch 
angle of 60 deg the load required to produce cleavage fractures in 
sieel 17 is increased 40 per cent by normalizing and 66 per cent 
by water-quenching treatments. 


quenching consisted of heating for 1 hr at followed 


by quenching in water. 
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Average (P/A) 
P/A, psi P/A) Fracture 

12,150 1.00 Cleavage 
11,800 0.97 Cleavage 
11,100 0.92 Cleavage 
13,300 1.10 Cleavage-shear 
16,900 1.40 Shear 

16,650 1.37 Shear 

12,500 1.00 Cleavage 
17,600 1.41 Shear 

20,700 1.66 Shear 

13,500 0.85-1.08 Cleavage-shear 
14,200 1.0 Cleavage 
14,020 1.0 Cleavage 
19,800 1.0 Shear 

19,300 1.0 Shear 

13,300 1.00 Cleavage 
16,800 1.26 Cleavage-shear 
17,600 1.32 Shear 

12,500 1.00 Cleavage 
12,250 1.00 Cleavage 
15,750 1.26 Cleavage-shear 


* (P/A)ur designates unit breaking load in heat-treated condition. (P/A)arg designates unit breaking load in as-rolled 


The effect of heat-treatment on the fractures produced in 
steel 17 is shown in Fig. 13. The cleavage fracture obtained in an 
18-in-deep coupon in the as-received condition is shown in view 
1. The cleavaze-shear fracture seen in view 2 is in the normalized 
coupon of 12 in. depth and the predominantly shear fracture of 
conchoidal type shown in view 3 is in the water-quenched 
coupon of 12 in. depth. All coupons were 1 in. thick, had a 45- 
deg notch and were tested at 32 F. 

The fractures obtained in welds are shown in Fig. 14. The 
view at the left is the fracture in the submerged-are-weld seam, 
and that in the center is in the seam of a manual weld, both welds 
being in the as-welded conditions. The fracture in both of these 
cases is predominantly of cleavage type. The shear fracture ob- 
tained in the manual-weld seam, after stress-relieving for 1 hr at 
1200 F, is at the extreme right. In the latter three coupons the 


TABLE 10 EFFECT OF LOADING RATE ON BREAKING LOADS 


(Fractures parallel to rolling direction. Test temperature: 75 F. Notch 
angle 60 deg. Notch radius, not determined) 
Speed, -—— —-P/A in psi——— 
ipm Steel 7 Steel 15 
(A) Eecentricity of loading, 4.5 in. 
14000 
1.8 13300 14100 
1.5 15700 14500 
1.2 13300 14900 
0.7 15800 
0.25 13400 14900 
0.07 15500 13400 
Average P/A 14500 14200 
(B) Eccentricity of loading, 3 in. 
2.2 20700 
1.8 19500 
1.4 ai 21100 
0.5 22500 aad 
0.25 19600 18000 
0.06 19100 19000 
Average P/A 20400 19600 
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notch was 45 deg, the weld seam thickness | in., its depth 6 in., 
and 32 F as the testing temperature. 

Effect of Loading Rate on Breaking Loads. The rate of load ap- 
plication was found to have no effect on the breaking loads, within 
the limits of loading rates investigated. The test results sub- 
stantiating this are summarized in Table 10. Steels 7 and 15 were 
used in these tests, the coupon depth being 6 in. with eccentrici- 
ties of loading of 3 in. and 4!/, in. The loading rates used varied 
from 0.06 ipm to 2.2 ipm, the latter being the maximum speed of 
the crosshead separation of the tensile testing machine. In these 
tests a 60-deg notch, */i5 in. deep, was used, and the testing tem- 
perature was about 75 F. 

These tests were made in the early stages of this investigation, 
in which the coupons happened to be so oriented that the frac- 
tures fell parallel to the direction of rolling of the plates. Due to 
the anisotropy of these steel plates, discussed in a previous section 
of this paper, the unit breaking loads show considerable varia- 
tions. Therefore these variations are believed to be the result of 
the directional properties of the steels, rather than the result 
of variations in the speed of load application. 


767 


It is known that the rate of load application has an important 
effect on breaking loads and on the resultant deformation in cases 
where the stresses are unidirectional, or where an appreciable de- 
formation through yielding occurs. In cleavage-tear tests, the 
stresses are multiaxial and no appreciable yielding or deformation 
occurs if the fractures are of cleavage type. Consequently the 
cleavage fractures encountered in this investigation can be con- 
sidered to be practically unaffected by the loading rates used. 

Effect of Testing Temperature on Breaking Loads. A series of 
tests were made on 1-in-thick steels 7, 15, 16, and 17, using the 
type of test coupons, notching, and conditions listed in Table 11. 
The heat-treatments used were the same as previously described. 
The coupons were broken within the temperature range of —25 to 
200 F with the object of determining the effect of temperature of 
testing on breaking loads. It was found that above certain testing 
temperatures within this range, the fractures obtained were of the 
shear type, whereas those obtained below these temperatures 
were of the cleavage type and required less load to cause frac- 
turing. The temperatures at which these changes occurred 
were recognized as being the ‘‘transition temperatures” of 


TABLE 11 EFFECT OF TESTING TEMPERATURE ON UNIT BREAKING LOADS AND FRACTURES (SINGLE TESTS) 


Coupon depth, 
Condition d, in. 
Steel 15—Notch Angle, 45° 
As-received 
As-received 
As-received 
As-received 
As-received 
Steel 15—Notch Angle, 60° 
As-received 
As-received 
As-received 
As-received 
As-received 
As-received 
As-received 
Normalized 
Normalized 
Normalized 
Water quenched 
Water quenched 
Steel 16—Notch Angle, 45° 
As-received 6 
As-received 6 
As-received 6 
As-received 6 
As-received 6 
As-received 6 
As-received 6 
As-received 12 
Normalized 12 
Water quenched 12 
Water. quenched 12 
Steel 17—Notch Angle, 45° 
As-received 
As-received 
As-received 
As-received 
As-received 
Normalized 
Normalized 
Normalized 
Steel 7—Notch Angle, 45° 
As-received 
As-received 
As-received 
As-received 
As-received 
As-received 
As-received 


Test temp 
deg F P/A, psi Fracture 
125 16,700 Shear 
110 16,300 Shear* 
100 14,300 Cleavage-shear 
95 12,300 Cleavage 
32 12,100 Cleavage 
200 16,300 Shear 
110 17,000 Shear 
105 15,900 Cleavage-shear 
95 12,500 Cleavage 
70 12,500 Cleavage 
32 12,400 Cleavage 
10 12,500 Cleavage 
50 18,500 Shear 
32 15,400 Cleavage 
10 14,400 Cleavage 
35 19,200 Shear 
0 17,000 Cleavage-shear 
90 18,000 Double-shear 
75 17,500 Cleavage-shear 
70 17,000 Cleavage-shear 
62 15,200 Cleavaget 
32 14,700 Cleavage 
0 14,200 Cleavage 
—25 14,200 Cleavage 
0 15,200 Cleavage 
0 and 32 20,000—21,000 Shear 
25,000 Shear 
0 17,800 Cleavage-shear 
100 16,000 Shear 
87 15,700 Shear* 
79 12,300 Cleavage-shear 
74 12,100 Cleavage 
32 12,200 Cleavage 
75 17,600 Shear 
32 13,200 Cleavage 
32 13,800 Cleavage 
130 17,800 Shear 
125 17,200 Shear 
125 17,300 Shear 
115 17,500 Shear* 
106 15,400 Cleavaget 
90 13,800 Cleavage 
32 13,000 Cleavage 


* Cleavage fracture of about 1 in. length at bottom, where the section was subjected to compression due to bending. 
t Partly shear fracture 1-2 in. in length at bottom, where the section was subjected to compression during fracturing, due to 


bending. 
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TABLE 12. CHARPY [IMPACT TESTS AT VARIOUS TEMPERATURES (SPANDARD KEYHOLE NOTCH COUPONS) 


Steel 7 ——_——-——— Steel 15 
As-recd. Norm. WQ As-recd. Ann. Norm. WQ 


As-recd.t As-reed. Ann. Norm. WQ 
8, 10 

35, 3, 37 
34, 39 
41, 38 
39, 35 
5, 6 ie 7,8 44, 50 
13, 6, 11 30, 29 
21,2 4,4 
18, 30 5,20 37,33 43, 49 

28, 30 


Steel Steel 


13, 21 
25, 26 cae 24, 25 
2 36, 37 
40, 39 


24,28 28, 26 22 38, 41 


35, 37 29,31 41,39 51,43 33,35 40,41 33,37 35,31 29,23 35, 33 45, 41 


Transition Temperature Range, ° F. 


0 to 45 10to30 25to45 Otol0 —80 to —35to —85to —35to —20 to —65 to 


—65 


*Impact values are in ft-lb. 
t As-Recd. = As-Received; Ann. = 


TABLE 13> COMPARISON OF TRANSITION TEMPERATURES OF 
STEELS 7, 15, AND 17, AS DETERMINED BY CHARPY IMPACT 
AND CLEAVAGE-TEAR TESTS 


-——-Transition temperatures, deg 
Charpy Transition 
-—-Cleavage-tear tests—~ impact tests, temp. 
45-deg 60-deg keyhole difference, 
notch notch notch deg F 
Steel 7 
As-received...... —115 Oto 45 90 


Steel 15 
As-received QF 95-110 10 to 30 
Annealed......... 25 to 45 
Normalized 32-50 0 to 10 
Water-quenched. . - Below 0 —80 to —65 


Steel 16 
As-received 65-80 —35 to —20 
Normalized Below 0 a —85 to —75 
Water-quenched.. Below 0 —35 


Steel 17 
As-received..... —20to —10 
Annealed........ 25 to 32 
Normalized....... 32-7: —20 to —10 
Water-quenched. . —65 to —50 


the steels. In impact tests, the transition temperature is defined 
as being the temperature at which a marked change occurs in 
the amount of energy absorbed by fracturing, and at which the 
appearance of the fracture changes from the ductile to the brittle 
type (5). Therefore, Charpy impact tests were also made using 
the standard keyhole coupons, to establish transition tempera- 
tures of the steels by the latter tests. The fractures in both tests 
were transverse to the direction of rolling of the plate. 

The results of the tests are summarized in Table 11, and those 
by the Charpy impact tests in Table 12.. A comparison of the 
transition temperatures determined by the cleavage-tear and 
Charpy tests is shown in Table 13. Briefly, the transition-tem- 
perature ranges determined by the cleavage-tear tests for the 
steels in the as-received condition are as follows: For the rimmed 
steel, steel 7, 100-115 F; for the semi-killed steels 15 and 17, 
95-110 F and 79-87 F, respectively; and for the titanium-deoxi- 
dized steel 16, 65-80 F. 

It is to be noted from the tables that for the steels in the as- 
received condition there is a difference of 85-100 deg F be- 
tween the transition temperatures determined by the Charpy and 
cleavage-tear tests, the latter showing consistently higher transi- 
tion temperatures for all the steels tested. The difference be- 
tween the transition temperatures for the steels in heat-treated 
conditions range from 40 to 75 deg F. Variations in notch angu- 
larity and coupon depths were found to have no appreciable effect, 
within the limits investigated. 

Although the transition temperature range, as indicated by 
the impact tests, is somewhat indefinite for steel 7, a well-defined 
transition temperature range was revealed for this steel by the 
cleavage-tear tests, as the curves for these two types of test 


Annealed; Norm. = Normalized; WQ = 


—20 0 a —10 —50 


Water Quenched. 


ChARPY IMPACT VALUES IN FT-LBS. 
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Loaps AND DETERMINATION OF TRANSITION TEMPERATURES BY 
Cuarpy Impact AND CLEAVAGE-TEAR TESTS 


show in Fig. 15. Fig. 15(a) depicts the fractures obtained in D- 
type coupons of this steel, in the as-rolled condition, just below 
and above its transition temperature. The pair at the left was 
obtained by breaking the coupon at 106 F, and that at the right 
by testing at 115 F. The former shows a cleavage type of fracture 
and the latter the shear type. The transition temperature of this 
steel is therefore approximately within the temperature range 0! 
100-115 F, as determined by the test conditions used. In Fig. 
15(b) are shown additional fractures in the same steel at temper- 
atures above and below the transition range, the pair at the leit 
being obtained at 32 F, that in the center at 90 F, and the pair at 
the extreme right at 130 F. It is to be noted that the fractures 
below the transition range are of cleavage type, whereas those 
above that range are of shear type. Some scatter of results is 
possible near the transition temperatures, but the general trend is 
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Fig. 15 (a) 


32°F 


130°F 
Figs. 15 (b) 


Fig. 15 (a) AND (b) FRACTURES IN RIMMED STEEL 


Fractures, shown in a, in rimmed Steel 7 


obtained by cleavage-tear 
tests just below and above transition temperature. Fractures, shown 


in b, in rimmed Steel 7 obtained by cleavage-tear tests at temperatures 
indicated. Below transition-temperature range, fractures are of cleavage 
type, and those above this eange are of shear type.) 


unmistakable. Numerous tests made on various types of steel 
not related to this investigation have confirmed the latter. 

Fig. 15 is a graphical presentation of the transition tempera- 
tures of the steels in the as-received condition, as determined by 
the conventional Charpy impact and cleavage-tear tests. The 
difference between the transition temperatures of the four steels 
determined by these two test methods is clearly evident. It is also 
evident that a sharp change occurs in the unit breaking loads at 
the transition temperature of each steel, higher loads being re- 
quired by the shear or ductile fractures and lower loads by the 
brittle or cleavage fractures. 

It is to be noted from Fig. 15 that the steels are classified in 
the same order by the cleavage-tear and impact tests, with respect 
to their transition temperatures. This appears to prove that the 
“notch sensitivity” of a steel can be evaluated effectively without 
measuring the specifie work done or the energy absorbed by frac- 
turing, as is the practice in impact or other tests, but by merely 
measuring the breaking loads, in pounds per square inch, ob- 
tained with the use of a suitable test coupon. The latter method 
is simpler, it yields more accurate results since nonhomogeneity 
and similar factors are eliminated by the use of large test coupons, 
and its results instead of being in foot-pounds are in terms of 
P/A, which the designer can use. 

On account of the excessive deflections obtained in shear tests, 
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no attempt is made to apply Equation [4] for computing breaking 
loads for the latter type of fractures, since the correction factor » 
in the equation is a variable. However, the data listed in Table 
11 show that about 30-45 per cent higher loads are required to 
produce shear fractures than cleavage fractures. The P/A values 
for cleavage fractures occurring below the transition-tempera- 
ture range conform to the values computed by Equation [5], as 
has been shown in previous sections of the paper. 

It is beyond the scope of this paper to discuss the validity of the ~ 
assumption that the transition temperature of a given steel is a 
fixed temperature range, regardless of the states or systems of 
stress to which the section of that steel is subjected. It is appar- 
ent that the conventional impact tests are of qualitative, rather 
than quantitative value. Service failures of steel plates in mono- 
lithic structures seem to indicate that their transition tempera- 
tures under service conditions are at least about 100 F higher 
than those shown by impact tests, and tests recently made on 
fairly large models of structures (6) have confirmed this. Since 
the transition temperatures determined by the cleavage-tear tests 
are also about 100 F higher than those indicated by the im- 
pact tests, it appears that the results of the cleavage-tear tests de- 
scribed in this paper are more nearly indicative of the behavior of 
a given steel under service conditions than those obtained by the 
conventional impact tests. Trangition temperatures under serv- 
ice conditions are further discussed in the paragraph immediately 
following. 

As the test results reported in previous sections of this paper 
show, it is necessary to use a test coupon whose depth is at least 
6 in. in order to obtain an approximate state of balanced stresses, 
and thereby to minimize excessive bending and deflection. It has 
also been shown by the data in the notch-radius section of the 
paper that it is necessary to use notches whose root radii are 
smaller than those of the notches of the standard Izod and Charpy 
impact-test coupons, in order to obtain stress concentration of an 
order sufficient for initiating cleavage fractures from the notch. 
The transition-temperature ranges determined by the cleavage- 
tear tests reported in this section were obtained by the use of 
coupons which conform to these requirements and have a 45- 
deg notch with a root radius of 0.0015 in. 

Exploratory tests have shown that if a notch is used whose root 
radius is smaller than the latter, the transition-temperature range 
established would be somewhat higher than those reported, and 
that if the notch root radius is made as large as the Charpy 
notch root radius (0.039 in.),. the transition-temperature range 
found would be somewhat indefinite and considerably lower. More 
‘data are needed to determine whether or not a leveling off occurs 
in this relationship at some value of notch root radius or of tem- 
perature. The notch-root-radius dimension, as has been shown, is 
one of the main factors which determines the state of stress. It 
would appear then that the state of stress determines the level 
of the transition-temperature range and that, unless the state of 
stress is defined, the transition-temperature range cannot be de- 
fined for a given metal.* 


DISCUSSION 


In monolithic structures of all-welded construction, multiaxial 
stresses develop under service conditions, and in such structures 
eccentric loading cannot be avoided in most cases. Some small 
notches such as weld underbead cracks in some segregated zones, 
slight weld undercuts, or shallow fissuring or discontinuities in 
the parent plate may be present, which may escape detection in 
the finished structure, even with careful inspection. Massive 


4 The determination of transition temperatures and correlation of 
the test results with service conditions are treated in another paper by 
the author, published in the Welding Journal, vol. 27, 1948, Re- 
search Supplement, pp. 123-s-131-s. 
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castings and forgings fall in the same category. These irregulari- 
ties constitute notches from which cleavage fractures may de- 
velop under multiaxial stress conditions and therefore may be 
considered conditions encountered in service which are very simi- 
lar to those designed in the cleavage-tear test*used in this investi- 
gation. 

The test data presented in this paper show that mild steels may 
fail by development of a cleavage or brittle fracture, by the duc- 
tile or shear fracture, or by a combination of both fractures, de- 
pending upon the conditions. The controlling conditions are the 
extent of restraint to the flow of the metal in directions transverse 
to the fracture, and the temperature of the metal subjected to 
fracturing. The speed of load application is another factor if 
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appreciable deformation occurs or is possible under the state of 
stress developed. The welds tested were found to behave similarly 
to steel plates. The cleavage fracture is characterized by its 
“sugary” or “crystalline” appearance, by the absence at the 
fracture of an appreciable ductility such as stretching or deforma- 
tion, and by its sudden appearance at a given load level and rapid 
rate of penetration. It has been stated that cleavage fractures 
have arate of propagation of about 3500 to 4500 fps (7). 

The shear fracture on the other hand has a “silky” appesr- 
ance, shows evidence of normal deformation, such as elongation 
and area reduction, its rate of propagation is slow, and the exten- 
sion of its fracture gradual. For the sake of simplification, it has 
been stated that cleavage fractures develop by separation of the 


Fie. 16 APPEARANCE AND Course or DousLE SHEAR FRacTURE Startep From «4 Noren 


Fie. 17 Types or FRACTURES 


(Fracture in view 1 is of cleavage type, those in 2 and 3 are shear type. In view 4 main fracture is of cleavage type, with a 
narrow shear fracture at edges, the latter running at an angle of 45 deg with plane of main fracture.) 


‘ 
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metal along certain cleavage planes, whereas shear fractures 
develop by sliding of one part over the other to the point where 
separation occurs. 

Several types of shear fractures produced by the cleavage-tear 
rests were encountered in this investigation, the orientation and 
nature of some of which are shown in Figs. 16 and 17. Fig. 16 
shows a double-shear fracture which runs at an angle of about 45 
deg with the notched edge of the test coupon. The fracture in 
Fig. 17, view 1, is cleavage type, and was included for comparison. 
The coupon in Fig. 17, view 2, shows a shear fracture, which 
runs at an angle of about 45 deg with the face or vertical plane of 
the coupon. In Fig. 17, view 3, the fracture starts at the same 
angularity as in view 2, but rotates itself through an angle of 180 
deg, as the center of the test coupon is reached. Figure 17, view 
1, shows slight shearing along the edges of the cleavage fracture, 
the course of the shear fracture being at an angle of about 45 deg 
with the plane of the main cleavage fracture. These shear frac- 
tures have been described here somewhat in detail, because they 
confirm that the’stresses involved in the test coupons used are 
multiaxial in nature. This has also been confirmed by stress 
measurements made simultaneously with these tests, the results of 
which, however, not being sufficiently classified, are not presented 
in this paper. 

The fracture shown in Fig. 18(q@) is 16 in. in length and was pro- 
duced in a coupon of that depth. Upon application of load, a 
cleavage fracture was formed, penetrating to a depth of about 
2'/, in. below the notch. It was arrested at that point by an in- 
terposing shear fracture, the latter starting from both faces of the 
coupon, in @ manner similar to the shear fractures seen along the 
edges of the coupon in Fig. 17, view 4, and gradually extended 
itself to the center of the coupon. The latter finally resulted in a 
narrow band of V-shaped shear fracture, which acted as a barrier 
against the progress of the cleavage fracture. The formation of 
this shear fracture probably occurs in the same manner as that 
often found along the edges of conventional tensile-test fractures. 
When the load was then reapplied, the entire remaining section 
broke by a single cleavage fracture. The contrast between the 
shear and brittle fractures is seen in Fig. 18(a), the V-shaped 
shear fracture being somewhat darker due to its finer appear- 
ance, Fig. 18(b) shows this section in natural size, in which it is 
clearly seen that considerable contraction has occurred at the 
area where the shear fracture predominates. 

Typical cleavage fractures in 22-in-deep coupons are shown in 
Fig. 19. One of the characteristics of cleavage fractures is clearly 
shown in actual size in Fig. 19(5), this characteristic being a her- 
ringbone appearance given to the fracture by small ridges and 
valleys formed by the sudden rupture. A comparison of this 
herringbone pattern with that of the shear pattern shown in 
Fig. 18 reveals that the former points toward the origin of the 
cracks whereas the latter points in the opposite direction. Cleav- 
age fractures which have been arrested by shear fractures, similar 
to that shown in Fig. 18, have occurred in a few all-welded ships, 
the termini of which cracks, upon being chipped for repair, have 
been found to penetrate 1 to 2 in. deeper in the center than at the 
surface of the plate. The herringbone pattern of the cleavage 
fractures just referred to has been found to be of considerable aid 
in tracing fractures to their origins. 

The characteristic difference between the shear and cleavage 
fractures is more clearly seen under the microscope. Fig. 20(a) 
shows at a magnification of 100 diam the severe distortion and 
cold-working present in the metal adjacent to a shear crack, and 
Fig. 20(b) shows a portion of the same fracture at a magnification 
of 1000 diam, with more details of cold-working and deformation 
being discernible at the latter magnification. Fig. 20(c) shows, 


likewise at X 1000, a cleavage fracture merging into a shear frac- 
ture, 


In this case considerable shattering and extension of cracks 


STEELS 771 


(a) 
Fic. 18 Contrast BeTweEeN SHEAR 
FRACTURES 


(V-shaped and narrow band of fracture of dark appearance slightly below 
upper edge of coupon is a shear fracture, the rest being cleavage fracture. 
Deformation associated with shear fractures is depicted by 5, in natural 


(b), 
AND CLEAVAGE TYPE OF 


size. Note slight but definite contraction in section of plate, approxi- 


mately 2'/: in. below notch, where shear facture occurred.) 


in many directions are observable. A typical cleavage or brittle 
fracture is shown in Fig. 20(d), also at 1000. It is to be noted 
that the crack in the latter case is straight, penetrates ferrite and 
pearlite grains indiscriminately, and terminates with a very sharp 
end. Fractures of the latter type indicate that they are produced 
by a triaxial state of stress of high orde-. : 
Numerous measurements have shown that the radius at the 
terminus of cleavage fractures is not the same in different frac- 
tures, the smaller radii often being found in fractures formed at 
low temperatures and by loading systems which release a high 
potential energy when fracture occurs. The smallest radius 
found was of the order of three-millionths of an inch. This has 
been referred to in Table 8, in connection with the data on the 
effect of notch radius on breaking loads. It is apparent that the 
radius at the base of these cleavage fractures, although very small, 
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Fig. 19 Fypica, CLEAVAGE FRACTURES 


(Typical cleavage fracture, shown in a, of 22 in. depth obtained in steel 17. 
sharp retort, at a load of 268,400 lb, the entire section breaking into two pieces. 
It had a 45-deg notch of */i¢ in. depth, with 0.0015 in. radius at base of notch. 


of 121/2 in. 
in natural size, portion of same fracture. 


Note herringbone formation in this fracture, which is typical of cleavage fractures. 


Fracture developed suddenly at testing temperature of 32 F with « 
The coupon was 22 in. deep, 1 in. thick, with an eccentricity of loading 
Unit breaking load amounts to about 12,200 psi. 6, Shows 
Arrow heads point 


toward origin of fracture. c, Cleavage fractures developed in 22-in-deep coupons tested at 32 F, the notch used being 45 deg and */j6 in. deep.) 


has a finite value. Otherwise, as has been discussed previously 
and as Equation [14] shows, the load required to extend such 
fractures would equal zero which, obviously, is not true. 

The shear or ductile fracture is less dangerous because it is al- 
ways associated with deformation which requires expenditure of 
a large amount of energy. Unless energy is available at the re- 
quired rate to continue the fracture, the extent of damage of this 
type of fracture is localized. The cleavage fracture on the other 
hand occurs with practically no deformation and hence with no 
appreciable amount of energy absorption. The latter type of 
fracture appears suddenly as soon as a certain load level is 
reached, progresses with a high rate of penetration and causes 
more extensive damage, because only a slight amount of energy is 
dissipated by this type of fracturing. 

As has been shown, the cleavage or brittle fractures are the 
normal rather than the abnormal type of fractures that occur 


under a certain set of conditions, whereas the ductile or shea: 
fractures are the normal type producible under another set 0! 
conditions. There are overlapping conditions in which a combina- 
tion of both fractures may occur. As stated, development 0! 
brittle fractures is ‘favored by increasing the restraint to transverse 

flow, by decreasing the temperature, and by increasing the rate o! 
load application, the latter being a factor only if appreciable de- 
formation is obtainable. Unfortunately, however, these factors 
can seldom be controlled under service conditions. Therefore, the 
damaging effect of cleavage fractures can be minimized by other 
means, such as by modification in design, or by selection of better 
materials of construction, or by a combination of both. 

Of the various design modifications suggested, the one that has 
found most favor and has been put into practical use to a certail 
extent consists in inserting riveted seams in some of the critical 
sections of monolithic structures, such as all-welded ships. The 


(a) (b) (c) 
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(a) (hb) 


(d) 


Fic. 20 or TyPicaL FRACTURES 
(a, Shows severe deformation in shear fracture. Etchant, picral-nital; 100. 6, Shows portion of same shear fracture, as seen at higher magnifica- 
tions, Etehant, picral-nital; X1000. c, Shows merging of a cleavage fracture into a shear fracture. Note shattering and extension of cracks in 
inany directions. Etchant, picral-nital; 1000. d, Terminus of typical cleavage fracture. Note that distortion is absent and that crack penetrates 
ferrite and pearlite grains indiscriminately. Crack apparently stops oe with a sharp radius and without any offshoots. Etchant, picral-nital; 
x .) 
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object of this modification is to break up the monolithic structure 
into several independent sections in order to obtain structural 
flexibility and also to provide discontinuity in the plates so that 
when a cleavage crack starts, it will terminate at the end of one of 
the plates without continuing itself into the next or overlapping 
plate. 

The test data presented in this paper show that the external 
load required to break a given section, under eccentric loading and 
multiaxial-stress conditions, increases as the radius at the base of 
the crack or angle of the notch increases. On this basis, in order to 
arrest the progress of cleavage cracks, it is necessary only to in- 
crease the notch angle and notch radius produced by the crack. 
This can be done simply by drilling holes of certain size in the sec- 
tions in question, so that when cleavage fractures develop they 
will terminate into one of these holes. The continuity of the 
crack is abruptly terminated at such holes, since there both the 
notch radius and notch angle are increased. The latter are de- 
termined by the curvature of the hole used. It is obvious that in 
order to accomplish this no rivets are required, except that where 
necessary some arrangement should be made to prevent leakage. 
To obtain the latter, butt straps could be applied over the per- 
forated area, either externally or internally to the vessel, or both, 
thereby, in addition to preventing leakage, a reinforcement is 
provided for the section weakened by the holes. If desired, the 
holes could be drilled in the butt straps only, instead of in 
the shell plates, and these butt straps installed by welding at the 
desired sections and in the desired direction. It is believed 
that the holes in the butt straps will have the same effect for ar- 
resting the progress of the cleavage or brittle fractures as the ones 
drilled in the shell plate. 

Experimental data show that the actual diameter of the holes 
drilled need not be larger than one half the shell-plate thickness. 
In most cases these holes could be closed by filling them with a 
suitable material to safeguard against leakage if it is not necessary 
to reinforce the section by butt straps. Tests have demonstrated 
that holes effectively stop extension of cleavage fractures. Figs. 
21(a) to (d) show several variations of applying the foregoing 
principle, and illustrate how effective these holes are in arresting 
extension of cleavage fractures. 

The use of a material of construction for ships and pressure 
vessels which would resist propagation of cleavage fractures, un- 
doubtedly has some outstanding advantages. As stated previ- 
ously, the conventional tensile tests and the impact tests do not 
give quantitative indications regarding the behavior of a given 
steel in terms of its resistance to cleavage-fracture development. 
On the other hand, with the cleavage-tear test a more quantita- 
tive determination of the foregoing is possible. The deoxidized 
steel 16, for example, was found to be distinctly superior to the 
other steels in resisting extension of cleavage fractures, especially 
in certain heat-treated conditions. Obviously, the use of a ‘“‘sub- 
zero”’ temperature steel for construction of the critical sections of 
a ship or pressure vessel would reduce materially the hazard of 
cleavage-fracture propagation. If such a steel is used, any crack 
originating from some discontinuity present in the structure is 
more likely to be the shear type rather than the cleavage or brittle 
type. Specially deoxidized and denitrided steels (8) of fine grain 
structure would undoubtedly be economical for certain critical 
applications. In some cases, such steels could be used in 
conjunction with the design modification described in the preced- 
ing paragraph. 

One of the peculiarities of cleavage fractures consists in the fact 
that their depth of penetration cannot be predicted without 
knowing the state of stress and possibly many other variables, in- 
cluding metallurgical variables of the section subjected to frac- 
turing. The P/A value may be the same for two test coupons, 
in one of which the crack depth may extend the full section, but 
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only a short distance in the second one. This is illustrated by 
Fig. 18(a) in which the load required to produce a crack 2 in. i 
length in a 16-in-deep test coupon was found to be the same a: 
that required to produce a crack which penetrated through thi 


- entire section of another test coupon of identical dimensions 


geometry, and material specifications. 

In the former case, the crack was arrested by a shear fracture. 
whereas in the latter, cleavage fracture persisted through th: 
entire depth of the coupon. Aside from the metallurgical varia- 
bles, the depth of crack penetration then is determined by th: 
stress pattern, several other variables, and by the level of the po- 
tential energy that has to be reached under a given set of condi- 
tions before rupture results. Herein lies the main difficulty o: 
evaluating materials on the basis of fracture work, since the varia- 
bles involved are often difficult to evaluate or identify. Deter- 
mination of unit breaking loads, on the other hand, constitutes 
a better index for evaluating resistance to fracturing as has beer 
shown. The P/A values would in addition indicate whether th: 
fracturing is to occur by shear or by cleavage. The transition- 
temperature tests reported in an earlier section of the paper sup- 
port this. 

The test data appear to show that the load at which yielding 
occurs can be raised almost to coincide with the breaking load o! 
the steel by the use of a proper coupon, notch geometry, and 
testing conditions. This is indicated by the close agreement o! 
the experimental data with theoretical equations made use of 01 
the assumption given, even though a few modifications were mad: 
in these equations in order to satisfy the peculiarities revealed by 
the tests. 

On the basis mentioned, it would appear possible to evaluate, 
approximately, the load-carrying capacity of steel under certain 
conditions, by the use of the derived equations. As an example, 
let us attempt to compute for centric and tangential loading con- 
ditions the nominal breaking or cleavage strength transverse to the 
rolling direction of a steel beam of rectangular cross section with a 
net depth of 6 in., or greater and, say, */, in. in thickness, which 
section contains in one of its edges a crack °/;. in. in depth and at 
right angles to the direction of load application. 

In this case the general Equation [15] can be used. It has 
been shown that from a practical standpoint 6 in. could be sub- 
stituted for the term (d — h) in the equation to represent section 
depths greater than 6 in. It has also been shown that for cracks 
the angle of notch can be assumed to be zero, and the notch radius 
at itssbase equal to about 3 X 10-*in. By substituting these val- 
ues of d, h, N, and R in Equation [15], the following simplified 
equation is obtained 
“23,700 


— = [16 
A 1 + 0.6176 

Equation [16] applies to fractures transverse to the rolling di- 
rection of the plate. The equation applying to fractures paralle! 
to the rolling direction, derived by modifying Equation [16] by 
Equation [8] is as follows 


P _ _ 23,700 
A 1+0.752e 


For centric loading e = 0, and therefore the value of P/A is 
23,700 psi, according to Equation [16], which value is the same 
as that computed by Equation [15] and discussed under the sec- 
tion dealing with notch radius.’ For tangential loading, e = (6 + 
3/1) /2 or approximately 3.1 in., substitution of which in Equation 
[16] yields the value of P/A = 8150 psi for the latter type o! 


5 For sections greater than 6 in. in depth the value of e found by the 
relation e = (d —h — 6) /2 is equivalent to the value of e = 0 for the 
6-in-deep coupon (Equation [10)]). 
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Crack Waich ENTIRE 
Deprun oF STEEL Coupon ln. Totck X 24 In. Deep 


It formed a secondary crack about 8'/2 in. below noteh. Entire section 
broke with a snap. Testing temperature: 0 F.) 


Fie. 21 (a) 


ARREST OF CLEAVAGE Crack BY A */.-IN. HOLe at 
8 In. From Bottom 


(With exception of holes, geometry of coupon and noteh and testing 
conditions were the same as in Fig. 21a.) . 


Fig. 21 (b) 


loading. The foregoing are for fractures transverse to the rolling 
direction. For fractures parallel to rolling, the corresponding 
values for centric and tangential loading are 23,700 and 7100 psi, 
respectively, as computed by Equation [17]. 

If we assume that in the cases cited the service temperatures 
are above the transition temperature range of the steel, and that 
48 a result fractures would be of the shear type, the breaking 
loads would be 30-45 per cent higher than the values given. It 
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Fig. 21 (ec) Tue 1-In-Turck, 6-IN-Deer Coupon Is ‘“‘ENVELOPED”’ 
IN Two !/.-InN-Toick Burr Straps ON Boru Faces OF 
Covuron BY WELDING aT EpGes 


(Two holes of 3/s-in. diam were drilled in each butt strap below notch. 
Crack penetrated 1l-in. plate to some distance but was finally arrested by 
holes in butt straps.) 


Fig. 21 (d) Same as Fic. 21 (c) Except 1-In-Toick CENTER 
Piate Was INSTEAD oF Butt StTRapPs 
(The crack was arrested at hole in center plate.) 


has been shown previously that the maximum notch effect is ob- 
tained by notch depths of °/32 to 3/\6 in., and that the effect of 
mass: is not appreciable beyond a section depth of about 6 in. 
Therefore the values of P/A are not changed materially by in- 
creasing the depth of the section or of notch if proper correction 
is made to compensate for the change in loading eccentricity 
resulting from increasing the notch depth, in accordance with 
Equation [15]. 

In the case just given the thickness of */, in. was used in order 
to assure that the section is sufficiently thick to support develop- 
ment of cleavage fractures, although we have produced cleavage 
cracks in D-type coupons made from !/,-in-thick steel plates. The 
unit breaking load would not be expected to change if the section 
was assumed to be thicker than */, in. 

The equations are applicable to mild steels, the tensile strength 
of which is approximately 60,000 psi, since steels of the latter 
tensile strength were used in deriving the data. Exploratory tests 
show, however, that they could also be applied to steels of some- 
what higher or lower tensile strengths, if the equation used is 
modified by the ratio of the tensile strengths. It is to be noted 
that Equation [15] covers only the geometrical variables of the 
notch and of the coupon, the effect of which variables on the break- 
ing loads of the steels tested was found to be essentially the 
same. Although the terms covering the effects of temperature and 
of response to heat-treatments are not included in Equation [15], 
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they are identified and ean be evaluated by the cleavage-tear 
tests described. 

A confirmation of the unit breaking-load figures of 7100 to 8150 
psi for tangential loading as discussed is obtained by comparing 
them with the results of an entirely different type of test. The 
breaking loads of mild steels under corrosion-fatigue conditions 
or with notched bars aye found to be not too far off from the given 
figures if the details of the test conditions are considered (9). 
In most of the latter type of tests the stresses involved are of the 
tangential type, and the notches used, or the pitting and inter- 
granular deterioration produced by corrosion, create conditions 
which are almost identical with those of the case discussed. 

It appears from these figures that if cracks as shallow as 5/3. to 
*/i¢ in. are present in certain orientation in critical sections of a 
monolithic structure, our current values of factors of safety of 3 
to 5 need reconsideration in order to safeguard against continua- 
tion of such cracks to the point of ultimate failure of the structure, 
even if the loading is within the section in question. This is ob- 
vious, since the nominal tensile strength of 60,000 psi, determined 
by the conventional tensile tests and normally used as basis for 
design, is drastically reduced as shown, by stress-concentration 
and other factors induced by the presence of notches, cracks, or 
similar discontinuities. 

If the allowance of factors of safety of relatively high numerical 
values becomes impractical by design or other peculiarities, then 
the design or materia! modifications, or both, could be considered. 
The latter may be found to be more economical in most cases. 
Monolithic structures of all-welded construction, such as welded 
ships, certain types of pressure vessels, and similar structures are 
particularly susceptible to developing large cleavage fractures 
from some obscure discontinuity, and deserve the precautions 
mentioned as to design and selection of materials. 

Inasmuch as the load-carrying capacity is a criterion of prime 
importance, the correlation of the P/A values with several of the 
variables including section and notch geometries, temperature, 
ete., should have some practical usefulness. The experimental 
data show that two distinct types of fracture and fracture strength 
are to be recognized, one being the brittle or cleavage type mani- 
festing slight deformation and lower nominal breaking strength, 
and the other ductile or shear type, exhibiting ductile fractures 
and considerably higher breaking loads. It is believed that the 
test data presented in this paper show that both of these types of 
failure appear to follow certain patterns and laws, and that they 


can be evaluated properly and safeguarded against. However, an - 


immense amount of work needs to be done in this field in order to 
solve the mechanism of fracturing of metals in all its intricacies. 


SUMMARY AND CONCLUSIONS 


1 A test coupon and procedure have been developed and de- 
scribed for determining the tensile breaking loads of edge-notched 
rectangular steel sections, and the conditions under which failure 
occurs by cleavage fracturing. Several grades of ship-plate and 
pressure-vessel steels of rimmed, semikilled and killed qualities, 
covering a thickness range of '/2 to 2'/, in., and several sections of 
butt welds made by manual and submerged-are processes were 
investigated. Cleavage fractures were developed in all of these. 

2 The effects of eccentricity of loading, section depth and 
thickness, notch geometry, temperature of testing, rate of loading, 
and heat-treatments were studied and their effects on the break- 
ing loads determined. 

3 Two distinct modes of failure of steel were encountered, one 
being by the cleavage or brittle fracturing, and the other by the 
ductile or shear fracturing. The nominal breaking strength of 
steel by cleavage fracturing was found to be approximately the 
same for steels of the same tensile strength, and appreciably 
lower than that by shear fracturing. 
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4 The presence of a notch of proper geometry and in proper 
orientation appears to expand the elastic range of steel and to 
raise the proportional limit almost to coincide with the breaking 
point of the steel. By the use of modified equations the breaking 
loads can be computed for notched rectangular sections, if the 
sections are considered as a whole, without evaluating the stress 
at the notch. These results are obtained if the temperature of the 
steel is below its transition temperature range. 

5 The state of stress established by a notch of the type cited 
establishes a well-defined tensile breaking load for the section 
containing the notch. If the load is eccentrically applied, the 
unit breaking load for sections greater than 6 in. depth is approxi- 
mately the same as that for the 6-in. section, with equivalent 
loading eccentricities. It appears that a critical depth of section 
is required to compensate for the stress gradients established by 
the notch, and also to resist. bending and deformation of the sec- 
tion. 

6 Steels exhibit greater resistance to propagation of cleavage 
fractures in the direction transverse to rolling than in the diree- 
tion parallel to rolling of the plate. The anisotropy is clearly re- 
vealed by the cleavage-tear tests described in this paper, if load- 
ing eccentricities greater than tangential are used. 

7 The rate of loading within the rates of 0.06 to 2.2 ipm had 
no effect on unit breaking loads required to produce cleavage 
fractures. 

8 The effect of the notch-geometry variations, including 
depth, angle, and root radius of the notch, was found to be of 
parabolic type, indicating certain limits beyond which effects of 
these variables are not appreciable. 

9 The notch depth or notch severity does not appear to be an 
important factor in so far as large sections are concerned, the opti- 
mum effect. being produced by a °/32 to 4/i-in-deep notch. Even 
a 45-deg notch of !/32 in. depth is sufficient to produce cleavage 
cracks in a steel section 1 in. thick and 6 in. deep, if the radius at 
the base of the notch is small, say, of the order of 0.0015 in. or less. 

10 A finite load is required to continue the extension of a crack 
into the sound structure, this load decreasing rapidly as the notch 
radius is decreased. Incipient fissures and similar discontinuities 
in the surface of steel plates, forgings, and of castings, and weld 
underbead cracks, etc., are therefore dangerous. It is estimated 
that the relative stress concentration at the base of cleavage 
cracks is in excess of 9, if the average stress of the section is as- 
sumed to be unity, and the actual stresses required to initiate 
fracturing in the presence of a notch probably approach the tech- 
nical cohesive-strength or the actual cleavage strength values 0! 
the material. 

11 Normalizing and especially water-quenching increase thi 
resistance of steels of the type tested to development of cleavage 
fractures. Annealing of steel produces erratic results and appear= 
to be somewhat harmful in so far as resistance to cleavage frac- 
turing is concerned. Stress-relieving of welds at 1200 F can, in 
general, be considered helpful for increasing the resistance to 
cleavage fracturing. 

12 The transition temperatures of steels were determined by 
the cleavage-tear tests, by measuring unit breaking loads ex- 
pressed in pounds per square inch. The transition temperatures 
found by these tests for several 1-in-thick steel plates are 85-100 
deg F higher than those indicated by the Charpy impact tests, 
and therefore appear to be more nearly indicative of the behav- 
ior of steel in service. Nevertheless, the transition temperature 
of a steel cannot be defined under service conditions unless the 
state of stress that prevails under the same conditions is also de- 
fined. 

13 A given section of steel may fail by shearing or by cleavage 
fracturing, depending upon the state of stress involved, tempera- 
ture of the metal, and the condition of the material, each type of 


+ 
fra 
bel 
ste 
fra 
rad 
def 
the 
oth 
AS | 
rat 
4 
: pre 
cles 
bas 
fac 
ure 
tur 
In ¢ 
"1 
ma 
Spe 
to 
not 
5 mo 
tol 
ura 
of 
me 
era 
Lu 
niu 
sore 
ern 
erty 
213 
Me 
4 
y 
Ne 
~ 
6 
pp. 
‘ 
tur 
59s 
§ 
no 
¢ 
be 
‘ 
‘ 


BAGSAR—DEVELOPMENT OF CLEAVAGE FRACTURES IN) MILD STEELS 


fracture being normal within certain limiting conditions. The 
behavior of the welds tested was found to be very similar to rolled 
steel plates, with respect to development of cleavage and shear 
fractures. In general, notches 90 deg or smaller and notch-root 
radii smaller than about 0.01 in. favor development of cleavage 
fractures. 

14 Shear fractures are less damaging because of the resultant 
deformation, which localizes the extent of their damage, and 
their rate of propagation is slow. Cleavage fractures, on the 
other hand, produce practically no deformation, occur as soon 
as a critical load level is reached, and propagate at a very rapid 
rate. 

15 If a small crack or a discontinuity similar to a notch is 
present or is developed in a monolithic structure in service, large 
cleavage fractures are likely to develop from it, unless the im- 
posed loads are low. Approximate computations made on the 
basis of the data presented in this paper indicate that our present 
factors of safety are inadequate to safeguard against possible fail- 
ures originating from notches or discontinuities. 

16 Several remedial measures are suggested for minimizing 
the potential damage of cleavage fractures in monolithic struc- 
‘ures and pressure vessels. These suggestions cover modifications 
in design and in material of construction. 
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Discussion 


J. G. Aurnouse.6 The work done by the author is of great 
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interest and will contribute to the available knowledge regarding 
the physical characteristics of steel under certain conditions of 
stress. An effort was made to obtain relative results on different 
types of steel by the use of a new type of test that might be de- 
scribed as a combination notched tension bend test. 

The use of this test. appears to eliminate some of the variables 
which influence other proposed tests for the determination of a 
transition temperature where the steel develops a cleavage or 
brittle fracture from a so-called shear or ductile fracture. Con- 
siderable difficulty is encountered in trying to compare the test 
results on small specimens with the actual results from large 
welded structures. The evaluation of a steel quality, as to its 
suitability for a given use, by this test as well as by other pro- 
posed tests, is questioned, since we cannot be assured that a 
steel, having very superior transition temperature and shear 
fractures, will not fracture suddenly and with so-called cleavage 
breaks under certain conditions of stress, design, and tempera- 
ture. 

In view of the findings in regard to transition temperatures as 
obtained by this test, since there is so small a difference in results 
for the more common grades of steel, we believe that some 
recognition should be given the suggestion of the author that 
those types of steel showing the best test results, such as steel for 
subzero-temperature service, which infers, a fully deoxidized 
grain-size-controlled steel, should be used for construction of 
critically stressed portions of a ship or unfired pressure vessel. 


W. Bennetr.? The subject of cleavage or brittle fractures 
has been forcibly brought to our attention by a number of major 
and minor casualities in the case of some war-built welded ships. 

The tests described in the paper show that the type of steel and 
the geometry of the notch are most important. For example, if 
the angle of the notch is large, the relative danger of a cleavage 
fracture is, as might be expected, less, and vice versa. The tests 
also appear to show that if the angle of the notch is small enough 
(approaching a crack), this condition will cause cleavage failure 
on plates regardless of type (composition). 

While it is felt that such painstaking research as the author has 
evidently undertaken on this subject is undoubtedly of great 
value, the writer is of the opinion that the cause of these steel 
failures should not be laid wholly to the steel and that contribu- 
tory causes were a combination of (a) excessive speed in construc- 
tion, (b) improper welding sequence, (c) insufficient qualified 
supervision, and (d) inexperienced welders. These points are 
mentioned, bearing in mind that 60 “Ocean” vessels (similar to the 
“Liberty” type) were built early in the war years (1941-1942) at 
Portland, Me., and Richmond, Calif., under the supervision of 
Lloyd’s Register (for the British Government), and on these 60 
welded ships no major fractures developed. The steel was all of 
United States’ manufacture, and was presumably the same aver- 
age quality as used in subsequent war years for the Liberty ships 
and other types. This statement of fact regarding the service 
performance of these 60 Ocean-type vessels leads one to the con- 
clusion that the problem is not simply one of poor-welding- 
quality steel. Brittleness is not something that is new to steel, 
nor is it something that has only been discovered since the recent 
war. It has been known for years, but obviously was not of such 
relative importance in the riveted as in the welded ship. 

The author mentions the advantage to be derived by the use 
of asteel which would resist propagation of cleavage fractures, but 
does not give a definite opinion of the desired chemical analysis of 
such steel and the probable cost thereof. 

In this connection mention might be made of the investigations 


7 Principal Surveyor, Lloyd's Register of Shipping, New York. 
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being made in the United Kingdom on this and related subjects. 
I see no reference to any of these in the Bibliography. Papers 
by W. Barr and C. F. Tipper,’ and by W. Barr and A. J. Kk. 
Honeyman? would be of particular interest. 

This experimental work was initiated at a conference held in 
Cambridge in October, 1945, at which it was decided to select an 
acceptance test to assess notch brittleness. It was decided to 
make a series of notched bend, notched tensile, and notched impact 
tests. During these tests Dr. Tipper developed a simple notch 
tensile specimen pulled in an ordinary tensile machine, which she 
claims simulates the same type of fracture as developed in some 
of the war-built Liberty ships and others. 

The discussion on these papers indicates that impact is not 
necessary for the production of such brittle fractures, but that a 
notch is essential. It was also found that temperature is very 
important. 

The synopses given by the authors on their respective papers 
are of sufficient importance to be quoted, as follows: 


(a) “The temperature range of transition from tough to 
brittle fracture of mild-steel plates of different carbon and man- 
ganese contents was determined by means of notched-bar im- 
pact, notched bend, and notched tensile tests. The results ob- 
tained by each of these tests were in good agreement, except that. 
for very soft steels the notched tensile test gave a lower transition 
range than the other two tests. 

“Tt was found that the transition range is raised by an increase 
in the ferritic grain size, by an increas? in plate thickness, and by 
slow cooling after normalizing. It was also found that a high 
notched bar impact value may be accompanied by a fracture 
which is mainly cleavage. 

“Tentative conclusions, subject to confirmation, have been 
reached that the effects of plate thickness and slow rates of cooling 
in raising the transition range are reduced in mild-steel plates 
with higher manganese contents.” 

(b) “A series of four mild steels was made in which the only 
significant variable was the manganese /earbon ratio. The resid- 
ual elements were low and the tensile strengths were approxi- 
mately the same for each steel. The notched-bar impact proper- 
ties of these steels in the annealed and in the normalized con- 
ditions have been determined. It was found that increasing the 
manganese /carbon ratio lowers the range of transition from 
tough to brittle fracture, increases the impact values at all tem- 
peratures, and tends to result in finer MeQuaid-Ehn and ferritic 
grain sizes. A practical recommendation is made that for struc- 
tural steels for shipbuilding purposes, the manganese/carbon ratio 
should be not less than 3-0.” 


What does the author think of the notched tensile test de- 
veloped by Dr. Tipper and described in her contribution to the 
Cambridge Conference? Has he any experience with this form of 
test piece? It is suggested that sufficient information might 
possibly be obtained by this means at a lower cost in time and 
money, than by the employment of the special form of tear test 
referred to in the paper. 

What would he think, too, of the suggestion that the manga- 
nese/carbon ratio be specified at not less than 3 ? 

In conclusion it is suggested that the danger repeatedly demon- 
strated of the effect of a notch should be stressed; and as’ welded 
vessels are more liable to have ‘“‘notches,” visible and invisible, 


* “Brittle Fracture in Mild Steel Plates,’’ by W. Barr and C. F. 
Tipper, Journal of the Iron and Steel Institute, vol. 157, October, 1947, 
pp. 223-238. 

® “Effect of the Manganese-Carbon Ratio on the Brittle Fracture 

.of Mild Steel and Some Factors Affecting Notched-Bar Impact Prop- 
erties of Mild Steel,’’ by W. Barr and A. J. K. Honeyman, Journal of 
the Iron and Steel Institute, vol. 157, October, 1947, pp. 239-242. 
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in their construction, the importance of x-ray examination of 
welds and detailed inspection by experienced surveyors, is seli- 
evident. 


C.L. Cuark.' It is gratifying that the author included stand- 
ard impact tests in his program and found that the various steels 
were arranged in the same order in both tests. Many have de- 
rided the results from impact tests as they felt that the factors in- 
volved were seldom encountered in service. Yet these resuli- 
indicate the impact test capable of revealing the susceptibility o: 
steels to cleavage or brittle-type fractures, although it is not a- 
sensitive in this respect as the author’s test. 

With respect to his work on welds, we would like to ask if any 
tests were conducted with the notch in the fusion zone, or in th 
gradient zone, rather than in the weld deposit proper, and if so 
whether any differences were noted in the results obtained? — Like- 
wise, were welded specimens ever notched with the notch paralle 
to the fusion or gradient zone rather than perpendicular to the 
length of the specimen? It would seem that a test of this type 
would indicate the effect of lack of complete fusion on the type of 
fracture to be expected. 


G. H. Enzian.!! We have used the author’s test, in a limited 
way, and believe it to have merit in explaining the failure of cer- 
tain steels in such applications as welded ships, pressure vessels, 
and other structures subject to dynamic multiaxial stresses 
However, as is the case with any new test, more data will be 
needed to establish conclusively its superiority over conventiona! 
acceptance tests, such as tensile and impact. Nevertheless, w: 
are in full accord with his contention that tests, which employ 
the full thickness of the material actually used, are more reliable: 
than careful!y machined laboratory tests that, in many cases, 
remove certain portions of the steel which may have an impor- 
tant bearing on the reaction of the structure to service conditions 

We would like to comment, briefly, on that phase of the pape: 
dealing with the “transition temperature.” 

It is generally recognized that a material behaves in a brittle o 
ductile manner according to such conditions of testing or service 
as temperature, rate of straining, and combined stresses. These 
three factors are believed to be interrelated, and therefore 
the behavior of a steel to changes in one of the factors can be used 
to predict its behavior on variation of the other factors. Thus 
a steel which is readily susceptible to embrittlement at low tem- 
peratures should also show a tendency for brittle behavior under 
the conditions of combined stresses imparted by the tear test or in 
actual service. However, this relationship is only qualitative 
and, as the author points out, ‘‘the state of stress determines the 
level of the transition temperature range and, unless the state of 
stress is defined, the transition range cannot be defined for 
given metal.”’ 

It is quite possible that a better relationship than was shown 
in the paper between the transition temperatures for Charpy and 
tear-testing would have been obtained had the author used the 
same notches in both cases. It was our experience that when V- 
notch Charpy tests were compared with tear tests made with the 
same type notch (45 deg, 0.01 in. radius), the transition tempera- 
ture for the Charpy bars actually was a few degrees higher than for 
the tear tests. Thus the transition temperatures with this type o! 
Charpy test would have been more nearly similar to the transition 
temperatures found on monolithic structures in service, to which 
the author refers. 

There seems to be little question that for certain critical sec- 


10 Research Metallurgical Engineer, The Timken Roller Bearing 
Company, Canton, Ohio. Mem. ASME. 

11 Division Head, Research and Development. Division, Jones « 
Laughlin Steel Corporation, Pittsburgh, Pa. 
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tions of a ship, a steel which is less noteh-sensitive than the steels 
now used might be employed to advantage. 
siderable importance from a practical view, is the question: 
“How much less?”’ This is admittedly a difficult question, but 
an acceptable answer might be deduced from statistical analysis 
of the frequency of ship failures, and by taking into consideration 
the number of ships which have been entirely satisfactory. 

With the information available at present, laboratory tests, 
whether Charpy or tear tests, will show only the relative suscepti- 
bility to embrittlement of various materials and can be used to 
predict only which material is more likely to fail under given 
severity of service conditions. As yet, the limits within which 
the transition range should lie in order for the steel to be adequate 
for the most severe service conditions likely to be encountered, 
are not definitely known. It may be possible, however, that, 
since a large percentage of ships have apparently been satisfactory, 
a relatively slight improverment in the properties of the material 
may be sufficient. It would be extremely interesting therefore 
to have a comparison of tear-test results, along with other test 
data, on steels which failed in service and steels which were satis- 


However, of con- 


factory under the same operating conditions. 


Finn JONASSEN.'? With reference to Table 11, and particu- 
larly to Fig. 15 of the paper, one wonders whether the author has 
succeeded in developing a test that is not subjected to the scatter 
usually present in the impact and “tear” test (1)!* when going 
from shear to cleavage fractures. Additional tests, particularly 
in the transition region, using the steels already investigated, and 
material from other heats will answer this question. In this con- 
nection, other thicknesses also will have to be investigated. 

Recently completed work under the Ship Structure Committee 
(2) involved the static-testing of large centrally notched flat- 
plate specimens (3, 4, 5). 
large specimens are representative of conditions approaching 
those obtaining in a real structure, e.g., a ship. These specimens 
have failed with both shear and cleavage fractures at ‘‘nominal” 
stresses (based upon maximum load and the original net area), 
varying from 30,000 to 45,000 psi for the wide specimens (72 in. 
wide), when tested at temperatures from —40 F to 125 F. 
Similar specimens, but narrower (12 in. wide) gave somewhat 
higher nominal stresses. 
thick medium-steel plate of shipbuilding quality. 
therefore to consider the possible reasons for the much lower 
stresses obtained on the cleavage-tear test for both shear and 


It is generally accepted that these 


These tests were all made on */,-in- 


It is of interest 


cleavage failures, as compared to the results obtained from sym- 
metrically notched specimens on similar steels. Reasons for 
these differences are undoubtedly included among the following: 


1 The eccentricity of the cleavage-tear specimen which 
affects the stress distribution in the specimen, producing, at the 
edge opposite the notch, low tensile stresses or possibly compres- 
sive stresses. The low tensile or compressive stresses obtained in 
this region of course will reduce the nominal stresses carried by 
the entire section. 

2 The effects of cold-working the notch. This effect will 
serve to embrittle the steel adjacent to the notch through work- 
hardening and strain-aging. In this connection, the question is 
raised as to the length of elapsed time between the forming of the 
notch and the testing of the specimens. We know from related 
work that prestraining 10 per cent and aging can raise transition 
temperatures by as much as 80 deg F, as shown by the Charpy 
keyhole impact tests (1). 

3 The effect of plate thickness. 


! National Research Council, Washington, D. C. 
18 Numbers in parentheses refer to the Bibliography at the end of 
the writer's discussion. 


The related work involving 
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the symmetrical notch specimen was all done on 3/¢in. plate 
stock. The thicker section of the cleavage-tear tests should serve 
to increase the restraint of this specimen. 

4 The effect of the sharper notch radius in the cleavage-tear 
‘specimens may have an effect on the transition temperature and 
fracture load. 


It. is of interest to note that the transition temperatures indi- 
cated by the tests of */,-in-thick centrally notched flat-plate 
specimens (72 in. wide) are higher than those shown by the 
Charpy keyhole impact tests on the same steels, and that these 
differences range from 35 to 90 deg F with an average of about 
67 deg F. The author also reports transition temperatures for 
the l-in-thick cleavage-tear specimens that are about 100 deg F 
higher than those obtained from the Charpy keyhole impact tests 


‘ 


for the same steels in the “as-received” condition. 

Attention is called to the author’s findings when water-quench- 
ing killed and semikilled steels. Here a significant increase in the 
breaking load and particularly a lowering of the transition tem- 
perature by as much as 100 deg F has been achieved through the 
heat-treatment of medium steels. 

This paper represents an important contribution to our ulti- 
mate understanding of the behavior of medium steel when sub- 
jected to triaxial stresses and low temperatures. The specimen 
developed will be of assistance in arriving at criteria for selecting 
steels best suited for safe welded construction. 
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N. A. Kann" anp E. A. From having studied the 
applicability of a tear test for evaluation of transition from shear 
to cleavage failure in ship plate, the writers find their results to 
correlate with the indications obtained from large-scale tests. 

Our main interest has been directed toward the development of 
a test method which would be suitable for quality-control pur- 
poses. Such a method, in our opinion, would have to be based 
upon a test specimen which is economical with regard to material, 
time, and cost of preparation and testing, which of course is not 
the case with the test specimens used by the author. His test 
coupon, in some instances, was 30 in. X 30 in. and not less than 
16 in. X 10'/, in. and involved complex prenotching preparation 
and reinforcing of the loading holes. 

The test coupon developed in the laboratory with which the 


14 Consulting Metallurgist, Material Laboratory, New York Naval 
Shipyard, Brooklyn, N. Y. 

18 Senior Metallurgist, Material Laboratory, New York Naval 
Shipyard, Brooklyn, N.Y. Jun. ASME. ; 

Note: The opinions contained in this discussion are the private 
ones of the writers and are not to be construed as reflecting the views 
of the Navy Department or the Naval Service at large. 
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writers are associated is shown in Fig. 22 herewith. The blank 
is flame-cut from full-thickness plate and machined only on the 
edge opposite the notch. The notch is of the keyhole type and is 
cut transversely to the direction of rolling. A load-extension 
diagram obtained with the test provides data for the evaluation of 
maximum load, deformation, energy absorbed in initiating failure 
(occurs at approximately maximum load), and finally energy 
input to propagate tearing from maximum load to completion. 

Typical fractures of specimens tested at temperatures above, 
within, and below transition of a representative */,-in-thick ship 
plate are shown in Fig. 23. The corresponding load-extension 
diagrams are shown in Fig. 24 of this discussion. 

It will be observed that the ductile fracture is associated with a 
high energy value to propagate tearing, the cleavage fracture with 
an energy-to-propagate value of practically zero, while the mixed 
fracture (first shear and then cleavage) is associated with an in- 
termediate energy-to-propagate value which is roughly propor- 
tional to the percentage of shear in the fracture. It is to be 
noted that, in connection with the specimen used by the writers, 
the maximum load and energy absorbed in initiating tearing are 
relatively unaffected by the mode of fracture. 
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A summary graph of a tear-test series for a typical medium 
ship-plate steel, */; in. thick, is shown in Fig. 25, herewith. It is 
to be observed that the energy-to-propagate tearing, and the per- 
centage of shear in the completed fracture sharply define the transi- 
tion from ductile to brittle failure, and that the two indications 
practically coincide with each other. The foregoing appears to be 
in contradiction to the author’s findings wherein maximum load 
or unit load defines the transition, while, in connection with the 
writers’ findings, these are unaffected by mode of fracture. The 
disagreement may be due to the geometry of the specimen. We 
would be interested in having an evaluation of fracture work as- 
sociated with the author’s test coupons, if available. 

We are in full agreement with the author that a tear test simu- 
lates several of the basic conditions of loading encountered in 
service, is well-suited for the study of conditions which will precipi- 
tate cleavage fracture, and facilitates the testing of full-thickness 
plate specimens with a minimum amount of machining work and 
with nominal testing-machine capacities. 

The author points out that by proper design of the tear-test 
specimen, it is possible to have the entire section under tensile 
stress with a maximum at the notch and decreasing to a minimum 
at the edge opposite the notch. It is noted, however, that his 
recommended basic design for a tear-test specimen (coupon type 
D) with an eccentricity of loading of 4.59 in. and depth of 6 in. is 
subject to compressive stresses as well as to tensile stresses, since 
the neutral axis for this specimen, using Equation [6] of the paper 
falls 0.61 in. below the centroid. The fractures of the tear-test 
specimens used by the writers likewise show evidence of compres- 
sion at the edge opposite the notch. 

In connection with Table 8, the author states that notch radii 
smaller than 0.01 in. favor development of cleavage fractures, 
notches of the Izod (0.010 in. R) and Charpy (0.039 in. R) type will 
produce a combination of shear and cleavage fractures, while 
notches with radii greater than the Charpy will favor shear frae- 
tures. It is not clear from this what part the steel itself plays in 
determining the mode of fracture it is to follow under given con- 
ditions of loading temperature and degree of constraint. 

The work, reported in the paper, on the effect of loading rate is 
interesting to the writers inasmuch as, for lack of adequate back- 
ground, they have limited the rate of loading to 0.05 ipm. It 
would appear from Table 10 that rates of loading up to 2 ipm do 
not influence the unit breaking load. Since the breaking load de- 
fines the transition range in connection with the author's tear 
test, it would appear that the latter would likewise be unaffected. 


A. B. Kinzen.'* The author is to be complimented on a keen 
analysis and an ingenious test specimen, as well as an elegant 
mathematical exposition which sheds much light on steel be- 
havior in structures, particularly from the engineering point 
of view. The wealth of data given will do much to provide a 
better understanding and appreciation, by engéneers, of the 
phenomena in question, especially with reference to mass effect. 
This is both the strength and the weakness of the particular ap- 
proach herein reviewed. The specimen is not essentially differ- 
ent from that suggested by Coker many years ago and used for 
the same purpose. This use was not as successful as the author's. 
A few years ago our laboratories attempted a study of mass effect, 
using the C-specimen with the notch in the vertical leg of the C. 
We learned a lot, but as the simple C-specimen has shortcomings 
(many of which have been overcome in the present specimen), we 
did not believe that it was suitable for general application. 

Some of the points mentioned by the author should be empha- 
sized. Behavior of steel is affected not only by the complex 
Stresses which he so neatly provides and analyzes, but also by the 
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rate of loading and temperature. In the work reported, the rate 
of loading has had no effect. This is probably due to the com- 
paratively small differences in rates of loading used and, as he 
points out, the fact that the stress condition was so severe that 
the threshold level at which the rate of loading becomes highly 
important has already been exceeded. The data given on tem- 
perature likewise were not over a broad enough range to warrant 
conclusions, as practically all of the work was below the transition 
temperature. If, as the author assumes, we are to use steels 
which will show brittle behavior, this work below the transition 
temperature is highly important and, as far as we know, unique. 
However, the problem would seem to be to design structures and 
select steels so that in service brittle behavior is avoided. This is 
brought out by the author, and the writer is sure he will agree that, 
from the engineering standpoint, the properties below the tran- 
sition temperature are of interest primarily in establishing 
transition temperature and engineering conditions which tend to 
raise or lower it. 

Our own belief is that any test must include a complex stress 
such as that provided by the author's specimen, a rate of loading 
not too different from that in service (likewise provided by his 
specimen), and a major temperature effect of such magnitude’ 
that the test for brittleness can be carried out at a temperature 
commensurate with the lowest expected in service. The author’s 
stress conditions are so severe that the transition temperatures 
are much too high to be representative of reasonably good design. 
This is borne out by experience with ships, where practically all 
of the failures took place at relatively low temperatures. The 
argument that all structures contain cracks and therefore super- 
severe stress conditions, when carried to a logical conclusion, indi- 
cates that most engineering structures made with the usual 
structural steels should fail from brittleness in service. This is 
not borne out, by experience so we must examine further the effect 
of a notch. 

The author brings out clearly that after failure has started in « 
few of his C-specimens, crack propagation ceases and there is con- 
traction in dimension across the U. This is beautifully demon- 
strated in Figs. 18 (a) and 18 (6). This means that there is a con- 
dition at the root of a crack where the stress concentration due to 
that crack is insufficient to provide further failure. Argument 
from this point leads to the conclusion that the same condition 
would not have started the major crack if it existed at the root of 
a microcrack. Thus we believe that the importance of micro- 
cracks has been overemphasized. 

We further believe that any welded test specimen should in- 
clude to a major degree all heat-affected zones in the notched con- 
dition, this for general use, although we appreciate that some 
specific factors may be evidenced to greater advantage by special 
specimens, such as the author’s. 

There is one other point which should be emphasized in that it 
illustrates the difference in the point of view between engineers 
and metallurgists. The metallurgist differentiates clearly be- 
tween strength properties and ductility or mode of failure. The 
engineer is interested in the stress condition which results in a 
given mode of failure, and thus expresses ductility in terms of 
fiber stress. It is our thought that in many structures in which 
there is constraint the local stresses automatically increase until 
motion for adjustment takes place. The question is: Does 
this motion take place by plastic deformation or by failure? In 
other words, in service the local stress will frequently be enough 
to provide motion, so that the important item is not fiber stress 
but behavior. As set forth in the 1947 Campbell Memorial Lec- 
ture of the ASM, we believe that this property can best be meas- 
ured by observing the reduction of area, and we suggest that 
the author attempt a correlation of the reduction of area with this 
behavior performance rather than with unit stress as he has done. 
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H. G. Larew.!? In discussing this paper the writer will not 
endeavor to point out its many good features which are so ob- 
vious. Instead, two suggestions will be advanced for further 
study which may lead to results similar to those observed by the 
author but which are, however, more readily obtained. 

It would be quite desirable to submit plastic models of the 
various specimen types to a series of photoelastic examinations. 
These photoelastic studies would show readily the extent of stress 
concentration which develops in the region of curvature at the 
bottom of the 4-in. slot. Results of these studies would probably 
show that the effect of this concentration of stress is not negligible 
at the notch. In that case it would be desirable to increase the 
4-in-slot dimension until the notch area itself is free of all or most 
of this undesirable concentration of stress that develops in the 
region of curvature at the bottom of the slot. 

Another possibility for further study is found in the develop- 
ment of Equation [5] of the paper 


P S 


d—h 
In developing this equation, the author combined two classical 
formulas, one for axial tension or compression stress, and the 
other for flexural stress, into a single Equation [1] 

P . Me 
This equation is not immediately applicable to the case of the 
cleavage-fracture specimen. The author therefore modified this 
expression so that the effect of stress concentration at the notch 
itself, and numerous other variables would be represented in the 
equation. This was accomplished by introducing a correction 
factor n, in Equation [3] and applying it to the Mc/J or flexural 
stress term only. It must be kept in mind, at this point, that the 
component of direct stress is also subject to the factor of stress 
concentration and the other variables mentioned by the author. 
The writer suggests that a similar correction factor called m, be 
applied to the P/A term. If this additional factor m, is intro- 
duced, Equation [5] will become 


This new factor m, is variable and will be affected for the most 
part by changes in the values of dand R. It will increase in value 
quite rapidly as the ratio of R/d decrases. 

The fact that a correction was not applied to the P/A term of 
Equation [3] may explain why the author found that Equation 
[5] did not give satisfactory results when the depth of the speci- 
men was increased appreciably. The value of m will increase 
with increasing specimen depth. If it were applied to Equation 
[3], the third term in the denominator of Equation [10] would not 
be needed. This should simplify Equation [10] and the calcy- 
lations considerably. However, it may not change appreciably 
the over-all results observed by the author. 


E. M. MacCurcueon.'* This paper describes a very com- 
plete and well-organized research project. Working independ- 
ently, the author has paralleled a large portion of the research 
carried on by the board investigating the ship failures and now 
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under the surveillance of the Ship Structure Committee. His 
mathematical approach in the presentation of the results is a 
challenge to the designers who must ultimately interpret such 
data. This phase of the paper was most interesting to the writer 
who will discuss it in detail after presenting a few remarks on 
crack arrestors. 

The author states that the objective of the riveted crack ar- 
restor was to obtain structural flexibility as well as to arrest 
cracks. As one of the three original sponsors of this structural 
modification, the writer has taken every opportunity to deny this 
widespread impression. The riveted crack arrestor was intended 
on) asa crack arrester. Flexibility was not a virtue claimed in 
the original proposal. The writer is not sure that he knows what 
is meant by the term “‘flexibility,”’ as used in this paper in relation 
to ship structure. This term has been bandied about and used 
loosely to express several different things. 

With regard to the radii of holes intended as crack arresters, it 
should be pointed out that this is a quantitative and not a quali- 
tative question. The tests indicate a definite trend, but only 
statistics from actual failures can establish the base line. The 
tests indicate that the larger the radius of the hole, the better its 
crack-stopping ability. Obviously, the optimum hole is one of 
infinite radius, i.e., a slot. 

The following statistics from the records of ship performance 
may be interesting in view of the unequivocal statement in this 
paper that it is simply necessary to drill a hole in order to stop a 
crack: 


Crack passed Crack 
through stopped 
Crack arresters as a whole. . 0 33 


The foregoing data are based upon structural failures only. 
Crack arresters were also reported effective in many cases of 
secondary damage initiated by grounding or by mines and torpe- 
does. The decision to incorporate a slot in the arrester appears 
to have been justified. 

The author’s proposal to use perforated straps without slots is 
not entirely new. The first proposal for remedies to the Liberty 
ships included riveted straps with no slots. Records of some 
failures indicating the inadequacy of such arresters were already 
available at the time of the final decision. An example was the 
steamship Champlain, a Great Lakes ore carrier. On this ship, 
cracks passed right by four riveted longitudinals, and in one case, 
right through a rivet hole. They did not crack the longitudinals 
but they did not stop either. + 

The edges of straps should not be welded as suggested in the 
paper. Tests performed by the Navy Department about 4 years 
ago showed that light welds between two heavy plates can serve 
as a bridge actoss which a crack can jump from one heavy plate 
to another. Furthermore, if such a plate were attached without 
plugging the holes with rivets, it would have the same practical 
disadvantages with regard to leakage between faying surfaces 
which are present in the crack arresters now in use. 

On reviewing the computations and curves plotted by the author, 
which show the load P on the specimen divided by the net gross 
section area A, the writer was startled by the figures indicated. 
At first glance, he misinterpreted these P/A values as being actual 
nominal stresses, without appreciating the effects of the eccentric- 
ity involved. Upon further reflection and upon consideration of 
other tests, he began to suspect that the stress-concentration fac- 
tor of 9 cited in this paper might be misleading, and that further 
definition of the parameters involved in the test should be made. 
One other statement, to the effect that the yield point was in- 
creased almost to the breaking strength, also appeared misleading. 
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Fra. 26 Fie. 27 Case lI 
To clarify his own thoughts on this matter and in the hope of put- 
ting his mind at ease, the writer attempted to rationalize the results 
mathematically. In doing this, the necessary balances between 
forces and between moments were established (see Fig. 26 here- 
with). In making the calculations, only the tensile-bar data for 
the particular steel, steel 17, were used, and an effort was made to 
compare the results with the notched-plate results presented in 
the paper. 

In preparing the calculations, the following assumptions were 
made: 


(a) That the failure occurs in the cleavage mode. 

(b) Bhat the degree of brittleness of the cleavage failure cor- 
responded to shipboard failures. The reduction in thickness was 
assumed to be 2 per cent near the starting point of the fracture. 
This would correspond to 1-1.5 per cent where the fracture is run- 
ning, and this thickness reduction is typical of the ship failures 
examined at the National Bureau of Standards. 

(c) That the material has a pronounced yield point. 

(d) That the stress distribution across the section opposite the 
notch corresponds to Figs. 27 and 28 of this discussion. Case I 
is for narrow specimens of width on the order of the plate thick- 
ness. In such specimens, the opposite edge affects the stress dis- 
tribution around the notch. Case II is for wider specimens and 
the intercept of the elastic line in Fig. 28 was determined by the 
assumption of 2 per cent thickness reduction at the notch as just 
mentioned. 


In Case II, the load at the end of the notch indicated as P, is 
an unknown from the data on the tensile-test specimens. Data 
from a previous report'® were used to evaluate P;. Iso-hardness 
lines around the notch were converted to strain and then to stress 
by the calibration curves provided in the reference just men- 
tioned, for the cleavage failure of a 72-in. centrally notched speci- 
men of steel C. Making due allowance for the difference in 
material characteristics between steel C of the reference’® and 
steel 17 in thickness of 1 in. of the present paper, the value of 
P,; was found to be about 20,000 lb. Equating the forces and 
moments for the stress curve for Case I, shown in Fig. 27 of this 
discussion, gave the following equations 


” Cleavage Fracture of Ship Plate as Influenced by Design and 
Metallurgical Factors (NS-336) Part II—Flat Plate Tests.” by H. E. 
Davis, G. E. Troxell, E. R. Parker, and M. P. O'Brien, OSRD No. 
6452, Jan. 10, 1946. 
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In similar manner, the stress curve for Case II, shown in Fig. 28, 
gave equations as follows 


— 0.3 t 
2 t 
P — I 
w 
where, in the foregoing equations e 
t = plate thickness 
D = distance between pulling holes 


For P, A, w, d, E, oy, oyp, and P, refer to Figs. 27 and 28, 
and text. 

Values for comparison with the test were then obtained by sub- 
stituting into the equations the following material data for 
steel 17: 


cyp = 32,900 psi 
tr = 133,000 psi 
oy = 127,700 psi 
P, = 20,000 lb 


To simplify the mathematics, the equations were formulated 
on the basis of the initial thickness of the specimen. At the time 
of inception of failure, the thickness reduction at the notch was 
assumed to be 2 per cent. For this reason, the actual rupture 
strength was adjusted and the value oy was used instead. 

The results of substituting these values in Equations [18], [19], 
[20], [21] are shown as a solid line in Fig. 29 herewith. Correspond- 
ing test results taken from Table 4 of.the paper are indicated as 
circles. Evidently P; was underestimated, because the theoreti- 
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cal curve lies below the test points for specimen widths less than 
about 8 in. It is probable that the degree of brittleness in the 
author’s tests on steel 17 was not as great as that in the 72-in. 
plates of steel C at 32 F, on which the Knoop hardness values 
were recorded in the previous reference,'® and upon which the 
estimate of P; was based. The theoretical curve lies above 
the test points for wide specimens because buckling occurs. On the 
22-in-wide specimen, the compressive stresses at the top and 
bottom edge of the specimen were estimated to be in the order of 
20,000 psi. On the edge of the specimen opposite the notch, it 
has already been indicated that the compressive stress exceeds the 
yield point. The critical buckling stress for the loading indicated 
is prob&bly not much over 15,000 psi and buckling is almost cer- 
tain to have occurred. Perhaps the author can confirm this by 
his personal observations of the test. z 

The mathematical analysis used in producing the curves in Fig. 
29 of this discussion was also applied to the centrally notched 
plates of steel C which were tested in widths varying from 3 to 108 
in. and recorded elsewhere.”° Good agreement between theoretical 
and test results was found again in this comparison for the cen- 
trally notched specimens. The type of loading on the centrally 
notched plates is more like that in a ship’s deck. It is interesting 
to know that the results of both test and calculations indicate 
that the P/A value is asymptotic to the yield stress of the ma- 
terial. 

The wide centrally notched plates cannot be compared directly 
to the ship’s hull, however, because in considering the effect ot 
small notches, it must be remembered that gross operators, such 
as hatch corner reinforcements, raise the stress values locally over 


a fairly large region. Plastic flow around a small notch might. 


not reduce such gross stress concentrations appreciably. Fail- 


2 ‘*Causes of Cleavage Fracture in Ship Plate, Flat Plate Tests and 
Additional Tests on Large Tubes,” by H. E. Davis, G. E. Troxell, 
E. R. Parker, A. Boodberg, and M. P. O’Brien, Navy Contract 
NObs-31222, Jan. 17, 1947. 
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ures could then be expected at a nominal stress in the deck some- 
what below the yield point. 

It appears that P/A values may serve as a useful tool even 
where notch sensitivity is involved. If credit is given for notch 
effects, designers may still be able to predict actual structural 
performance intelligently using P/A values. In a test for steel, 
P/A values for eccentric specimens are relatively insensitive to 
changes in the fundamental steel characteristics. However, it 
would appear from Fig. 15 of the paper that the P/A values may 
still serve a useful purpose as a means of discriminating between 
steels on a basis of notch sensitivity. 

The mathematical approach to notch problems suggested by 
the author certainly captures the imagination. It presents in- 
triguing possibilities for the designer but considerably more ex- 
perience is needed in this field. _We should be cautious in attack- 
ing existing strength standards. Such standards have proved 
generally satisfactory over many years. An apparent conflict 
between new theories and the standards may be an inadequacy 
in the theory rather than in the standards. Structural failures 
in ships’ hulls are not the rule. They are the exception to the 
rule. More profit would be forthcoming if the theory could be 
made to explain these departures from the norm than by attack- 
ing the norm itself. 


W. P. Roop.*!. The paper is most timely and constitutes an 
important contribution to the subject, distinguished from other 
work in the field by the originality of the test. method used, and by 
the considerations advanced for relating the results of this test 
with others hitherto more widely known. 

The number of parameters introduced and the ranges of their 
variations are so great that complete coverage was not attempted. 
In this respect. there was no departure from the conditions of 
other tests. The main novelty lies in the form of the specimen 
and the test procedure. 


21 Swarthmore College, Swarthmore, Pa. 
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‘The expression ‘“‘cleavage-tear” refers to two of the main fea- 
tures of the test, namely, that the rupture is accomplished by a 
tearing process, and the tests are mostly made at a temperature 
low enough so that cleavage predominates. Another special fea- 
ture is that the main item of response of the specimen to the load 
which is made the subject of observation is the load itself, 
either the ultimate value or the value at fracture. 

The load is tensile, but the eccentricity of the specimen is such 
that bending predominates. In this respect the test resembles 
that developed at the New York Naval Shipyard by Noah Kahn 
and associates. The eccentricity is generally even greater than 
in the Kahn test. However, provision against strain on the com- 
pression side, as by the hard pin in the Schnadt-Gensamer test, is 
made only by using specimens of great ‘coupon depth,” d. 
Details of the specimen are shown in Fig. 1 of the paper; as a re- 
sult’ of varying the dimension d a standard value of 6 in. wis 
adopted, as compared with 2 in. in the Kahn specimen. 

In the conduct of the test the later stages of the fracture are 
generally disregarded and the only quantity noted is the value of 
the maximum load. The decision to do this was reached as a re- 
sult of a small number of tests made on a specimen of simple 
beam form, in which it was noted that high deflections at fracture 
were accompanied by relatively high loads at fracture. This, 
and other more general considerations are believed to validate the 
use of load as a discriminant of toughness, since load is correlated 
with deformation and hence with energy absorption. 

The condition which must be satisfied to make breaking load a 
valid discriminant is said to be that “the proper size and type of 
coupons” be used. “It was necessary to use certain standard 
types of coupon and test conditions for determining the effeet of a 
single variable in each series of tests.” 

The major part of the paper is devoted to finding the effect on 
breaking load in cleavage mode of the following parameters: 
(1) eccentricity; (2) coupon depth, i.e, depth of metal behind 
the notch; (3) depth of the notch; (4) angle of the notch; (5) 
radius of the notch. 

The basic assumption underlying the method used is that the 
presence of the notch affects only that part of the stress which pr >- 
ceeds from the eccentric action. Thus the equation 


Stress = P/A + (Me/I) 


gives elastic stress under eccentic load at distance ¢ from the cen- 
troid in an unnotched specimen. This is assumed to become 


Stress = P/A + n-(Mce/I) 


in the presence of a notch. 

At a temperature far enough below the transition the action is 
considered to be elastic all the way to failure; the case of large 
plastic flow followed by cleavage fracture is stated not to occur in 
this type of specimen. Under these conditions the stress at frac- 
ture is called the cleavage strength. This usage is arrived at by 
the following process of analysis: 

In the first series of tests described, unit breaking load is ob- 
served as a function of eccentricity. The data obtained in this 
way are given in Table 4 of the paper. Take, for example, the 
case of load parallel (fracture transverse) to the direction of roll- 
ing, notch angle 60 deg, coupon depth, and notch depth and radius 
not stated. Data cited are from 16 specimens, of 3 steels in 3 
thicknesses. Since the scatter seems small, averages are taken to 
obtain 8 values of load at fracture on eccentricities running from 
Oto 13in. The plotted data, shown in Fig. 6 of the paper, indi- 
cate constant values of S and n as inferred from the observed 
values of P/A, e, d, and h by the equation 


S 
1 +n: 6e/(d — h) 


P/A = 
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Turning to the data in Table 5 on effect of coupon depth, the 
same values of S and n as in Table 4 are used in reducing them, 
but a corrective term is introduced in the denominator. When 
depth exceeds 6 in. further increase has little effect; the value of 
6 in. isa threshold. This is described by the author as the limit- 
ing depth “required to obtain the required rigidity and to com- 
pensate for the stress gradients created by the notch.” 

From a somewhat different point of view, it might be said that 
the 4-in. opening between the pins acts as a notch. Increased 
coupon depth is equivalent to reduced relative depth of this 
notch. At all depths over 6 in. the prongs loaded by the pins are 
in effect cantilevers, but at smaller depths the metal joining these 
prongs shares in the flexure. 

As used by the author, however, the word “notch” refers to the 
small cut or indentation, nor over !/, in. deep, in the edge under 
greatest tension. The relative depth of this notch was thus very 
small at most. Yet Fig. 9 of the paper shows that the depth of 
this notch has very great effect on breaking load. 

The suggestion that by making the notch depth small enough 
the cleavage strength can be raised above the shear-strength 
value, is one that would be of interest to confirm experimentally. 

The effect of notch depth is described numerically by the cor- 
rection factor in the numerator shown in Equation [11], found by 
a process of curve-fitting. The whole numerator, including the 
factor, is regarded as the cleavage strength. The value given in 
Equation [9] is understood to be that for a notch of !/32in. or more 
in depth beyond which the change is negligibie. As depth is re- 
duced below that point, breaking load rises abruptly. According 
to Equation [10], as h approaches zero, the breaking load rises 
toward an infinite value. Before getting that far, no doubt, the 
fracture presumably becomes ductile, and the specimen behaves 
more as though the notch were absent. 

A similar curve-fitting procedure is used for reducing the data 
on notch-angle, and the correction is again a factor in the numera- 
tor. The factor, and hence the cleavage breaking load, rises as the 
angle diminishes. For some reason the combined prod ict of the 
three terms in the numerator is not given in Table 7. Would this 
again, as in Table 6 of the paper, be called cleavage strength? 
At what value of notch angle would it rise to the shear-strength 
value? 

The answer to these questions is implicit in the result obtained 
for the next parameter, notch radius. This is accounted for by a 
third corrective factor in the numerator in which radius is raised 
to a fractional power. The whole numerator takes a value of 
about 209,000 psi, of the same order as the “technical cohesive 
strength,” when the radius factor is introduced as a negative frac- 
tional power, and the value of radius is taken to be 3 X 10~® in., 
the smallest value found by micrescopic observation of natural 
cracks. Equation [15] is to be understood as giving the load 
value, taken in proportion to that for a standard notch. It 
would seem to be a little clearer if instead of 2.085  R®-'!3 the 
factor were written in the form (R/0.0015)°""5. However, if the 
numerator is to rise to the value of 200,000 psi, the standard 
radius must be taken as 3 X 10-6 in. instead of 0.0015 in. 

Table 8 of the paper deserves special attention as the first in 
which the temperature of the test is stated. The table shows a 
shift from cleavage to shear as radius increases. This would 
seem to confirm the idea that small radius favors high transition 
temperature. The data quoted, however, show a variation of 
breaking load with notch radius which covers a range of the latter 
quantity extending to between 4 and 5 powers of 10. The effect 
on load is confined to increase by a factor of 3. This jump of a mere 
threefold value of load when radius is multiplied by 30,000 might 
be simply a matter of transition from a lower to a higher level. 
The conclusion reached by the author, however, is that the shift 
follows a regular progression as expressed by the factor R®-!!3, and 
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presumably for higher values of radius still larger values of break- 
ing load would be found. However, as the author later gays, 
“more data are needed to determine whether or not a leveling-off 
occurs at some value of notch root radius.” 

In the tests reported in Table 11, five series of observations 
were made under conditions that were uniform for each series ex- 
cept for a methodical shift in temperature. Although a tran- 
sition is found, below which a lower level of breaking load occurs, 
the loss is not over about 25 per cent. No attempt was made to 
express this effect in numerical terms. 

The transition thus found lay up to 100 deg higher than that 
found by keyhole Charpy tests, confirming Kahn’s results. 

In several respects the results of these tests appear to differ 
from others of which efamples could readily be cited. These 
divergences may be attributed in part to the form of the speci- 
men, but more especially to the fact that the primary quantity 
observed is a load in cleavage mode, and not a deformation or en- 
ergy value. Examples are as follows: 


1 In Table 6 no systematic effect of thickness is discernible. 
In other tests metal in great thicknesses has often shown reduced 
strength and toughness. 

2 The author states, ‘‘It is obvious that no appreciable yield- 
ing is possible in fractures of strictly cleavage type.” With other 
specimens, numerous examples have been found of fractures hav- 
ing all other marks of cleavage, but preceded by plastic elon- 
gations of several per cent. 

3 In Figs. 8, 9, 10, and 11, the fitted curves pass through the 
points with very little scatter and dispersion. Upon repetition 
under identical conditions of tests, involving possible alternatives 
between two different regimes, such as the brittle and ductile 
modes of rupture, scatter is normally quite large. 


4 Again, the author states, “Breaking loads are aot affected 
materially by the shallow cold-working found at the base of the 
pressed notches.”’ Cold work, as around a punched hole, has in 
some cases made the difference-between a test which does and one 
which does not discriminate between similar steels differing in 
notch toughness. 

5 Further “...cracks if present are very dangerous since 
relatively a much smaller load will be required to extend them in 
the sound structure...’ In flat-plate specimens, cleavage cracks 
often stop by themselves and require increased unit load on the 
remaining section before proceeding further. The continuation 
is in some cases in ductile mode. 

6 In conclusion 15, “...our present factors of safety are in- 
adequate to safeguard against possible failures originating from 
notches or discontinuities.’”’? Some of the cleavage fractures in 
service occurred under such low load values that a moderately 
increased safety factor could hardly have served to prevent them. 


These statements and counterstatements are seen to be not 
wholly contradictory although they do present opposed aspects of 
the matter. To arrive at statements to which no exception at all 
can be taken is a matter of such difficulty and would require so 
much more information than is now at hand that it will not soon 
be done. 

It is the merit of this suggestive and stimulating paper that it 
brings to the subject a novel approach, presented in detail and 
without dissimulation, in the proving of which we would be sure 
to come nearer to our goal. 


R. E. Pererson.?? Since our company operates a number of 
outdoor pressure vessels of welded type, we are naturally con- 
cerned about winter operation and therefore are interested 
in findings of the type discussed in this paper. 

22 Manager, Mechanics Department, Research Laboratories, West- 
inghouse Electric Corporation, East Pittsburgh, Pa. Mem. ASME. 
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In Fig. 30 of this discussion, the writer has reproduced only 
those curves from Fig. 15 ot the paper which show a definite lower 
branch; a curve of ship failures vs. temperature is also shown.” 
From the author’s curves, it would seem that not much differ- 
ence would be expected over the range —40 F up to 40 F or even 
60 F. As shown in the lower curve, this is contrary to the 
experience with welded ships. 

In this connection the writer wonders to what extent thermal 
stresses might explain the difference. In case of a drop in air 
temperature, the portion of the ship below the water and also the 
entire interior of the ship would remain warm, so that the con- 
dition would be like “quenching” the skin of the part of the ship 
above the water, with the possibility of quite high thermal 
stresses. These stresses superimposed on other stresses might 
help to explain the increased tendency for welded ships to fail at 
low temperature. 

Since most outdoor pressure vessels would be in a more favora- 
ble condition is so far as such thermal stresses are concerned, the 
writer would appreciate the author’s opinions regarding the views 
stated. 


Wa Ter Samans.** In connection with wide interest in design, 
fabrication, and service difficulties experienced with unfired 
pressure vessels of all types of construction and sizes, it was 4 
pleasure to note such a thorough analysis of the type of test speci- 
men prepared by the author after painstaking work covering 
several years, which would evaluate the behavior of steel plates 
as rolled when a notch is present. 


23 “The Investigation of the Design-and Methods of Construction 
of Welded Steel Merchant Vessels’ (Government Printing Office), 
Fig. 59. 

24 Administrative Engineer, Sun Oil Company, Philadelphia, Pa. 
Mem. ASME. 
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BAGSAR—DEVELOPMENT OF CLEAVAGE FRACTURES IN MILD STEELS 


The principal purposes of the tests, as stated, were the study of 
fractures that occurred in numerous welded ships. As most of 
these fractures were started by notches imposed by the shape, 
such as sharp hatchway-corners, similar details at gunwales, or in 
the extended strake forming the bulwark, it is expected that the 
specimens would illustrate that type of arrangement. 

A similar condition exists in details on pressure vessels around 
openings, particularly where the reinforcement is unsymmetrical 
in relation to the face of the shell plate, and in such attached 
parts, usually outside of the vessel, which form the supporting 
lugs, brackets, or similar items that carry external loads, such as 
piping, or superimposed other vessels, heat-transfer equipment, 
ete. 

Consequently these tests are of great value in that they point 
out the unsatisfactory choice of Charpy impact tests as a gage 
for classifying steel. 

In large atmospheric-temperature storage vessels it must be 
obvious that mild-carbon steels may be subjected to conditions 
for which the steel may not be suitable, unless it is carefully 
streamlined at critical details, even when subject to permissible 
design stresses under existing pressure-vessel codes. 

Assuming, however, that the results of the author’s tests are to 
be used in revising the present rules for pressure vessels, his sug- 
gestion that lower design stresses be set, obviously is meant to be 
applied only at the critical details mentioned and not to the entire 
vessel. 

In this respect, some changes have already been made within 
the last 2 years, as for instance in the better material for attach- 
ments to supporting columns for large spheres containing liquids. 
It is also now required that the assemblies of parts be welded to- 
gether in the shop and stress-relieved. Again, it is on these large 
vessels where the economy of proportions, in number of columns 
compared to the load to be carried, requires large details which are 
bound to have points of high stress concentration. 

The mathematical treatment of the results obtained from the 
author’s tests needs no apology, because he frankly states that 
additional data are required before more than empirical factors 
can be added to the basic formula in which the bending stress is 
added to the direct stress as is customary in all similar problems. 
While this neglects the elastic theories to some extent, the use of 
such theories at this time would not improve the results or con- 
clusions reached. 

However, there have been types of failures in pressure vess@ls 
which indicate forms of notches not covered in the present test. 
+ The writer has in mind one welded sphere under the hammer test 
when filled with water, and constructed by a well-known builder 
for an Army Ordnance operation, in which a hammer blow at or- 
dinary temperatures, believed not to be lower than 40 F, caused 
a cleavage crack to be initiated at a defect in a butt weld along a 
median line at some distance above the equator of the sphere. 

It is needless to say that any statements made at this time, 
based on experience and tests to date, are always subject to revi- 
sion, and that if our program for research on unfired pressure ves- 
sels can be carried through on a number of construction details not 
yet covered to date, we may have a much better conception 
of how a pressure vessel should be designed for maximum safety 
and minimum cost of material and fabrication. 

It is hoped that other investigators will use the data submitted 
by the author and apply them to tests of special steels of all kinds, 
good and bad, which may be aveilable, because only by such 
means can we determine the boundaries of safe use and the 
hazards that should be avoided. 


J. W. Srewart.*® The author suggests consideration of pres- 
a ie Sir Joseph I. Sherwood & Company, Ltd., New York, 
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ent factors of safety against large cleavage fracture due from 
small discontinuities, notches or cracks, or other remedies mini- 
mizing damages from cleavage fractures. 

The paper endeavors to show that these cleavage fractures con- 
form to some laws and modified equations, and that such fractures 
can be evaluated with reasonable accuracy. He endeavors to in- 
dicate certain design and material specifications by which occur- 
rences of cleavage fracture can be minimized (see Fig. 1 of the 


paper). These are reduced to formula as follows 
S 
n 
(d — h) 


Table 1 shows the test relationship on various notches. In 
this investigation eight steels were used from 1/2 in. to 2!/, in. 
thick, then butt-welded; seams in 1-in-thick plates welded 
by the manual and submerged-arc processes, the latter being 
accepted for the tests, 

The numerical values of Equations [7], [8], and [9] show inter- 
esting results in regard to the correction factor. 

Underbead cracks, undercuts, or discontinuities in parent 
metal, causing irregularities, constitute notches from which frac- 
tures occur, and show how mild steel may fail, by shear fractures, 
or both, depending on conditions. These are the extent of restraint 
to the flow of the metal in a direction transverse to the fractures 
and the temperature prevailing. It is noted that cleavage welds 
appears “sugary” or “crystalline.” It has been stated that the 
rate of propagation of cleavage fractures is 3500 to 4500 fps (rapid 
rate). This is interesting and has been demonstrated by the rup- 
tures that have occurred in the past, and recently on the tanker 
Ponagansett. This rupture was similar to that on the steamship 
Schenectady, the latter with only 9900 lb tension on the deck. 

It is also noted that shear fracture has a “silky” appearance 
with slow propagation, and the extension of the fracture is gradual, 
differing in cleavage separation of the metal along cleavage 
planes, Fig. 17 (views 1 and 4); whereas shear is of the nature of 
sliding of one part over another, as in Fig. 17 (views 2 and 3). It 
is also interesting to note in the case of.the cleavage sample, 
Fig. 18 (a), that 2'/: in. below, the notch was arrested by interpos- 
ing shear fracture, finally resulting in a narrow band V-shaped 
fracture acting as a barrier against the cleavage; consequently 
this delayed rupture. 

The V-herringboning appearance points to the origin of the 
crack in cleavage and opposite in shear fracture, Fig. 19 (6). 

Table 8 shows the effect of V-notches and drilled holes when 
shear takes place and is less dangerous as it is always associated 
with deformation. Whereas in cleavage fractures there is no de- 
formation, hence with no appreciable amount of energy absorp- 
tion, so that the fracture appears suddenly, as soon as a certain 
load level is reached. This also has been indicated in recent rup- 
tures. This apparently can be overcome or minimized only by 
either/or both modification of design or selection of better ma- 
terials such as inserting riveted seams to break up monolithic 
structures. 

The writer states that to arrest cleavage it is necessary to in- 
crease the notch arrangement and notch radius. This can be 
done by drilling holes of certain sizes so that when cleavage frac- 
tures develop they will terminate at one of these holes. The 
author states that the holes require no rivets except for water- 
tightness. He further believes that to obtain watertightness it 
is only necessary to fit butt straps over the perforated area, either 
externally or internally, or both. These are made tight only 
to prevent leakage. Any reinforcement in addition are for the 
section weakened by the holes. 

If desired, the holes could be drilled in the butt straps only and 
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these installed by welding at the desired section and in the desired 
direction. It is believed that the holes drilled in the butt straps 
will have the same effect for arresting cleavage as those drilled 
through the shell plate. ; 

The writer is in disagreement with this and believes it advisable 
to fit a riveted seam. Experiments, the author states, show that 
holes need not be larger in diameter than !/, the thickness of the 


shell plating (see Figs. 21a, b,c, and d of the paper). The writer — 


believes it to be unnecessary to cut the shell or to relieve locked-up 
stresses. It is advisable to cut the shell and stop the cleavage 
propagation. 

Specially deoxidized or denitrided steels and fine-grained struc- 
ture would undoubtedly be advisable for certain critical applica- 
tion and might be used in modification, but they are expensive and 
practically unobtainable. 

Therefore, for hulls of vessels it would seem desirable to con- 
tinue a practice that has proved a safeguard, namely, to sever the 
vessel at the highly stressed sections and fit overlapping riveted 
seams, or riveted butt straps, for example, on the deck and on the 
bottom of tankers. Do this instead of producing steel of the proper 
coupon raised to coincide with the breaking load of the steel to 
suit notch and testing sensitivity. Otherwise, use a greater fac- 
tor of safety which of course would mean increasing the weight of 
the vessel material through the main body for an all-welded ship 
as compared with a riveted vessel. 

-In his conclusions the author indicates the value of stress- 
relieving, but this is almost impossible in a structure such as a 
ship. Even normalizing is very expensive as mentioned in con- 
elusion 11. However, a good technique of depositing welds in the 
eorrect sequence, as described in a paper by W. A. Stewart, 
would help relieve locked-up stresses which have caused a lot of 
our ruptures. 

In conclusion 12, on transition of temperature at 100 F, the 
writer believes this might be accepted in view of ruptures occur- 
ring in cold weather. 
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The writer believes, and the practice so indicates, that to avoid 
major ruptures in a ship, the fitting of about four riveted connec- 
_ tions, two topside and two on the bottom, together with good 
welding sequences, is the simplest answer to our present trouble 
im an all-welded ship structure. 


J. Gipson”? ano C, F. Tipper.”” There appear to be some dis- 
erepancies between results obtained in this paper and those of 
other investigations. 


26 “‘All-Welded Tanker Phoeniz,”’ by W. A. Stewart, Trans.’ North 
East Coast Institution of Engineers and Shipbuilders, vol. 62, part 2, 
December, 1945, pp. 35-60. 


27 Department of Engineering, University of Cambridge, Cam- 
bridge, England. 
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The first is the effect of test-piece depth on breaking loads. 
The author uses specimens of the type shown in Fig. 31 herewith, 
varying d and keeping a constant. He obtains a curve, Fig. 32 of 
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this discussion, which shows that the maximum load/unit area 
P/A, for brittle fractures, is small for small values of d, and that 
it increases up to a value of d of about 6 in., and then remains 
constant. He also produces Equation [10] which represents 
this result analytically. 


48,000 
A 6e e 
+ 0617 + h 0.0) | 


where n = 0.617 is a constant introduced on account of the notch; 
k = 0 when d—h <6in., and k = 1 when d—h > 6 in., ¢,d,/ 
being defined in Fig. 31; S = 48,000 psi is the breaking strength 
of a specimen with a notch but with no eccentricity. 

In carrying out tests with specimens of the type shown in Fig. 
33 herewith, however, it has been found that by decreasing d and 
keeping a constant, the P/A value increases.** 

This apparent anomaly can be explained as follows: The effect 


%* Report to Admiralty Ship Welding Sub Committee, by ©. F: 
Tipper, FE4/181, September 1946. 
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BAGSAR—DEVELOPMENT OF CLEAVAGE FRACTURES IN MILD STEELS 


of d upon the strength P/A, depends upon the value of a. This is 
not pointed out by the author although it is implied in his analy- 
sis. Substituting e = a + (d + A)/2 in his Equation [10] and 
putting k = 0, since P/A only changes when d —h <6in., and 
using symbols instead of numerical values 

S 


+0) 


Fig. 34 of this discussion shows how the curve is reversed when 
(a + h) is negative, which is the case when the line of action of P 


(A+h) NEGATIVE 


a+h=0 


(a+n) Positive 


COUPON DEPTH a 


Fig. 34 


is inside the section as in test pieces of the type shown in Fig. 33: 
When (a + h) = 0, P/A does not change with depth of test piece. 
The eccentricity of loading can be measured by either e ora. If 
the depth is altered, one of these must change, so that the “‘ec- 
centricity”’ is not kept constant. 

A further point which needs some clarification is fhe significance 
of the factor n. 

The author points out in Equation [1] that the tensile stress in 
an eccentrically loaded specimen without a notch is 

P Me 

where ¢ is the distance of the exteeme fiber from the center line. 
This formula is then modified to account for the introduction of a 
notch, giving his Equation [3] 


Mc 
Sy = 


where 


Sy 


breaking strength of rectangular section with specified 
noteh with no eccentricity 
= “correction factor” 
4 = anisotropy factor, assumed unity for fractures transverse 
to direction of rolling 


It might seem at first that the notch only affects true bending 
stresses and not the axial stresses but it is important to realize 
that in Equation [3] stresses are no longer being considered, but 
have been replaced by breaking strengths of certain types of speci- 
men under certain specified load systems. Equation [3] might 


have been written 
P Me 
Sy=m™ A + nz 


789 


where n; and nz are actual stress-concentration factors for pure 
tension and pure bending, respectively, but on account of the 
definition of Sy, nm can be taken as unity. There is no reason why 
n2 Should be equal to mn; Frocht,?* in photoelastic analyses of 
stresses in a grooved bar, obtains stress-concentration factors of 
2.90 for pure tension and 2.21 for pure bending. Although it is 
not possible to compare breaking strengths with stresses in an 
ideal elastic body, it is interesting to compare the author’s value 
of n = 0.617 with Frocht’s ratio n./n, = 0.76, showing at least a 
qualitative agreement. 

The second point at variance is that the author finds a decrease 
in the value of P/A as the fracture changes from fibrous to brittle, 
whereas in notch-tensile and notch-bend tests*® no such change 
occurs. A slightly higher maximum load is reached in such tests 
as the temperature falls whether the final fracture is crystalline 
or fibrous.** Compared with these, a lower value is usually ob- 
tained with 3-in-wide strips, with one notch, accompanied by a 
slight fall when the fracture changes in character,”* as is also the 
case with test pieces of the shape shown in Fig. 33. The loads re- 
quired to break such test pieces in a ductile manner are only 
slightly higher when the fracture is fibrous. 

It may be assumed that the sequence of events up to the begin- 
ning of the fracture is the same in both test pieces, whether a 
brittle or a fibrous fracture occurs. More plastic deformation 
takes place at the notch, the more ductile the fracture. How- 
ever, this is true of both tensile and bend tests which reach the 
same load before fracture. Therefore the higher leads of test 
pieces which break with a fibrous fracture in the auther’s test and 
in 3-in-wide notched tensile tests must be attributed te a condi- 
tion arising after the crack has started. 

In brittle fractures the load drops immediately owing to the 
large number of crystals which cleave. In the fibrous type of 
fracture the load may continue to rise, due to plastic deformation 
and hardening, even though the section is being gradually reduced 
in area as the crack spreads. With small sections the effect is 
not prorfounced but as the width increases, the load to fracture 
may increase until it reaches a value comparable with the ulti- 
mate breaking strength of the material before it falls as the cross 
section is reduced. 

With test pieces shaped as in Fig. 33 of this discussion, which 
failed in a ductile manner, the fracture path did not long remain 
perpendicular to the direction of loading. It sheared off to the 
point of attachment of the grips; so that little increase in load 
would be expected after the fracture had started. 

Although the author’s results appear to disagree in some re- 
spects with those obtained in the Engineering Department, Cam- 
bridge University, the difference observed can be explained by the | 
different forms of test piece used and hence the different method 
of loading. 


AUTHOR’s CLOSURE 


The author wishes to express his appreciation to the discussers 
for their interest in the paper and for their contributions. 

In the treatment of a number of important items commented 
upon by several of the discussers, considerable additional test 
data are presented in this closure. In obtaining these data the 
testing procedure and conditions were the same as those described 
in the paper, under the section, ‘‘Determination of Effect of 
Variables on Development of Cleavage Fractures.’’ Unless other- 
wise specified, the steels were tested in the “‘as-received”’ condition 
with the use of the D-type coupon shown in Figs. 1 and 37, con- 
taining the standard 45-deg pressed notch of */i¢ in. depth 


29 ‘*Photoelasticity,"” by M. M. Frocht, John Wiley & Sons, Inc., 
New York, N. Y., 1941, pp. 235-237. 

30 ‘Slow Bending Tests on Large Notched Bars,” by J. G. 
Docherty, Engineering, vol. 139, 1935, pp. 211-213. 
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and 0.0015 in. root radius. For notches with root radii other than 
0.0015 in. the same depth and angle were used as in the standard 
notch, except in the case of notches of 0.039 in. root radii where 
the. Charpy keyhole type of notch of */\s in. depth was used. 
Notches with root radii larger than 0.0015 in. were made by 
milling instead of pressing. In preparing charts, the average 
values instead of individual test results were plotted, unless other- 
wise stated. The fractures in all cleavage-tear as well as Charpy 
impact tests were transverse to the direction of rolling of the 
plate. All Charpy impact tests were made with the use of the 
standard 10-mm square coupon containing the keyhole notch of 
9.039 in. root radius. 

J. G. Althouse states that tests for determination of transition 
temperatures and any other test are of questionable value for 
evaluating quality of steels in the term of service performance. 

It does not appear to the author to be justifiable to assume that 
steels possess an inherent property of fracturing in service in an 
unpredictable manner. It is agreed that the evaluation of service 
performance may be incomplete or even misleading if it were 
based on transition temperatures alone, especially if the test cou- 
pon used for such tests has an arbitrary geometry and is not re- 
lated to the loading conditions or to the structural rigidity ob- 
tained in service. It is believed that the testing procedure de- 
scribed in the paper and elaborated upon in this closure, simulate 
some of the basic conditions encountered in service. If it were 
not possible to make some evaluation of the quality of steels by 
tests, Mr. Althouse’s statement regarding superiority of certain 
steels in service performance over other steels could not be sub- 
stantiated. 

W. Bennett discusses from a practical point of view the failure 
of ships through development of cleavage or brittle fractures, 
inspection of ships during construction, and the quality and test- 
ing of steels. It is to be realized that fracturing or breaking of 
ships of all-welded construction cannot be attributed to a single 
eause or condition. Such failures appear to occur only when 
several conditions co-exist, or prevail simultaneously, in the 
critical sections of a ship. These conditions include the follow- 
ing: 

(a) The sum of static, dynamic and other stresses imposed or 
developed must be sufficiently high to initiate fracturing. Surges 
or impulses of dynamic, impact, or thermal stresses are not neces- 
sary to start a cleavage fracture. However, if present they will 
induce fairly high stresses, which add to the static stresses. 

(b) Discontinuities, defects, or notches must be present, of 
which at least one conforms to certain geometrical shapes and is 
located in a definite orientation with respect to the principal 
- stress. For example, there would be less likelihood of develop- 
ing large cracks from a small crack or a sharp weld undercut run- 
ning ‘‘parallel” to the direction of the principal stress, than from a 
similar discontinuity running ‘transversely’ to the principal 
stress. Furthermore, if these discontinuities or notches have the 
proper orientation but are located more than a certain distance 
away from the area which carries the peak of the stress, it would 
be improbable that a fracture would initiate from them. 

(c) The steel used must be incapable of yielding or deforming 
to the extent necessary for reducing the principal stress, under 
the state of stress and at the temperatures encountered in service. 
That is, the temperature of the steel is considerably below its 
actual transition temperature range, corresponding to the rigidity 
and massiveness of the structure and to the type of notch present. 

On this basis, no fracturing of welded ships would be likely in 
the absence of any one of these conditions. Coincidence of all 
these conditions is undoubtedly the exception rather than the 
rule. It is probably for this reason that only a relatively small 
percentage of all-welded ships have failed by cleavage fracturing. 
Condition (a) is related to service peculiarities which can be 
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controlled only to a small extent. However, it isalso related to 
the design details of the ship, since the stresses in the critical sec- 
tions can be reduced materially by the use of higher factors of 
safety, which is discussed in the paper, and by other design modi- 
fications treated in the section of this closure dealing with E. M. 
McCutcheon’s discussion. 

If discontinuities are present, including those created by de- 
sign or workmanship, condition (b) cannot be controlled. Com- 
plete elimination of defects or discontinuities is not likely to be 
accomplished in a complicated structure like a ship by x-ray 
inspection, due to certain inherent limitations of this method 
of inspection, although psychologically and actually the x-ray 
inspection could be of considerable help for improving the quality 
of welding. For example, structural fillet welds cannot be x-rayed 
satisfactorily, of which type of welds there is a large number in the 
critical sections of a ship, and because all defects in the butt welds 
cannot be detected by x rays. Magnaflux and similar inspection 
methods are very useful for detection of surface cracks, small 
notches, and related defects. Careful visual inspection by experi- 
enced inspectors or surveyors, and proper technique and sequence 
of welding are of course very important, as discussed by Bennett. 

The service temperature of a ship cannot be controlled, but the 
quality of steel, listed as condition (c), could be controlled. How- 
ever, no definite or economical path has as yet been indicated in 
the direction of modifying the quality of hull steel for construc- 
tion of all-welded ships. The absence of a generally accepted 
testing method and of a concept as to properties sought has com- 
plicated the simplification of the problem. If conditions (a) and 
(b) prevail, considerable improvements in the quality of steel 
seem to be necessary, in order to immunize completely a welded 
ship against development of large cleavage fractures, under all 
conditions of service, stress, temperature, and stress concentra- 
tions caused by structural or inherent discontinuities. In this 
connection, attention is called to the fact brought out by this 
investigation, that in the presence of sharp notches the actual 
load-carrying capacity of a steel decreases materially if the tem- 
perature is below its transition range established by the geome- 
try of the notch. Apparently this fact had not been generally 
recognized heretofore. Substantial improvements in the quality 
of steels appear also necessary in this light, in the direction of 
increasing their load-carrying capacities at low temperatures and 
in the presence of sharp notches. 

The British experience in the matter of the manganese /carbon 
ratio is helpful. Nevertheless, tests made by the author on 4 
semikilled plate of 1 in. thicknéss and with a manganese /carbon 
ratio of slightly over 3 indicated no noticeable superiority of this 
steel in the ‘“‘as-rolled” condition over other semikilled plates of 
the same thickness and with a manganese/carbon ratio not much 
over 2. This is steel 18, the chemical and physical properties of 
which are listed in Table 14. Its transition temperatures, 
determined by the Charpy impact and cleavage-tear tests, 
are given in Tables 15 and 16, respectively. Steels with a man- 
ganese/carbon ratio not less than 3 have been used for construc- 
tion of pressure vessels. Difficulties of welding rigid sections 
appear to increase as the manganese/carbon ratio reaches about 4, 
especially if the carbon content is more than about 0.20 per cent 
and if the welding is done without preheating. Some increase in 
the manganese/carbon ratio may be a move in the right direction, 
such as adopted by the 1948 Rules of the American Bureau of 
Shipping. However, it appears questionable whether the mere 
increase of 0.10-0.20 per cent of manganese or the proportionate 
percentage of decrease in the carbon content is the final answer. 
In order to find an economical solution, several other aspects of 
the problem should be considered. The latter should include 4 
comparison of the cost involved in the use of improved quality of 
steel to the cost of increasing the factor of safety of the critical 
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section of a ship through modifications of design, and details 
related thereto. te 


“TABLE 14. CHEMICAL AND PHYSICAL PROPERTIES OF STEELS 
18, 19, AND 23 


Steel 18 Steel 19 Steel 23 
Plate thickness, in...... /is 
Chemical composition, 
per cent, 
Manganese.......... 0.63 0.44 0.45 
Phosphorous......... 0.020 0.014 0.015 
A 0.033 0.023 0.024 
0.07 0.17 0.05 
Tensile properties (fractures transverse to rolling): 
Tensile strength, psi.. 61300 65700 63500 
Yield, point, psi...... 31400 36500 3500 
Elongation in 8 in. per 
34.4 32.3 $1.7 
Grain size, normality, and inclusion contents: 
Actual grain size... . 5-7 7-8 5-6 
Austenitic grain size 3-4 6 6-7 
McQuaid-Ehn normal- 
Norinal Normal Normal 
Inclusion content and 
A heavy land A heavy land C thin 2 and 
D thin 3 heavy 2 D heavy 2 
Nore: The chemical and physical properties of steels 20 and 22 are given 


in Tables 2 and 3 of the paper. 


There is no standard or generally accepted testing procedure for 
evaluating the resistance of steels to cleavage fracturing. Just 
what testing procedure is to be used depends on what properties 
one desires to determine or evaluate and with what degree of 
accuracy. As described in the paper, in the initial stages of this 
investigation the test coupon used was a simple beam, notched at 
its edge and broken by a concentrated load at the center, with the 
beam being supported at the twoends. This test coupon is shown 
in Fig. 35 herewith, and is designated DX-type. As it became 


LOAD 
COUPON | 
_ 
| > 
R | ° | 


“b" = full plate thickness. 
"R"= notch root ‘radius = 0.0015" or os specified. 


Fig. 35 Simpte Beam orn DX-Type Test Coupon 


hecessary to investigate the effects of section and eccentricity 
variations, it was found necéssary to modify this coupon. The 
first modification introduced was to weld two arms to the notched 
edge of the beam, by means of which arms the specimen could be 
pulled in a tensile testing machine, instead of inducing tension in 
the notched edge by a pushing force as in the beam coupons. 
This modification produced the test coupon of the type shown in 
Fig. 36, and permitted testing of sections of somewhat larger 
sizes. The particular test piece shown in this figure is approxi- 
mately 1 in. thick X 11 in. wide X 12'/: in. deep, in which a 
Cleavage fracture initiated from the notch and penetrated to a 
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Fia. 36 Test Coupon [nteRMEDIATE BETWEEN Types DX anp D 


depth of about 2 in., changing to shear as the fracture progressed. 
However, the loading arms, being of the fixed type, were found te 
introduce auxiliary stresses and eccentricities of unknown magni- 
tudes, and thereby to interfere with the determination of break- 
ing and yield loads and other characteristics with sufficient ac- 
curacy. For this reason, the use of test coupons of this type was 
abandoned by the author about 4 years ago. It came to the 
author’s attention only recently that the test coupon used by Dr. 
Tipper and associates, Fig. 33, is similar to the type just dis- 
cussed. 

The type of test coupon finally adopted by the author is shown 
in Fig. 1, and the dimensional details and the notch geometry of 
the D-type coupon used as the standard are given in Fig. 37 of 
this closure. It is to be noted that it has a “hinged” instead of 
fixed-arm loading, by virtue of which breaking and yield loads 
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“od = full plate thickness. 
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ean be determined more accurately. This coupon was found to 
be suitable for determining the load-carrying capacity, transi- 
tion temperatures, geometry effects, and behavior of steels sub- 
jected to multiaxial stresses. It was not chosen aribtrarily but 


established by a large number of tests given in the paper. . 


If arbitrary transition temperatures are to be determined with- 
out evaluating the effects of size and notch-geometry variations 
and the load-carrying capacity, the conventional impact tests 
eould be used. A correlation of the transition temperatures, 
determined by the latter tests with those of cleavage-tear tests, is 
given in this closure in connection with C. L. Clark’s discussion. 
The DX-type coupon can be used for routine work. This test 
coupon does not have the usefulness and accuracy of the D-type 
coupon, but is suitable for determining approximate breaking 
loads as well as transition temperatures. It is considerably 
cheaper to prepare than the Charpy impact and the D-type cou- 
pons, and can be made from the duplicate blanks provided at steel 
mills for making bend or ‘‘nick-break’’ tests on steel plates. 

There are many other proposed test coupons of various geome- 
tries, and numerous testing methods, the discussion of which is 
beyond the scope of this closure. 

The work done in the United Kingdom on these problems is 
well-recognized. The particular references mentioned by Bennett 
were published considerably later than the submittal of the 
author’s paper to this Society for presentation, for which reason 
they could not be cited in the paper as references. Aside from 
this, the literature on fractures is so voluminous that only those 
references are cited by the author from which direct quotations 
have been made. 

C. L. Clark inquires about tests in the fusion and gradient 
zones of welds. In this investigation the notches were located in 
the weld-deposited metal, since the object was to determine the 
type of fracture obtainable in the weld-deposited metal. Unques- 
tionably, exploration of the fusion area and the heat-affected zone 
in the parent plate should yield interesting results. 

In his discussion, Mr. Clark comments on the significance of the 
fact that the steels tested were classified in the same order by the 
e’eavage-tear and the Charpy impact tests. In addition to ob- 
taining a similar classification of steels with respect to their transi- 
tion temperatures, a correlation can be established between the 
transition temperatures determined by these two test methods*! 
by the use of the following equation 


. 
T. = (3) | [22] 


31 ‘Cleavage Fracturing and Transition Temperatures of Mild 
Steels,” by A. B. Bagsar, The Welding Journal, vol. 27, 1948, Research 
Supplement, pp. 123-0-181-2. 
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where 


T, = transition temperature, in deg F abs, determined by 
Charpy impact test, using keyhole standard notch 
To = transition temperature, in deg F abs, determined by D- 
type cleavage-tear test coupon with a notch root radius 
R in. 
C and d = constants for a given steel and test conditions 
Since 7, is a constant for a steel in a given condition, it is ap- 
parent that Equation [22] is of the type: x = Ky" + A, in which 
xz and y are the variables. The validity of Equation [22] can 
then be established if it can be shown that 7'p is a function of I’, 
of the type indicated by Equation [22]. This is proved to be the 
case by the data included in this closure. Accordingly, it is also 
possible to establish a relationship between the transition tem- 
peratures determined by the cleavage-tear tests and those deter- 
mined by the use of coupon, section, and notch geometries other 
than those of the standard Charpy coupon. Thus the transition 
temperatures determined by the Izod coupon or by coupons con- 
taining the Izod notch can be correlated to the cleavage-tear test 
transition temperatures. To obtain this correlation it is neces- 
sary to determine the 7» versus R curve of the steel in question 
by cleavage-tear tests, as shown in Fig. 41 herewith, for steels 
18, 22, and 23, by means of which the numerical values of the con- 
stants in the right-hand term of Equation [22] can be found. 


1\¢ 
Assuming 7, = reo(z , Equation [22] can be written in 


the following form 


According to Equations [22] and [23] the numerical values of 
To and T,, change as the notch root radius is changed, since 7’, is a 
constant for a steel in a given condition; also for a given P the 
value of 7, should be approximately the same for steels of the 
same general class unless the slopes of the R versus 7'9 curves of 
the steels are radically different from each other. It follows then 
that 7, as well as 7o are useful indexes for evaluation of steel 
quality. The data-discussed in the paragraphs immediately 
following confirm this. 

The transition-temperature determinations by the Ch: arpy 
impact and cleavage-tear tests of the four steels initially tested 
are presented in Tables 11 and 12, and Fig. 15 of the paper. Similar 
data are given in Tables 15 and 16, and Fig. 38, of this closure, on 
five additional steel plates of different heats and thicknesses. 
These include steels 20 and 22 of 2'/, in. and '/ in. thickness, 
respectively, the chemical and physical properties of which are 
given in Tables 2 and 3 of thé paper; also steels 18, 19, and 23, o/ 
approximately 1 in. thickness, the chemical and physical proper- 


TABLE 15 DETERMINATION OF TRANSITION TEMPERATURES +8 CHARPY IMPACT 
ESTS; KEYHOLE-NOTCHED STANDARD COUPON 


Impact values in ft-lb—-— 
Steel 20 


Test temp Steel 18 Steel 19 Steel 22 Steel 23 
deg F Aver- ver- Aver- Aver- Aver- 
age age age age age 
—80 2 2 
—50 6, 2, 15 7 mae 4,2 3 
11, 2, 20 1l 
—30 21,22,11 18 2,2 2 5,6 5 ae la 
—20 3,6 4 4 11,14,19 12 2.4 2 
—10 10, 10 10 19,15 17 5 
0 18,24,17 20 24,24 24 5,818 10 17,18 18 
15 23,17,27 22 21,10 15 
32 23,18 21 25,26 25 29,31 30 21, 21 23,18 20 
85 32, 34 33 = 32, 32 32 ©6638, 39 39 22,24 23 32, 30 31 
- Transition 
Temps — deg F 5 —38 10 —15 20 


Note: In these tests as well as in those listéd in Table 12 of the paper, all Charpy coupons wére cut 
from the mid-thickness section of each plate and the notches drilled at right angles to the rolled surface 


of the plate. 


In all cases, fractures were transverse to the rolling direction of the plate. Transition 


temperature = temperature corresponding to point representing the average of the maximum and 
minimum impact values on the energy versus temperature curve, 
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Fic. 38 Transition Cuftves or !/2 In- To 2!/,-IN-Tuick Steet Pirates, DETERMINED BY 
STANDARD CHARPY AND CLEAVAGE-TEAR TESTS 


ties of which are given in Table 14. In Tables 15 and 16 are sum- 
marized test data for determination of transition temperatures of 
these steels by the Charpy impact and cleavage-tear tests, respec- 
tively. The transition curves are shown in Fig. 38. Included in 
Table 16 are test data on steel 18 for the D-type coupons as well 
as for coupons of 10 in. depth. Since the unit breaking loads and 
the transition curve obtained for the 10-in-deep coupons are prac- 
tically the same as for D-type coupons, the P/A values for the 
10-in, coupons are not plotted in Fig. 38. 

In Table 17 are summarized the transition temperatures, as 
well as the 7, values for the nine steels mentioned. It is to be 
noted that with the use of the standard notch the average differ- 
ence between the Charpy and cleavage-tear test transition tem- 
peratures is approximately 100 deg F for all the steels tested. 
This difference of 100 deg F, or 7,, as defined by Equation {23}, 


TABLE 16 


DETERMINATION OF TRANSITION ° 


TABLE 17 COMPARISON OF TRANSITION TEMPERATURES OF 
NINE OPEN-HEARTH STEEL PLATES DETERMINED BY CHARPY 
IMPACT AND CLEAVAGE-TEAR TESTS 


Transition temperatures deg F 


Thickness, Charpy _Cleavage- Ts in deg F 
Steel in. impact tear (see note) 
Rimmed steels: 
1 17 107 90 
Steel 22 —15 92 107 
Semikilled steels: 
Steel 15....... 1 18 103 85 
1 —17 83 100 
l 5 105 100 
Steel 23....... 18/16 20 110 90 
Killed steels: 
Steel 16....... 1 —32 68 100 
Steel 19....... 1 —38 65 103 
Steel 20....... 21/5 10 120 110 
Average 100 


Nore: Ts = Difference, in degrees F, between the transition t empera- 
tures determined by the Charpy impact (keyhole-notched coupon) and cleav- 
age-tear (D-type coupon with 0.0015-in. notch root radius) tests 


TEMPERATURES BY CLEAVAGE-TEAR TESTS 


(D-type coupon, 45-deg notch of 4/18 in. depth and 0.0015 in. root radius) 
Unit Breaking Loads, P/A, psi 


temp, deg F (see note) Steel 19, 1 in. Steel 20, 2'/4 in. Steel 22, '/2 in. Steel 23, 4/iin, 
—40 12000 ie 11600 

32 12000-12100 12400-14000 15000-15800 11500-12000 12700-13000 12300-13309 

60 13100 14000-17500 12100 

70 11800-12300 ae 18300-185 2800- 

80 12600 17700 12000 a 12600 

90 11800-13300 13600 17700 nee 13200 12600-12700 

100 12300-16500 12100-12300 15000-15300 12700-14200 

105 12500-14300 16400 

110 15000 17400-17600 13500-17200 

115 5500-16700 17300-17400 

120 16000 13200-16000 15600 16000-17600 

140 17000 16000-17609 

185 17200 15300 

Transition temp., deg F 105 65 120 92 ° 110 


Note: Type-12 coupon (see Fig. 


1 of paper), except with a section depth of 10-in. instead of 12-in., containing the notch described. 
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is practically independent of the thickness of the plate or of cou- 
pon depths beyond 6 in., within the thickness range of '/: to 2'/, 
in. investigated. At first glance it would appear that the value of 
T;, corresponding to the standard notch used, is likewise inde- 
pendent of the quality of the steels tested in the as-rolled condi- 
tion, since the nine steels investigated include two rimmed, four 
semikilled, and three killed steels. However, it will be shown in 
connection with the discussion of Fig. 41 that the value of 7’; is 
not the same for the steels if notches other than the standard notch 
were used. It is also apparent that the value of 7’; changes if the 
steel is heat-treated, an alloy type, or contains an abnormal 
amount of impurities. 

Equation [23] of this closure indicates that the temperature at 
which a given steel changes from shear to cleavage type of frac- 
turing is determined by two main factors. The first factor is 
inherent in the steel and is its homogeneity or character, which can 
be expressed by an arbitrary or relative index obtained, say, by the 
conventional impact tests, such as the Charpy impact test. The 
other factor is likewise inherent in the steel and represents 
the response of the steel to the multiaxial stresses created by the 
notch. As discussed in the paper, the state of stress is determined 
by the geometry of the notch, the stress concentration increasing 
as the notch root radius is decreased, with other test conditions 
being the same. Therefore the cleavage-tear test expresses the 
eombined effects of both of these two factors in terms of the 
yield and fracture loads. 

H. G.gEnzian comments on the advantage of the use of the 
standard Izod notch in cleavage-tear tests. It appears to the 
author that the choice of the notch to be used should be based 
upon experimental or rational data, rather than upon arbitrary 
standards, as the data presented herewith show. The quantita- 
tive effect of variations of notch root radii on the transition tem- 
peratures and breaking and yield loads of steels 18, 22, and 23 are 
given in Tables 16 and 18, and graphically presented in Figs. 39 
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to42. In these tests, in order to obtain greater accuracy, most of 
the yield and breaking loads were determined by the photo- 
graphic method, the details of which method are described in the 
discussion of Fig. 50 of this closure. In this connection it should 
be mentioned that where notches of large root radii are used, the 
transition temperatures cannot be located definitely by the ap- 
pearance of the changes in the fracturing characteristics. Such 
changes in the fracture appearance may occur at temperatures 
considerably above the transition temperatures indicated by the 
change in the yield and breaking loads, as is shown in Figs. 39 and 
40, to be the case for steels 22 and 18, respecitively.*# 

Figs. 39 and 40 of this closure show the effect of variations of R 
on the transition temperatures of steel 22, and of steels 18 and 23, 
respectively, which were obtained by plotting the data given in 
Tables 16 and 18. It is to be noted that the unit breaking loads 
P/A, for cleavage are lower than those for shear, if the notch 
root radii used are 0.0075 in. or smaller. It appears that in 
notches with root radii greater than about 0.0075 in. the extent of 
stress concentration is not sufficiently high to induce cleavage 
fracturing; fractures initiating from such notches occur by 
shearing or yielding. Notches of 0.0075 in. or smaller root radii 
appear to be capable of concentrating stresses to a sufficient 
degree so that the notch root radii of the latter dimensions be- 
come the main determinants of the fracturing loads. The Izod 
notch (R = 0.01 in.) occupies an intermediate position, and in 
the author’s opinion, therefore, should not be chosen as the stand- 
ard. 

It is apparent from these data that the transition ranges of 


steels can be shifted to higher temperature levels by decreasing 


the notch root radii and vice versa, other conditions being the 


32 In a recent paper by the author*! the transition temperatures of 
steels 18 and 22 for the Charpy notch (R = 0.039 in.) were esti- 
mated by the change in fracture appearance. The procedure de- 
scribed in this closure is more accurate. 


TABLE 18 EFFECT OF NOTCH ROOT RADIUS R, ON UNIT eae ad UNIT YIELDING LOADS AND ON TRANSITION TEMPERA- 
TURES, To 


(a) Unit Breaking Loads, P/ A, psi 


Test 
temp, ———-R = 0.0008 in. — = 0.0075 in.--———~ ———-R = 0.017 in.- —-— ———-R = 0.039 in. 
deg F Steel 22 Steel 18 Steel 22 Steel 23 Steel 22 Steel 23 Steel 22 Steel Ls 
—40 17000 19300 
32 12300-13000 11300-11600 15400-15500 13700-14000 16600 15400 18000-18800 18000-18800 
60 17000-17300 14200 15600-15800 19000 
70 12700 12000 16700-16800 14000 16200-17000 15400-16300 17500-17700 17500-17700 
80 13000 11500 13300-14700 14800-14800 17400-17700 17400-17700 
90 17000 13100-14000 14500 
95 14200 17600 17600 
100 13 11700-12100 14800 14400 
110 15000-15200 14700 
120 14500-15000 12000-15800 
130 15000-15100 13300-15600 
150 — 15200-15800 14700 14500 
Te = 105 To = 125 To = 58 To = 90 To = 45 To = 80 To = 30 To = 50 
deg F deg F deg F deg F deg F deg F deg F deg I 
(b) Unit Yield Loads, Y/4A, psi 
Test temp. _— -R = 0.0015 in. ——-—-_—-—--. R = 0.0075 in. R = 0.017 in. R = 0.039 in. 
deg F Steel 22 Steel 18 Steel 23 Steel 22 Steel Steel 22 
—40 12000 11600 14700 15300 
—10 10700 15300 15200-15500 
20 13300 14000 14300-14300 
32 cee 12150 9000-9400 14500 14000-14300 13200-14600 
40 Kam 13300-14000 13200-13300 
50 13700 13300-14000 13300-13700 
70 13800 13600 13000-13300 
80 9300 7800 13300 
100 13300 8000 
110 13200 9800 7000 
120 3300 9500 
212 8550 10300 11000 
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STEEL 23 


NOTCH ROOT RADIUS, R, IN INCHES. 


500 520 540 560 580 600 
TRANSITION TEMPERATURE, T,, IN °F ABSOLUTE 


Fic. 41 TRANSITION TEMPERATURES OF STEELS 18, 22, AND 23 as 
Function oF Notcu Root Raprus 
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(Test coupon used D-type, containing standard notch. At temperature 
Tn the P/A and Y/A coincide with each other). 
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TABLE 19 TRANSITION TEMPERATURES OF STEELS 18, 22, AND 23 FOR VARIOUS NOTCH 


ROOT RADII 
Notch root Transition Transition Transition 
Radius R, in. temp, deg F T7s,degkF temp, deg F T7s,degF temp, deg F T7s,degF 
2002 1954 1902 205% 170¢ 150¢ 
SR 105 100 92 107 110 90 
58 73 90 70 
45 60 80 60 
Charpy transition a 
temperatures, deg F 5 —15 20 


@ Extrapolated values 


same. In Table 19 are summarized the transition temperatures 
of steels 18, 22, and 23, corresponding to root radii varying from 
(0.0008 in. to 0.039 in. Included in this table are also the values 
of 7’; for these steels for various notch root radii. From the data 
of Table 19, Fig. 41 was constructed, which is a logarithmic plot 
showing the transition temperatures, in deg F abs, as a function 
of the notch root radii. As required by Equations [22] and [23], 
the resultant curves are straight lines, their equations being of 
the type: 7'o = QR?, in which 7° is the transition temperature in 
deg F abs, R is the notch root radius, and Q and a are constants 
fora given steel in a given test condition. As stated in the paper, 
the radius at the base of cleavage cracks is of the order of 3 mil- 
lionths of aninch. By extending these lines to this value of R, the 
transition temperatures of the steels containing this type of notch 
were estimated. These are also included in Table 19. _ It is to be 
noted that these transition temperatures are within the range of 
about 170 to 205 F, and that the corresponding values of 7’, are 
within the range of 150 to 195 F. Although these are extra- 
polated values, nevertheless, they do indicate that our present 
structural steels have transition temperatures considerably above 
atmospheric temperatures if they contain small cleavage cracks or 
similar discontinuities. 

The significance of the variations of the yield and breaking 
loads with change of temperature is indicated in Fig. 42 which was 
constructed from the data given in Tables 16 and 18. In this 
figure the unit breaking loads P/A and unit yield loads Y/A, of 
steels 18, 22, and 23, obtained by the use of the standard D-type 
coupon, are plotted as a function of the test temperature. It is to 
be observed that the load required to cause yielding increases as 
the temperature decreases, whereas the breaking loads decrease 
with decrease of temperature; also that the slope of the Y/A ver- 
sus 7’ curve is different for different steels. At the temperature 
T,, Which is considerably below the transition temperatures of 
the steels, the Y/A and P/A values coincide with each other. At 
this temperature the entire section of the steel, considered as a 
unit and as represented by the test coupon, shows no permanent 
deformation; it ruptures by cleavage fracturing while the steels 
are essentially within the elastic range. Between this and the 
transition temperature, some yielding occurs, although the appear- 
ance of the fracture may remain essentially “crystalline.”” This 
yielding, admittedly slight, however, may be sufficient to reduce 
the stress peaks. The behavior of steels within the temperature 
range of 7’, to 7 is therefore important and appears to explain 
satisfactorily why more service failures occur at low temperatures. 

The difference between the temperatures 7’, and 7», as well as 
the extent of yielding obtainable, are dependent upon the quality 
of the steel and section and notch geometries used. For the 
standard test conditions used, the 7’, temperature of steel 22 
occurs at about 70 F, which is 22 deg F lower than the 7’) and 
85 deg F higher than the Charpy transition temperature of this 
steel. The 7’, of steel 18 occurs at about 32 F, which is 73 deg F 
below 7, or 27 deg F above the Charpy transition temperature of 
this steel. In steel 23, 7’, is located at about —45 F, which is 
155 deg F below 7) or 65 deg F below its Charpy transition tem- 
perature. Accordingly, steel 23 could be considered as being a 
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steel of better quality than steel 18. This deduction could not 
be reached by the transition temperatures exhibited by these two 
steels; in fact, if transition temperatures were used as the index of 
quality, steel 18 would appear considerably superior to steel 23. 
The temperature 7’, and the extent of yielding below the transition 
temperature are, therefore, significant indexes of steel quality, 
which are determinable by the cleavage-tear test. 

An examination of Figs. 39, 40, and 42 reveals that different 
types of fracture curves are obtained by the use of notch root 
radii of certain ranges. These fracture curves are shown dia- 
grammatically in Fig. 43. Type I appears to be the most desirable 
fracture curve for revealing the behaviorism or characteristics of 
steels with change of temperature; also for revealing the location of 
Tn, the significance of which has been described. This fracture 
curve is obtained by the use of D-type coupon containing notches 
with root radii 0.0075 in. or smaller. Type II shows the probable 
shape of the fracture curve for notches of the order of the Izod 
notch. The fracture curve in this case is approximately a straight 
line. Type III is obtained with the use of notch root radii of 0.017 
to 0.039 in. In this case both the P/A and the ¥/A values rise 
at the transition temperature, the rise of the P/A values 
being in sympathy with the rise of the Y/A values; the transition 
temperature can actually be determined by the shape of the Y/A 
versus 7’ curve. Type IV corresponds to the fracture curve ob- 
tained with the use of the standard 0.505-in-diam unnotched ten- 
sile coupon,** which was included for comparison. In the latter 
case 7) is depressed to temperatures below about —300 F. 

It is obvious from the data just presented and discussed that in 
order to evaluate the behaviorism of a given steel it does not 
suffice to determine its transition temperature alone, especially 
with the use of test coupons and notches of arbitrary geometries. 
The determination of transition temperatures as well as the load- 
carrying capacity and other related important details are neces- 
sary. The ability of evaluating these characteristics is one of the 
main advantages of the cleavage-tear test, in addition to 
the other advantages discussed by Enzian. As the data show, the 
discriminative ability of the test is increased with the use of 
notches of small root radii. It is for this reason that the notch 
of 0.0015 in. root radius was adopted for use in cleavage-tear tests. - 
Another advantage of this notch consists in the fact that it shows 
transition temperatures which are about 100 deg F higher than 
those indicated by the standard Charpy impact tests. Actual 
failures of a few ships at comparatively high temperatures indi- 
cate that the Charpy transition temperatures are lower by a 
margin of this order from those prevailing in structures. Addi- 
tional discussion of this is given in this closure, in the treatment of 
A. B. Kinzel’s comments. 

Failures in service seldom, if ever, occur within the transition- 
temperature range, but usually at temperatures somewhat below 
this range, because some yielding is possible below this range in 
most steels, as has been discussed. However, the extent of this 
yielding is small and may be insufficient for eliminating stress 


; 33 “A Study of the Transition From Shear to Cleavage Fracture 
in Mild Steel,” by H. E. Davis, E. R. Parker, and A. Boodberg, 
Proceedings, ASTM, vol. 47, 1947 pp. 483-501. 
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peaks effectively in some structures, although it may be sufficient 
to prevent failures in other structures. Therefore this margin 
of 100 deg F is not too conservative unless the T,, of the steel used 
and the state of stress involved in the intended service indicate 
otherwise. 

The author agrees with Enzian that ship failures could be sta- 
tistically analyzed for determining a definite trend, and such 
analyses have and are being made. However, ship failures can- 

e ° 

not be entirely attributed to a single cause, a subject which has 
been discussed in connection with Bennett’s comments. Frac- 
turing of ships appears to occur under circumstances iam which a 
combination of a number of conditions exists, a fact which neces- 
sitates careful scrutiny of failure data. As suggested by Enzian, 
cleavage-tear testing of steels from fractured and unfractured 
ships should yield interesting data. Nevertheless, ships which 
have failed may not necessarily be constructed of steel of inferior 
quality, and conversely, those that have not failed may not be 
made of steels of superior quality. Consequently, the extent of 
improvement in the quality of steel cannot be said to be in direct 
proportion to the percentage of ship failures. If all the condi- 
tions were favorable to fracturing, the steel of which the ship is 
made must be of a substantially better quality than the grades 
now used, in order to resist fracturing. 

Finn Jonassen comments on several items dealing with transi- 
tion temperatures and the breaking loads of steels. The degree 
of scatter within the transition range, besides being dependent 
upon the suitability, accuracy, and reproducibility of the test 
conditions and on the individuality of the steel, is determined by 
the law of probability. For the test coupon and notch used, the 
P/A versus T diagram shown in Fig. 49 represents the transition 
of steel from cleavage to shear, as effected by the change of tem- 
perature. It is apparent from the shape of this diagram that 
either mode of fracture is possible within the transition range, 
which range is characterized by the abrupt change in P/A and 
Y/A values. The curve within these temperature limits repre- 
sents the average and probable values. Insufficient stock was 
available in the original four steels to make extensive surveys of 
the scatter within the respective transition-temperature ranges, 
since the determination of the transition temperature was only one 
of the variables that was to be studied in the investigation. Never- 
theless, on the basis of the work done on other steels not related 
to the original investigation included in this paper, it is believed 
that sufficient data are given in Table 11 to indicate trend clearly. 

The test data obtained on steel 18, which are summarized in 
Table 16, illustrate the degree of variations in the P/A values 
within the transition range of this steel, with the use of the D- 
type coupon containing the standard notch. Fig. 44 is the re- 
sultant transition curve, showing all the individual test results ob- 
tained. Transition curves similar to those shown in Fig. 15 of the 
paper, are included in Fig. 38 of this closure. The latter curves 
are for five different steels, representing the thickness range of !/2 
to 2'/, in., the details of which have already been discussed. It is 
to be noted that all these curves, including those given in Fig. 15, 
conform to the P/A versus T curve shown in type-I diagram of 
Fig. 43, and in Fig. 49. 

Jonassen’s second comment deals with the nominal unit break- 
ing loads. The breaking loads reported in the paper for various 
tests are the values of unit breaking loads P/A, and not those of 
the nominal breaking strength Sy. The numerical value of Sy 
for the standard notch used is given by Equations [9] and [10] of 
the paper, which value is 48,000 psi. The relationship between 
P/A and Sy is expressed by Equation [5], which by transposition 
can be presented in the following form 
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For centric loading, eccentricity of loading e is 0, in which case Sy 
equals P/A, or 48,000 psi. This value is actually higher and not 
lower than the nominal breaking strengths observed in centrally 
notched plates, referred to by Jonassen. In the author’s opinion, 
it is not possible to make a direct comparison of the ‘nominal 
breaking strengths of steels obtained by the cleavage-tear and 
centrally notched coupon tests, because the notches used, the 
eccentricities involved, and the fractures obtained are con- 
siderably: different in the two tests. 

If we assume that in service conditions the worst notch is a 
small cleavage crack of a length of about 5/32 in., the value of Sy of 
a section of steel containing such a crack is of the order of about 
24,000 psi, as has been discussed in the paper. In order to verify 
the latter value of Sy it would be necessary to produce in D-type 
coupons cracks of this type, which at the same time would have 
the requisite orientation and depth. This would be a difficult 
task to accomplish. As an approximation thereto, a series of 
fatigue tests was made on steels 17 and 23. In these tests rotat- 
ing-beam type of test coupons of circular cross section were used. 
In this connection it should be mentioned that the author has 
called attention in the paper to the fact that fatigue failures can 
be considered as initiating from small cleavage fractures or cracks, 
which are produced by repetitions of stresses. 

The results of the fatigue tests referred to are presented in 
Table 20 and Fig. 45. It is to be noted that the endurance limit 
for steel 17, which is representative of the steel used for deriving 
Equation [15] given in the paper, is approximately 23,400 psi. 
The endurance limiffor steel 23 is somewhat lower, it being in the 
neighborhood of about 22,300 psi. The results of these fatigue 
tests seem then to verify the extrapolated value of about 24,000 
psi as being the nominal strength of a steel of a 60,000-psi tensile 
strength, in the presence of small cracks. Some ships have re- 
portedly fractured under nominal stresses of approximately 24,000 
psi. This appears to indicate that the mechanism of fracture 
under multiaxial stress systems is essentially the same, regardless 
of how these stress systems are created. 

The third point discussed by Jonassen is related to the effect on 
breaking strengths of the cold work present in the pressed notch 
used. Quantitative data on this were obtained on several dif- 
ferent steels in the early stages of this investigation. Of these, 
the P/A values and transition-temperature determinations ob- 
tained on steel 23 with milled and machined notches of approxi- 
mately the same R value are presented in Table 21 and Fig. 46. 
It is to be observed from these data that no appreciable differ- 
ence exists between the breaking loads and the transition tempera- 
tures determined by cold-pressed, and machined notches. The 
small differences found in the P/A values may be attributed to 
the slight difference in the root radii of the notches prepared by 
the two methods. It is apparent then that the shallow cold work 
produced by the pressing of the notch does not affect the test re- 
sults materially. It is obvious that even in machined notches 
some cold-working or deformation occurs at the apex of the notch 
before the actual fracture initiates, the extent of which deforma- 
tion is determined by the radius of the notch. As stated in the 
paper, in cleavage-tear tests the P/A values are determined by the 
entire section subjected to fracturing, and they are relatively 
uninfluenced by local cold-working, irregularities, or nonhomo- 
geneity of the metal. Aging of the pressed notehes was likewise 
found not to affect the P/A values. If the entire section of the 
test coupon were cold-worked, appreciably greater loads would be 
required to cause fracturing. 

N. A. Kahn and E. A. Imbembo describe their testing proce- 
dure for determining transition temperatures by means of load- 
extension diagrams and fracture examinations, and comment on 
the sizes of the test coupons used by the author. The test cou- 
pons of various dimensions shown in Fig. 1 were used for deter- 


; 

PER 

p 

Pak 

are 

A d—h 


BAGSAR—DEVELOPMENT OF CLEAVAGE FRACTURES IN MILD STEELS 


UNIT BREAKING LOAD, £, IN 1000 PSI. 


YIELDING AND BREAKING LOADS 


T¥PE 


R= 0.0008" to 0.0075" 
T 
A 
— 
D 


TYPE I CP 
R= 0.017" to 0.039" 
~ 
TYPE WW 
R= oc 
TEMPERATURE 


Fic. 43. Fracture Curves CorRESPONDING TO VaRious NotcH 
Root Rapu 
(Solid lines = P/A, dotted lines = }/4A, transition temperature = O-O’.) 


i T T T 
| 
| | 
4 4 — | — 70 
FRACTURES 
- 65 
= + 
q | | - 60 
§5 
= + + — 
50 
- 45 
— + | T 
te) 25 50 75 100 125 150 175 200 
TESTING TEMPERATURE, T, IN °F. 


NOMINAL BREAKING STRESS, S,,IN 1000 PSI. 


Fic. 44 TRANSITION CuRVE oF Stee. 18, WitH Resutts or INprvipuaL Tests PLotrrep 


to SHow Dearee or ScaTTER AT TRANSITION RANGE 


| 
799 
TYPE I 
R= 7 but 299075 
Re 
18 
tox 
| 


TRANSACTIONS OF THE ASME 


OCTOBER, 1948 


IN 1000 PSI. 


STRESS 


MAXIMUM 


Fie. 45 


TABLE 20 FATIGUE TESTS ON STEELS 17 AND 23 


(Fracture transverse to rolling direction of plate) 


Steel No. 17———-—— No. 
No. of cycles No. of cycles 
Maximum induced to failure, Maximum induced to failure, 
stress, psi in millions stress, psi in millions 
31400 0.214 33220 0.131 
26500 1.298 30400 0.264 
25500 1.670 26220 0.733 
23400 3.033 25230 0.920 
23400 3.389 24370 2.140 
24150 3.693 23980 2.346 
24000 3.838 22200 5.224 
23600 4.758 23420 5.742 
234002 28.384 22200 6.482 
232007 32.067 22420 6.630 
221002 28.030 
220102 28.800 


@ No fracture. 


mining the effect of mass of the section; the geometry of notch on 
breaking and yield loads, and on transition temperatures; also 
to investigate the directional properties and other important 
characteristics of steel plates of pressure vessel and ship-plate 
qualities. They were not intended for determining transition 
temperatures only. The test coupon used by the author as 
standard in most tests was the D-type coupon shown in Figs. 1 
and 37. Its dimensional details were developed by extensive 
tests described in the paper, and not chosen arbitrarily. It is 
apparent that the preparation, notching, and testing of the D- 
type coupon are simple. As stated in an earlier section of this 


TABLE 21 COMPARISON OF UNIT BREAKING LOADS OF STEEL 

23 AT VARIOUS ee eas PRESSED, AND MILLED 

(D-Type coupon, 45-deg notch, of */js in. depth, with root radii designated) 
Unit Breaking Loads, P/A, psi 

-———Pressed Notch--——. --—-Milled Notch—-— 

Notch radius = 0.0014 in. Notch radius = 0.0013 in. 


Test temp, to 0.0016 in. to 0.0017 in. 
deg F Range Average Range Average 

32 12300-13300 12850 12400-13800 12900 

90 12600-12700 12650 13400-13600 13500 
100 12700-14200 13300 1 -14 14350 
110 13500-17200 15350 14200-16200 15200 
120 16000-17600 16800 14500-16800 15650 
130 15000-17600 16300 16700-16700 16700 
140 16000-17600 16800 16400-16500 6450 
200 16000-17000 16850 16100 16100 


NUMBER OF CYCLES’ IN MILLIONS. 


FatiGué Tests ON STEELS 17 AnD 23 FoR ESTABLISHING THEIR ENDURANCE Limits 


closure, the sole determination of transition temperatures o: 
examination of fractures does not suffice to define the quality or 
the behavior of a given steel under multiaxial stress conditions 
and at low temperatures. 

If it were desired to determine transition temperatures alone, 
use could be made of the beam or DX-type test coupon shown in 
Fig. 35. As stated in the paper, coupons of this type containing 
notches of different sharpnesses were used successfully for survey- 
ing the effect of notch root radii on the extent of deflection obtaina- 
ble. For comparable results, it is necessary to adjust the span o! 
this beam coupon so that it will have essentially the same relative 
rigidity as the D-type coupon. The dimensions shown in Fig. 35 
accomplish this, and were found to be satisfactory for testing 
plates within the thickness range of '/, to 1 in., inclusive. The 
DX-type coupon is undoubtedly more economical than the 
Charpy coupon, or that proposed by Kahn and Imbembo. Its 
size is only 3 in. X 9 in., the full thickness of the plate to be tested 
being its thickness. As has been stated previously, this test cou- 
pon can be cut from the ends of duplicate tensile- or bend-test 
blanks furnished by steel mills, and therefore requires no extra 
expense. Its notching by the pressing method is likewise very 
simple. 

In Fig. 47 are shown the transition curves of steel 18 deter- 
mined by DX-type and D-type coupons. The breaking loads 
obtained at various temperatures by the use of the DX-type cou- 
pons are given in Table 22, and the P/A values obtained by the 
use of the D-type coupons are given in Table 16. For DX-type 


TABLE 22. DETERMINATION OF TRANSITION-TEM PERATURE 
RANGE OF STEEL 18 BY USE OF DX-TYPE TEST COUPON 


(Pressed notch: 45 deg, of */is in. depth, with 0.0015 in. root radius) 


Test temp, Breaking load, 
deg F lb Fracture 

50 64000- 65000 Cleavage 
75 64000- 66000 Cleavage 
90 64000- 6 Cleavage 

100 67000- 73000 Cleavage 

110 101000-103000 Shear 

120 100000-102000 Shear 

130 102000-103000 Shear 

140 102000-104000 Shear 

150 100000-102000 Shear 
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coupons the total breaking loads, and for the D-type coupons the 
average values of P/A were plotted against the testing tempera- 
ture. In both cases the notch used was 45 deg, */i¢ in. deep, with 
root radius of 0.0015 in. It is to be observed that the transition 
temperature of this steel determined by these two types of test 
coupon is approximately the same. It is apparent then, that by 
the use of this simple coupon it is possible to determine the 
transition-temperature range of steels by measuring the breaking 
loads at various temperatures, without resorting to load-exten- 
sion diagrams or to measurement of energy of crack propaga- 
tion. 

The fractures shown in Fig. 23 reveal a marked reduction of 
area at the notch, indicating that the initial fractures originating 
from the notch used by Kahn and Imbembo (R = 0.039 in.), are 
in every case of the shear type. Their load-extension diagrams 
given in Fig. 24 reveal the same situation. It is probably for this 
reason that the load required to cause fracturing of their test cou- 
pon remains practically unchanged at the temperatures reported. 
This is shown to be truefor notches of 0.039 in. root radius by the 
data presented in Table 18 and in Figs. 39 and 40, and would be 
expected to be the case according to type III diagram shown in 
Fig. 43. The data cited indicate that Kahn and Imbembo would 
have obtained an appreciable increase in the breaking loads had 
they conducted tests at temperatures somewhat lower than the 
range they have covered. The D-type coupon used by the 
author has a larger cross section and contains a notch of much 
smaller root radius (R = 0.0015 in.), by virtue of which the 
notch geometry remains one of the main determinants of the load 
level at which yielding and fracturing occur. In the author’s 
tests, the load-carrying capacity, transition temperatures, and 
other characteristics are revealed by the observed differences in 
the breaking loads. 


Kahn and Imbembo inquire about the work diagram obtained . 


in cleavage-tear tests. Fig. 50 contains two such diagrams, one 
being typical of the cleavage type, and the second typical of the 
shear type of fractures. It is to be noted that the diagrams for 
these two types of fractures are distinctly different from each 
other. The diagram for the fracture at 32 F is strictly of cleavage 
type, in which the fracture occurred while the steel was, practi- 
cally speaking, still within its elastic range. On the other hand, 
the diagram for the fracture at 130 F shows a distinct yield point 
at a lower load, and an ultimate-rupture at an appreciably higher 
load than the former fracture. In the cleavage fracture at 32 F 
the work diagram terminates abruptly as soon as fracturing is 
initiated, since the coupon breaks into two pieces, whereas for the 
fracture at 130 F the diagram extends beyond the initiation of 
fracturing. 

The statement made in the paper regarding the use of certain 
ratios of eccentricity to coupon depths was intended to call at- 
tention to the possibility of obtaining in the test-piece tension 
without bending. Actually; for the study of cleavage fractures, 
the use of coupons of the latter design offers no advantages. As 
has been stated, fractures of strictly cleavage type occur mostly 
at about the upper edge of the elastic range and propagate very 
rapidly, producing no appreciable permanent deformation. 
Under the circumstances, the neutral axis does not remain sta- 
tionary, but shifts as the fracture extends itself. ‘ 

Kahn and Imbembo also inquire about the part a given steel 
plays in determining its mode of fracturing with the use of dif- 
ferent notches and at a given temperature. Inasmuch as the 
transition temperatures of different steels determined by 
the same notch is not the same for all steels, it is obvious that the 
steel itself establishes its own transition temperature for the given 


notch and test conditions. This is expressed concisely by Equa- - 


tions [22] and [23]. The slope of the 7, versus FR curve shown in 
Fig. 41 is the characteristic of the steel, since it represents the 
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response of the steel to the stress systems created by notches of 
different root radii. 

Reference is made by A. B. Kinzel to the test coupon used some 
time ago by E. G. Coker.*4 Professor Coker’s coupon is essen- 
tially a 2-in-diam disk, which is milled into the shape of the letter 
“C” in order to obtain a recess or slot for accommodating the 
frame type of levers used, the loading being applied by means of 
the levers. It appears that the stresses induced in this test cou- 
pon are similar to those encountered in a “guided-bend”’ test 
coupon, since the stress distribution is modified by the levers. 
The notch used by Coker is a '/s-in-diam drilled hole, which is not 
of sufficient acuity to be revealing. In the author’s coupon 
the loading is direct and of the hinged type, by virtue of which no 
similar complex stresses are introduced, and special care is taken 
to keep the notched edge of the coupon in a “free-Bend”’ condi- 
tion, such as is obtained in a simple beam supported at the ends 
and loaded in the center by a concentrated load. Also, much 
sharper notches are used in the latter coupons. These features 
are essential for rendering the testing procedure sensitive, and the 
applied stresses less complicated. 

The heat-affected zone near the weld, and details of weldability 
of steels are undoubtedly important, and the author agrees that 
they should be studied. The present investigation was confined 
primarily to the study of the behavior of steel plates and butt 
welds under various stress conditions, and of their susceptibility 
to cleavage-fracturing. From this base, the investigation could 
be extended to cover welding and weldability. It is important 
to investigate the behavior of steel plates, since the damage 
caused by, and the extent of propagation of, cracks are largely 
determined by the properties of the structural steel plates, regard- 
less of how or where the cracks initiate. 

The rate of loading, within the limits investigated, was found 
to be ineffective to produce any noticeable change in breaking 
loads. It appears that once cleavage cracks have initiated, the 
rate of loading becomes inconsequential, since it is difficult, if not 
impossible, to overtake cleavage-crack propagation by any load- 
ing rates available in ordinary testing machines. Theoretical 
and experimental data seem to indicate that cleavage cracks 
propagate in a manner similar to stress waves, in which case theit 
rate of propagation would approach the velocity of sound in the 
material. 

The effect of temperature on breaking loads of several represen- 
tative steels, shown graphically in Fig. 15 of the paper, requires no 
detail elaboration. It is believed that Table 11 contains sufficient 
data to establish the effect of temperature at the transition range, 
which is evident by the additional data presented in Tables 16 
and 18 of this closure. For the sake of legibility, all the test data 
given in the paper and in Table 11 were not plotted in Fig. 15. 
For example, the behavior of steel 15 over a wider range of tem- 
perature than that shown in Fig. 15, could be obtained by plotting 
the test data given in Table 11 for this steel, in the as-received 
condition, for 45- and 60-deg notches, as shown in Fig. 48. This 
curve covers the temperature range of 10 F to 200 F, and was 
constructed’ by making allowance for the fact that the breaking 
loads for 60-deg notches are slightly higher than those for 45-deg 
notches. The broader range of temperature covered by Fig. 48 
reveals nothing significant other than the abrupt change in the 
P/A values at the transition temperature, which change is like- 
wise shown in Fig. 15 by the curve of the steel. 

The transition of steel from the cleavage to the shear type of 
fracturing, as effected by the change of temperature, can be repre- 
sented by the idealized diagram included in Fig. 49. In this dia- 
gram the unit breaking load P/A, unit yield load Y/A, and the 


34**An Experimental Investigation of Cracking in Mild-Stee! 
Plates and Welded Seams,”’ by E. C. Coker and B. P. Haigh, E7ngi- 
neering, London, England, vol. 139, May 3, 1935, pp. 476-478. 
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actual unit stress S,, are plotted against the temperature. It is 
to be noted that these values change abruptly within the tempera- 
ture range of 7; — T2, The change in the P/A and S, values is 
undoubtedly in sympathy with the abrupt change which occurs 
in the Y/A values, occasioned by the presence of the notch. It is 
known that the critical yield stress increases with decrease of 
temperature, which increase is, however, a gradual one in sections 
containing no notch.** It follows that the change observed by 
the cleavage-tear tests in the P/A and ¥/A values is caused by 
the presence of the notch. It appears then that the K versus T 
curve, K being the stress-concentration factor, is approximately 
parallel to the Y/A versus T curve, since the degree of stress con- 
centration increases with the increase of the vield stress and de- 
creases with the decrease of the yield stress. 

The curves in Fig. 49 are assumed to be symmetrical with re- 
spect to their respective points of inflection, with positive and 
negative slopes, this point for the PA curve being the point O. 
With this assumption, it can be seen that the equation for these 
curves is of the following form 


where AS is the change in the unit load or stress values, as the 
case may be, corresponding to the temperature change of AT’, and 
a and b are constants for each steel in a given condition. P 
For expressing the P/A values as a function of T through th 
transition range, Equation [25] can be wirtten in the following 


form 
P 
T — T,)°.... 
A + a( 0 


(P/A) = unit breaking load at temperature T 

unit breaking load at temperature7'y 

= temperature for point of inflection, or theoretical 
transition temperature. 

a and b = constants for a given steel and test conditions 


[26] 


where 


~ 
il 


For the steels tested, the exponent 6 of the temperature term in 
Equation [26] is a rational number and quotient of two odd inte- 
gers, according to experimental data, so that the term (7T' — T° 
vields a real and negative value if 7 <7». Otherwise, Equation 
[26] would apply only to cases where T > To, the corresponding 
equation for T < T» being 


On the basis of Equation [26] and by the use of the test data 
given in Tables 11 and 16, equations were derived for the several 
steels tested for expressing their transition from the cleavage to 
shear mode of fracturing, as a function of change of temperature. 
For D-type coupons containing the standard notch these equa- 
tions are as follows 


Rimmed Steels 
P 
Steel 7 (lin. thick)....... 15, 600 + 980(T — 107)'/*. . . [27] 
Steel 22 (1/2 in. thick)... = 14,150 + 700(7 —92)'/7..... [28] 
Semikilled Steels 
Steel 15 (lin. thick)...... 4 7 14,400 + 1300(7 — 103) Yr (29) 
P 
Steel 17 (lin. thick)...... rhs 14,000 + 1300(7 —83)'/7.... [30] 
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P 
Steel 18 (1 in. thick)...... 14,300 + 1300(7' 105)'’?... [31] 
P 
Steel 23 thick) . . 14,800 + 1300(7' — 
Killed Steels 
Steel 16 (1 in. thick, P = 3/7 
16,400 + 440(7 — 68) . [33] 


Steel 19 (1 in. thick, r 


16,500 + S10(T — 66)... . 


Steel 20 (21/4 i ic > 

The breaking loads computed by the foregoing equations agree 
reasonably well with the corresponding experimentally deter- 
mined values, indicating that the transition curves of all these 
steels are of the same general form as the curve in Fig. 49, and that 
the cleavage-tear transition curves in Fig. 15 illustrate satisfac- 
torily the P/A versus T relationships. Furthermore, it is to be 
noted that in these equations the constarits and the exponents are 
different for the different grades of steel of the same thickness. 
The effect of thickness on the behavior of steels of the same grade 
through the transition range is clearly revealed by the equations. 
Kor example, in Equation [28] whieh covers a rimmed steel of 
1/~in. thickness, the exponent for the temperature term is ! ;, 
whereas for the 1-in-thick steel of the same grade covered by 
Equation [27], it is '/s, indicating that '/--in-thick rimmed steel 
behaves more like the 1-in-thick semikilled steels. Similarly, 
the 2'/,-in-thick silicon-killed plate exhibits transition charac- 
teristics of 1-in-thick semikilled steel, as a comparison of Equa- 
tions [31] and [35] shows. These observations indicate that the 
testing method used is sensitive and offers possibilities of classify- 
ing steels of different grades with respect to their behavior through 
the transition range. 

Kinzel states that the stress conditions created by the notch 
used are too severe to be representative of actual failures in serv- 
ice. According to the data summarized in Table 19, the transi- 
tion temperatures of our present structural steels in the as-received 
condition are considerably above atmospheric temperatures for 
notches with root radii of about 0.0015 in. or smaller. Jonassen 
quotes data in his discussion of this paper to the effect that for 
some steels the transition temperatures determined by wide- 
plate tests have been about 90 deg F higher than that indicated by 
the standard Charpy test. DeGarmo’s tests® on hatch-corner 
models have likewise shown transition temperatures for these 
structures of about 86 deg F higher than those determined by the 
Charpy impact test. Fig. 30 submitted by Peterson shows an 
actual ship failure by fracturing at about 75 F. It appears then 
that the transition temperatures indicated by the cleavage-tear 
tests are fairly representative of failures observed in service. 

It is for the reasons given in the preceding paragraph that 
notches of smaller root radii were used in this investigation, the 
object being to approach stress conditions which often prevail 
under service conditions. It seems reasonable to assume that the 
controlling stress condition in monolithic or massive structures in 
service are those created by a small cleavage crack*! since such & 
notch is one of the nearest approaches to triaxiality. What 
other stress conditions or notch geometry could be logically justi- 
fied by the present data? This theory cannot be considered 
invalidated by the observation that the number of failures by 
fracturing increases with decrease of temperature. There are 

5 Some Tests of Large Welded Structures,’’ by E. P. DeGarmo. 


J. L. Meriam, and R. C. Grassie, The Welding Journal, vol. 26, 1947 
pp. 257-267. 
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other basic reasons for the increase of failures at low tempera- 
tures, which have already been discussed and will be further 
elaborated upon in this closure. 

The arrest of the cleavage fracture by an interposing shear 
fracture illustrated in Figs. 18(a) and 18(b) of the paper, is dis- 
cussed by Kinzel, in which connection he infers that such an arrest 
is due to the metallurgical properties of the steel. The author’s 
observations of numerous cracked plates from failed ships and 
of fractured test pieces indicate that major cleavage cracks show 
very little, if any, permanent deformation, and that such cracks 
terminate almost entirely by shear fractures characterized by 
considerable plastic deformation. This change in the fracture 
type cannot_be explained by metallurgical properties, since, if the 
steel were capable of resisting cleavage-fracturing, it would not 
have fractured in that manner initially. It is more likely to be 
due to the change in the state of stress brought about by the prog- 
ress of the crack, since the propagation of cleavag® cracks 
relieves potential energy and impairs the rigidity of the struc- 
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taining the standard notch. These diagrams were constructed 
from data given in Table 23, which were obtained by photo- 
graphing by a motion-picture camera the load-indicating dial of 
the tensile testing machines simultaneously with a running clock, 
as the test piece was loaded to fracture. By this procedure the 
effective rate of loading was established for the entire test 
coupon as a unit. The characteristic variations in the rate of 
loading of the testing machine, as affected by the level of loads 
reached, was determined by a separate calibration test. The 
corresponding corrections were then applied to the observed 
rate of loading. With these corrections, the elapsed time be- 
comes directly proportional to the deformation occurring in the 


TABLE 23) DETERMINATION OF EFFECTIVE RATE OF LOADING 
AND OF MODE OF FRACTURING, DATA OBTAINED CINEMATO- 
GRAPHICALLY 


Te >mperature of test, 


— 


—Elapeed time, sec— 


Temperature of test. 
30 


—Elapsed time, sec— 


Applied tension, 


lb * Observed Corrected Observed Corrected 
ture. It is probable that as a certain limit of depth of penetra- 5000 Start oe Start _F 
tion is reached, insufficient potential energy and rigidity remain 
in the structural system to support further progress of the cleavage 
crack; thereby some flexing occurs to convert the fracture to the 30000 4.0 2.8 3.8 2.7 
shear type. But since greater loads are required to continue. 35000 4.6 3.3 4.2 3.0 
YE g 1 40000 5.2 3.8 4.7 3.4 
~hearing, the crack is arrested at that point unless loads exceeding 
the maximum shear stress were present. There appear to be no 55000 6.8 5.3 5.9 4.5 
valid reasons for assuming that the contour of, and the stress con- pre ion visi oa $3 
ditions at the terminus of a shear crack are the same as those at penn 7.6 6.1 br re 
the terminus of a cleavage crack. 70000 8.0 6.5 8.8 7.4 
Undoubtedly, Kinzel will agree that the ductility of a metal or 75000 8.4 8.9 10.2 8.8 
’ : 78000 9.0 7.5 
its ability to undergo permanent deformation is not an inde- Ee 10.0 8.5% “s <s 
pendent property. It is a property dependent on several factors, 85000 ae Sie 13.7 12.3 
including the state and the manner of application of stress, cae 38-3 as 
temperature, and the inherent metallurgical characteristics of the 97000 25.0 23.66 
metal. Therefore it cannot be defined without defining these ae 
factors. The load-carrying capacity of the metal is likewise de- b Shear fracture. 
pendent on the factors mentioned. The clea- 
vage-tear-test data presented in the paper and 100 - . 
in this closure show that a direct relationship ~~ 
exists between the load-carrying capacity, or 90 CLEAVAGE 
P/A values, and the behaviorism, toughness, FRACTURE, SHEAR \ 
or ductility of the metal under given conditions. TEMP, =_32 73 FRACTURE. X\ 
Therefore in these tests the behaviorism or 80 TEMP. = 130 °F. % 
ductility of the metal is expressed in the term 2 x bs \ 
of unit breaking loads. Inasmuch as it is im- 2 79 } + —— 
possible to have ductility without yielding, itis 9 \ 
important to note the relationship of yieldloads 9 | 
to breaking loads and to the actual fracture 8 so | | \ 
stress shown in Fig. 49, in order to visualize me \ 
this point. Itis clearly evident from this figure 50 t 
that a correlation exists between the curves 9 | 7.3 
representing the foregoing values, with respect 9 40 om | 
to changes in their respective slopes. As Y/A = 
increases by decrease of temperature, P/A de-  w& | 
creases, and S, increases by the resultant in- a 30 | t 
crease in the stress-concentration factor, and 
vice versa. Accordingly, in cleavage-tear tests, 20 a 
the ductility and behaviorism are reflected by | 
the observed changes in the P/A values. This 
is substantiated by the P/A and Y/A curves | 
shown in Fig. 42. | | 
Further experimental confirmation of the 0 0 Ps 16 24 32 40 48 
statements given in the preceding paragraph is 
presented by the breaking load versus time ELAPSED TIME IN SECONDS. 


charts included in Fig. 50, which were obtained 
on steel 7 above and below its transition tem- 
perature by the use of the D-type coupon con- 


Fie. 50 Loap or WorK D1AGRaM OF FRACTURING OF STEEL 7 AT 32 F, CLEAVAGE 


FRACTURE, AND AT 130 F, SHear FRACTURE 


(Standard D-type coupon containing standard notch used in both’ cases.) 
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test piece. Therefore the charts in Fig. 50 can be considered 
as being the work diagrams of fracturing. 

Fig. 50 shows that no yielding or appreciable plastic deforma- 
tion is apparent at 32 F, and that a sudden rupture of the entire 
test coupon occurs at this temperature at a tensile load of 78,000 
lb. This is a typically cleavage type of fracture. At 130 F a 
definite yielding is observable at a load of about 65,000 Ib be- 
yond which an appreciable plastic deformation occurs until a 
load of 97,000 lb is reached, at which level the steel fractures by 
shearing or slow separation, exhibiting good ductility. This is 
typical of the ductile or shear fracture. Within these two ex- 
tremes there are fractures which show intermediate ductility, 
the extent of ductility decreasing with the decrease of temperature, 
as shown in Fig. 42. The significance of these observations with 
respect to service performance has already been discussed in con- 
nection with the treatment of Enzian’s comments. 

It is apparent then that the behaviorism of steels is clearly 


integrated by the load required to cause fracturing under the test * 


conditions used. A similar integration would be extremely com- 
plicated, if not impossible, in terms of elongation or reduction-of- 
area measurements, since the latter vary immensely, depending 
upon where the measurement is taken. If this measurement of 
plastic deformation or reduction of area were made at or a little 
below the notch, no significant conclusions could be reached, 
since a steel showing evidence of ductility at or near the notch 
might break almost like cast iron below the notch, exhibiting no 
noticeable plastic deformation. The P/A values, on the other 
hand, show the behavior of the entire section of the metal, ‘as a 
unit,” and therefore serve as a better index for evaluating the 
behaviorism or toughness of a structure. It is obvious from this 
that the P/A values were measured in this investigation not only 
with the object of establishing the nominal breaking strengths, 
but also for effectively and correctly evaluating the behaviorism 
_ of a given steel under multiaxial stress conditions. 

Most massive and monolithic structures which fail in service do 
fail by cleavage type of fracturing, unless the stresses involved 
under service conditions are essentially uniaxial and no discon- 
tinuities are present. It is clear from Fig. 50 that at low tempera- 
tures, and under multiaxial stress conditions, it is possible for the 
yield load almost to coincide with the breaking load, and that a 
considerably lower load will suffice to cause cleavage type of frac- 
turing than the load required to produce the shear or ductile 
type of fracturing. It is also apparent from the data presented in 
Table 19 that the transition temperatures of the present struc- 
tural mild steels are considerably above atmospheric temperatures 
if multiaxial stress conditions prevail. Numerous monolithic 
structures, such as all-welded ships and pressure vessels, made of 
as-rolled mild steels have fractured in the brittle manner under a 
nominal stress of about 24,000 psi, as predicted by Equation [16] 
given in the paper. However, as has been stated in connection 
with Bennett’s discussion in the earlier section of this closure, 
failures of this type occur only if several independent conditions 
co-exist or prevail simultaneously; they are not dué to a single 
cause. This appears to explain why only relatively few ships and 
pressure vessels have failed by cleavage-fracturing, and others 
made of seemingly the same steel and design have not failed. 
Nevertheless, unless other explanations could be found for such 
failures, it would appear unsound to assume that those which 
have not failed should not fail under similar conditions. Failure 
by cleavage-fracturing is more likely to occur in all-welded tanker 
ships and large pressure vessels because the probability of having 
all the necessary conditions simultaneously present for failure in 
such structures is greater, due to the complexity of their service 
and stress conditions. 

-Mr. H. G. Larew comments on the desirability of photoelastic 
studies of the stress patterns involved in cleavage-tear test cou- 
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pons and discusses the effect on the breaking loads of the varia- 
tions of the 4-in-wide slot used in the coupons, Fig. 1. The author 
agrees that considerable knowledge could be gained by photo- 
elastic studies. However, actual tests made in the early. stages of 
this investigation have shown that variations in the slot width 
within the range of 2 to 16 in. have no appreciable effect on the 
breaking loads. The results of these tests are summarized in 
Table 24. 


TABLE 24 EFFECT ON BREAKING LOADS OF VARIATIONS IN 
SLOT WIDTH OF CLEAVAGE-TEAR TEST COUPON 


Modified D-type coupon containing 45-deg notch of #/i8 in. depth and 
0008 in. root radius 


Slot width, -—Unit breaking load, P/A, psi— 
in. Range Mean 

2 11400-12200 11800 

4 11300-11600 11450 

8 11100-11300 11200 

12 11200-11500 11350 

* 16 11400-11700 11550 


@ D-Type Coupon, Figure 1. 

Nore: With the exception of the slot width and dimension ¢, all other 
dimensions were the same as those for coupon D-Type, Fig. 1. Dimension c 
was increased or decreased by the same length as the slot width was in- 
creased or decreased. 


Mr. Igrew’s second comment deals with the factor n, used in 
Equation {3] of the paper. In order to explain the procedure 
followed, the latter equation can be written in the following form 


where a and 6 are the correction factors or the relative stress-con- 
centration factors for the axial tension and the flexural terms, re- 
spectively, introduction of which is necessitated because of the 
presence of the notch. By dividing Equation [36] by a there is 


obtained 
8 P Mc 
a 


In the absence of eccentricity of loading, the flexural term is 
zero, in which case s/a = P/A = Sy, since by definition Sy is the 
nominal breaking stress for centric loading. The term 6/a is 
the ratio of the relative stress-concentration factors, which is desig- 
nated by the symbol n. Substitution of Sy for s/a, and n for b/a 
in Equation [37] yields Equation [3]. 

As stated in the paper, the numerical values of n were computed 
from the P/A versus eccentricity of loading determinations sum- 
marized in Table 4. The stress-concentration factors are different 
for different notch and section geometries, but their ratio appears 
to remain constant. Therefore it is obvious that the use of the 
factor n introduces no errors. It does not appear that the intro- 
duction of variable correction factors of unknown numerical 
values would simplify Equation [10] of the paper. 

E. M. McCutcheon discusses crack arresters as applied to all- 
welded ships. He also furnishes an analysis of the P/A versus 4 
curve presented in Fig. 8 of the paper. The author agrees that 
the insertion of riveted straps or joints at the critical sections of 
ships as “crack arresters,”” was undoubtedly one of the most 
expedient methods that could be applied under war-emergency 
conditions. However, its perpetuation as a permanent feature 
and as the best assurance against crack propagation in welded 
structures appears to be objectionable on several grounds. The 
following are some of the objections: (a) Due to the structural 
heterogeneity created by insertion of riveted seams in a monolithic 
structure, these seams are likely to invite stresses and flexures 
- greatly in excess of their proportionate share obtained in a struc- 


ture of all-riveted construction. (b) The rate of corrosion and 


loosening of rivets will undoubtedly be accelerated by the exces- 
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sive flexing and stressing referred to in (a), and thereby serious 
leakage may develop, which would be particularly troublesome in 
the straps at the bottom of the ship. (c) The general practice 
used for slotting the shell of the ship for installation of riveted 
straps consists of torch-cutting, which in most cases, instead of 
being a smooth cut, is irregular and may contain numerous shal- 
low but sharp notches, from which cleavage cracks could initiate. 
(d) Installation of one or several riveted straps does not con- 
stitute a positive guarantee against crack propagation, since 
failure has also been observed in all-riveted ships.*¢ 

A crack arrester should be capable of performing the two inde- 
pendent functions to be discussed before it could be considered as 
being a satisfactory safeguard for the structural safety of an all- 
welded ship, made of a steel which is susceptible to cleavage frac- 
turing at temperatures and under loading conditions encoun- 
tered in service. The first function consists in the instantaneous 
halt or arrest of cleavage cracks once they reach the crack arrester. 
The second function consists in assuring that no new cracks will 
initiate from these arrest points, even after the structure is 
weakened and the effect of stresses is intensified by formation of 
the erack. Mr. McCutcheon shows that the riveted seam or strap 
is capable of performing the first function. He infers that it will 


also perform satisfactorily the second function, evidently on the’ 


basis of his present data, which show that no cracks have con- 
tinued through the riveted seams. However, the assurance 
offered by the riveted seam against continuation of cracks cannot 
be considered as being positive in all cases. 

The perforated plates or drilled holes proposed by the author 
are similar in behavior to the riveted seam; they perform satis- 
factorily the first function as the test data show, but unsatisfac- 
torily the second function. Accordingly, both the perforations 
and the riveted seam act as crack arresters only in the sease of 
“shock absorbers,’ and their utility, by themselves, is therefore 
limited. If sufficient stress were present to initiate’a crack in the 
deck or strakes of a ship, its effect may increase by fracturing, due 
to the resultant increase in the eccentricity of loading. The 
latter may be of sufficient intensity to initiate a new crack in the 
abutting plate edges of the riveted seam, or in the edges of one of 
the holes of the perforated plate. It is obvious then that the 
assurance against continuation of cracks is not absolute with 
either design, and that it is necessary to provide other safeguards 
in the structure, in addition to these crack arresters. 

The use of greater factors of safety in design introduces such 
additional safeguards, since the data presented in the paper show 
that cleavage fractures do not initiate unless finite unit breaking 
loads are reached. Inasmuch as failures have occurred in all- 
welded ships, it appears that these load levels are actually being 
reached under service conditions in some of these ships. In- 
creasing the shell thickness or using steels of higher tensile strength 
in the critical sections accomplishes this. Another method of 
increasing the factor of safety consists of installing in the ship’s 
structure longitudinal girders or beams of sufficient strength, 
capable of carrying a good portion of the induced stresses, which 
girders can be kept separate and not built integral with the hull 
of the ship in order to eliminate extension of cracks into these 
girders, Girders of this type have actually been installed in a 
considerable number of T-2 tanker ships. However, in a multi- 
phase structure of this type the possibility exists that the hull of 
the ship and these strength girders may not share the load simul- 
taneously. This tendency may be occasioned by the fact that 
the hull and these strength girders may not be installed with the 
same effective rigidity when the ship is built, and a slight but 
definite “slack” may be present in one of these members. A 


* “Technical Progress Report of the Ship Structure Committee,” 
The Welding Journal, vol. 27, 1948, Research Supplement, pp. 377-8 
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similar situation may also arise by any differential thermal expan- 
sion or contraction of these members or of the hull. 

It is apparent then that even with the foregoing modification 
of design it may still be possible for some cleavage cracks to be 
initiated in the shell of the ship. It is in view of this that the 
author has suggested the use of perforations or drilled holes in cer- 
tain critical sections of the hull as “crack arresters.”” These 
perforations or holes should be of a staggered pattern and orien- 
tated in the same relative positions as the present riveted seams, 
by which arrangement more than one hole will be in the path of 
the crack. Such perforated plates or similar arrangements could 
actually be incorporated in the design of new ships with little 
additional expense. If used in conjunction with the design modi- 
fications mentioned, cleavage cracks should be effectively arrested 
at these perforations, through development of sufficient deforma- 
tion and stretching at the first or second holes. Thereby, the 
strength girders will be engaged to share the stress and the hull 
will be relieved simultaneously of the excessive stresses. The use 
of the perforation type of crack arrester is preferred because it 
is free of most of the objections of the riveted seams, and is of 
a more economical design than the latter. 

Welding of perforated straps to the unperforated shell, or of 
unperforated straps to the perforated shell, permits no leakage 
since one of these overlapping plates contains no holes. Like- 
wise, joining of the straps to the shell by welding should cause no 
difficulty, if these straps were used in accordance with the ar- 
rangement described in the preceding paragraphs. Cracks are 
not likely to penetrate the entire width of the strap by passing 
through several holes in its path,since the degree of localized 
bending deflection required to initiate a new crack from each 
successive hole is not available due to the restrictions imposed by 
the structure of the ship. There are of course many designs 
other than the riveted seam and perforation type of crack arrest- 
ers, discussion of which is beyond the scope of this paper. These 
should be considered carefully and analyzed instead of perpetuat- 
ing the use of riveted straps. It may even be possible to eliminate 
the need of crack arresters by proper modifications of design and 
material specifications, in new ships. 

McCutcheon’s analyses of the effect of section size on the P/A 
values, made on the basis of the results obtained on 72-in-wide 
test plates, confirm the general validity of Equation [10]. Never- 
theless, it appears from these analyses that the internally notched 
coupons, even if made as wide as 72 in., do not produce as much 
rigidity as is obtained in the D-type cleavage-tear test coupon. 
This is evidenced by the fact that in the latter coupon the maxi- 
mum reduction of area obtainable, at temperatures below the 
transition range, is of the order of 0.01 per cent, whereas in the 
internally notched wide plates considerably greater percentage of 
area reduction occurs. This is also evidenced by the fact that, 
contrary to Mr. McCutcheon’s prediction, no buckling was 
encountered in 1-in-thick cleavage-tear test coupéns of depths up 
to and including 24 in., nor in '/:-in-thick steel coupons of depths 
up to and including 18 in., in tests conducted at temperatures be- 
low the transition range. i 

It is generally conceded that riveted joints have greater damp- 
ing capacity and somewhat more flexibility than the welded joint. 
The term “flexibility” used in the paper is in the sense of “non- 
rigidity.” The stress-concentration factor of 9 referred to in the 
paper is not based upon the 60,000-psi nominal tensile strength, 
but on the actual fracture strength, which is estimated to be in 
excess of 200,000 psi. According to Equation [16], the nominal 
breaking strength of steel. containing a notch in the form of a 
5/s--in-long cleavage crack, is about 24,000 psi. The ratio of 
these “actual” to “nominal” strengths yields a stress-concentra- 
tion factor of about 9. The relationship between P/A valucs 
and actual fracture stress is illustrated in Fig. 49 of this closure. 


‘ 
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The data presented in the paper show that cleavage fractures 
develop at a point almost within the elastic range of steel. This 
is illustrated by the charts included in Fig. 50, and being based 
on factual observation, should not be considered as a theory. 
The author agrees with McCutcheon that failure of ships is the 
exception rather than the rule, which subject has been dis- 
cussed somewhat in length in connection with the treatment of 
Bennett’s and Enzian’s comments, and need not be repeated 
here. 

R. E. Peterson includes an interesting chart, Fig. 30, in his dis- 
cussion, in which the transition curves of steels 7 and 16 are com- 
pared with the curve of ship-service versus temperature, and 
states that not much change is indicated by the transition curves 
to account for more ship failures at low temperatures. The 
explanation of this apparent discrepancy can be found by refer- 
ring to Figs. 42, 43, 49, and 50, of this closure. It is to be noted 
in these figures that significant changes occur in steels at tenpera- 
tures below the transition range, which is manifested by the in- 
crease in the load required to cause yielding and by the decrease in 
the load required to cause fracturing. It is apparent that the 
extent of yielding decreases with decrease of temperature and 
becomes practically zero at the temperature 7',, shown in Fig. 42. 
As explained in connection with the discussions of Enzian and 
Kinzel, some yielding occurs in steels between the temperature 
T, and the transition temperature 7,, which yielding may be 
sufficient to reduce the stress peaks and thereby in some cases 
prevent fracturing. Therefore the slope of the yielding and 
fracturing curves, or d(¥Y/A)/dT and d(P/A)/dT, below the 
transition temperature range, are good indexes of the increasing 
tendency of steel to fracture by the brittle mode with decrease of 
temperature. 

The author agrees with Peterson that temperature differences 
can induce high stresses. There are cases on record showing that 
oil storage tanks and tanker ships have ruptured due to the added 
stresses induced by undue thermal fluctuations or by sudden cli- 
matic changes. Design modifications have been found necessary 
in ships containing large refrigeration compartments or sections, 
in order to eliminate cracking of the structure by the stresses im- 
posed by the temperature differences. Thermal stresses are 
additive to the static stresses and therefore may increase the 
danger of fracturing. 

R. W. Roop comments that the use of the unit-breaking-load 
values as a discriminant of toughness and other characteristics of 
steels was decided upon on the basis of a small number of tests. 
It is stated in the paper that the first ‘‘indication” of P/A being 
such a discriminant was obtained in the simple beam tests. 
Actually, the usefulness of P/A was demonstrated by a large 
number of tests presented in numerous figures and tables of the 
paper. This has been discussed in detail in this closure, in con- 
nection with the comments of several of the discussers. 

The author agrees that the 4-in-wide slot in the test coupon, 
Fig. 37, isa major notch. The effect of variations in the depth of 
this notch has been evaluated by the load-eccentricity tests sum- 
marized in Table 4 of the paper, and the effect of variations in its 
width has been evaluated by the data given in Table 24 of this 
closure. 

Roop inquires regarding the values of Sy and of the numerator 
of Equation [13], for notches of different angularity. It is obvi- 
ous from the text of the paper that the value of Sy is 48,000 psi for 
the standard notch used. For other notches the value of the 
numerator is directly proportional to the angularity term given in 
Equation [13]. This is so apparent that its inclusion in Table 7 
was felt to be unnecessary. In continuation, Roop also inquires 
regarding the notch angle at which the fracture changes to shear. 
This change occurs as the angle of notch exceeds about 90 deg, 
as is likewise stated in the paper. The computed value of the 
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factor for the angularity term for the 90-deg notch is 1.17. Ac- 
cordingly, the nominal breaking strength Sy, of the steel tested 
containing such a notch would be 48,000 X 1.17, or about 55,150 
psi. This is only slightly below the strength of the steel deter- 
mined by the conventional tensile test, in which shear predomi- 
nates. It is apparent that with the further increases in the angle 
of notch, shear fractures will be favored, as a result of which the 
breaking loads will increase due to the increasing amount of the 
cold work permitted by the enlarged notches. However, these 
data on nominal breaking strengths cannot be used to compute 
actual unit stresses without knowing the stress-concentration and 
other necessary factors involved in sections containing notches. 

The temperature of test is stated in Table 8, because it differs 
from the standard test conditions given in the first part of the 
paper, under the section, “Determination of Effect of Variables 
on Development of Cleavage Fractures.’’ Continuing his com- 
ments on the data given in Table 8, Roop discusses the possibility 
of evaluating the stress at which transition occurs from the cleav- 
age to the shear type of fracture. As in the case discussed in the 
preceding paragraph, actual stresses at the notch cannot be 
evaluated without taking into consideration several important 
details peculiar to notched sections. Equation [14] indicates 
‘that the transition from cleavage to shear is not a discontinuous 
function. The same indication is shown by Fig. 41 of this 
closure, with respect to the shift in the transition temperatures by 
the change of the notch root radii. The notch-radius term, de- 
rived from the data of Table 8, is expressed as 2.085R°:""3 in order 
to simplify Equation [15], since the derivation of this term is 
evident from the text of the paper. 

In his subsequent comment, Roop discusses transition-tem- 
perature determinations by the author’s tests and states that 
Kahn's tests yield the same results. This statement appears to be 
incorrect,*? as is evident by the discussion of this paper by Kahn 
and Imbembo. In connection with the comments on the transi- 
tion-temperature range, Roop’s attention is called to the mathe- 
matical expressions covering the transition characteristics of the 
original four steels included in Fig. 15 of the paper, also of addi- 
tional five steels included in Fig. 38, given in Equations [27] to 
(35] of this closure. 

Several additional items are listed at the end of Roop’s discus- 
sion. The first states that no effect of thickness is discernible in 
the tests given in Table 5, whereas in tests of other type thickness 
is a factor. The agreement of the P/A values with those of the 
the theoretical equation, Equation [5], simply indicates that the 
geometry of the coupon and of the notch used minimizes the effect 
of the thickness. Equations [27] to [35] indicate some effect of 
the thickness in the transition characteristics of steels. 

His next comment is to the effect that plastic deformation can 
precede cleavage fracturing. The author agrees that this is pos- 
sible, especially if notches of large root radii are used. The state- 
ment made in the paper was intended to emphasize the fact that 
in cases where the fractures are “strictly” of cleavage type, such 
as those occurring at or below the temperature T',, Fig. 49, no 
appreciable plastic deformation would be exhibited by the steel, 
with the entire test piece considered as a unit. The load-time 
charts in Fig. 50 illustrate the situation clearly, Some slight 
flow may occur at the surface, at localized areas or at locations 
where the stresses are biaxial, but on a macroscale no appreciable 
flow would be detected. 

The third item states that very little scatter of results is shown 
in Figs. 8 to 11. In constructing these curves, the averages and 


7” Discussion by A. B. Bagsar of paper “A Method} of Evaluating 
Transition From Shear to Cleavage Failure in Ship Plate, and Its 
Correlation With Large-Scale Plate Tests,’ by N. A. Kahn and 
E. A. Imbembo, The Welding Journal, vol. 27, 1948, Research Sup- 
plement, pp. 183-s—-184-s. 
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not the individual test results were plotted; the respective tables 
show the variations in individual test results. Fig. 44 shows the 
degree of scatter obtained in steel 18 through the transition- 
temperature range, by plotting individual test results against test- 
ing temperature. It is the author’s experience that with correct 
test procedure the P/A values yield more consistent results than 
measurements of load-extension or of energy of fracture propaga- 
tion. Another factor which may account for less scatter of re- 
sults consists in the fact that the geometry of the test coupon 
and of the notch used was based upon experimental data and 
were not chosen arbitrarily or on the basis of expediency. ° 

Roop’s fourth comment deals with the effect on the test results 
of the cold work present in the notch used. This subject has al- 
ready been discussed in dealing with Jonassen’s comments pres- 
sented in the earlier section of this closure. In Table 21 and Fig. 
46 are presented quantitative test data, showing that.the 
effect of cold work at the notch is negligible in these tests. 

His fifth comment is on the arrest of cleavage cracks by an inter- 
posing shear fracture, which has likewise been discussed in the 
treatment of Kinzel’s comments relating to the same subject. 
The data given in the paper show that a definite load level is re- 
quired to initiate cleavage-fracturing and that no fracture occurs 
if the loads are below this level. It is true that some ships have 
been reported to have fractured at very low stresses. Such re- 
ports may be in error because of the uncertainty of estimating the 
actual stresses under which fractures have develdped; it is not 
necessary to assume that steels have an inherent property of frac- 
turing in an unpredictable manner, under very low stresses. 

W. Samans discusses the possible applications of the test data 
presented in the paper to pressure vessels and other fields. There 
is no reason to assume that the same mechanism of fracturing does 
not govern the performance of steel, regardless of the shape orserv- 
ice of the structure in which the steel is used. The particular 
failure described by Samans, which originated from a defect in the 
butt weld of a pressure vessel, conforms essentially to the same 
general rules given in the paper for cleavage fractures, although in 
the case cited the fracture originated from an internal rather than 
an external notch. Application of the elastic theory to the 
evaluation of the stresses in the types of noteh used appears 
speculative. 

The author agrees with J. W. Stewart that good technique and 
correct sequence of welding are essential for minimizing defects in 
welded ships. As is indicated by the data given in the paper, 
large cleavage fractures can originate from small defects or dis- 
continuities. The use of riveted seams or straps as crack arrest- 
ers, discussed by Stewart, has certain distinct disadvantages. 
These have been treated at length by the author in connection 
with MeCutcheon’s discussion of the same subject. 

J. Gibson and C. F. Tipper compare the test results giveh in the 
paper with those obtained in the Engineering Department, 
Cambridge University, England, and state that some of the 
apparent differences are due to the use of different testing proce- 
dure and test coupon, with which statement the author agrees. 
In making this comparison they substitute in Equation [10] of 
the paper the term a + (d + h)/2 for load eccentricity e, and 
construct Fig. 34. The author’s experience with the type of test 
coupon shown in Fig. 36, which is similar to that illustrated by 
Fig. 33, and used by Gibson and Tipper, has been summarized in 
the discussion of Bennett’s comments in an earlier section of this 
closure. If should be observed that for test coupons 6 in. or less 
in depth, which is the case discussed by Gibson and Tipper, 
Equation [10] of the paper can be reduced to the form-of Equa- 
tion [5]: 


S 


A 
d—h 


This equation is adequate for expressing the relationships of 
eccentricity of loading e, section depth d — h, unit breaking load 
P/A, and nominal breaking strength S, for the case under con- 
sideration. Both e and d — hare variables, and P/A is a function 
of these two variables. For the sake of simplicity, the ratio of 
these two variables e/(d—h) is used in the equation instead of 
the eccentricity component a (see Figs. 1 and 31). Thereby, the 
introduction of expressions involving positive and negative values 
is obviated. Aside from this, the use of e instead of a is preferred 
because of the direct relation of e to the centroidal axis of the test 
coupon. The eccentricity component a has been recognized and 
discussed in the paper, in connection with Equations [6] and [10}. 

It is apparent from the foregoing simplified equation that if the 
ratio e/(d — h) equals 0.5, P/A is independent of the section depth 
and the loading is tangential to the vertex of the notch, ora +h = 
0. As e/(d — h) decreases from this value of 0.5, P/A increases. 
The latter corresponds to the case in which the term a + h has a 
negative value described by Gibson and Tipper. For cases 
e/(d — h) > 0.5, PA values decrease, which situation corre- 
sponds to positive values of a + h. In the tests reported in Table 
4 of the paper the eccentricities and coupon depths used cover 
the cases e/(d —- h) > 0 for coupons with a depth of 6 in., whereas 
those listed in Table 5 cover only cases in which e/(d — h) > 0.5. 
The P/A values obtained by the use of different e/(d — h) ratios 
in all these tests conform to Equation [10], and the results ob- 
tained by Gibson and Tipper by their analysis likewise conform 
to the latter equation. If the ratio e/(d — h) were plotted against 
the reciprocal of PA, a straight line would be obtained, as is 
shown in Fig. 6 of the paper. 

The next item discussed is the correction factor n in Equation 
[3]. The valhes of n were computed from A/P versus e curves 
shown in Fig. 6 of the paper, and are not based upon assumptions. 
It is obvious that » is the ratio of the relative stress-concentration 
factors for the axial tension and flexural stresses, as has been ex- 
plained by Equations [36] and [37] given in the earlier section of 
this closure. The use of this ratio was preferred, since it appears 
to remain constant for different notch and coupon geometries, 
whereas the stress-concentration factors themselves do not. 

The third item discussed by Gibson and Tipper deals with frac- 
ture loads. Although with the use of Izod notches (R = 0.01 in.) 
or of notches with large root radii, the fracture loads for shear and 
cleavage appear to be about the same, the difference between the 
loads for these two types of fracture is very pronounced if notches 
of small root radii, say of the order of 0.0015 in., are used. This 
is clearly shown by the data presented in Table 8 and Fig. 11, also 
by Equation [14] of the paper. This point is also explained by 
Figs. 38 to 43, and 49 and 50 of this closure, and by the respective 
tabulated test data. Recent work of numerous investigators, 
using tensile coupons containing notches with root radii‘of the 
order of 0.001 in., has shown appreciably lower fracturing loads 
for cleavage. The charts in Fig. 50 also show that the pattern of 
the initiation of cleavage fractures is quite different from that of 
shear fractures. With the use of notches with small root radii, 
the overlapping type of fractures described by Gibson and Tipper 
may occur only within or near the transition range. 


388 Distribution of Strength and Ductility in Welded Steel Plate 
as Revealed by the Static Notch Bar Tensile Test,” by W. F. Brown, 
Jr., L. J. Ebert, and G. Sacks, The Welding Journal, vol. 26, 1947, 
Research Supplement, pp. 545-s—554-s. 
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Definitions of Heats of Combustion of a 
Fuel and Current Methods for 


Their Determination 


By E. F. FIOCK,' R. S. JESSUP,' ann F. W. RUEGG! 


Definitions are given for high and low heats of combus- 
tion, both at constant pressure and at constant volume; 
and the relations connecting the four quantities thus de- 
fined are discussed. Apparatus in current use for meas- 
uring heats of combustion of solid, liquid, and gaseous 
fuels, the corrections which must be applied, and the pro- 
cedure for calculating the results are described. A brief 
resume is given of the present prospect for calculating the 
heats of combustion of mixed gases from analytical data. 


INTRODUCTION 


HE usefulness of a fuel is determined by many compli- 

cated and interrelated factors, both economie and physical 

in nature. As examples, it seems unlikely that oil will en- 
tirely replace coal in regions where coal is plentiful or cheap, and 
no matter how attractive the compounds of boron may appear, 
such substances can never form the basis of our principal fuel 
supply because there simply is not enough boron in the earth’s 
crust to fill the need. On the other hand, there is an extremely 
abundant supply of aluminum, so that the use of this metal as a 
fuel is not impossible. Suffice it to say here that availability is of 
paramount importance in determining what the fuel shall be for 
present and future power plants. 

Normally a given type of power plant is designed to use a fuel of 
amore or less specific type. This is not meant to imply that there 
cannot be considerable variation in many of the physical proper- 
ties within a single type for a specific operation. It does seem de- 
sirable, however, to question the rather widespread impression 
that a jet engine or gas turbine can use as a fuel any substance 
which will burn in air. Actually such power plants operate best 
only on the specific fuel for which they are designed. On the 
other hand, it seems probable that power plants of this type can 
be designed for satisfactory operation on a wide variety of fuels, 
much wider for example than is the case with reciprocating en- 
gines having either spark or compression ignition. 

In addition to cost, availability, and engine design, the physical 


and chemical properties of the fuel are of great importance. In’ 


general, the nature of the application determines which properties 
are of paramount interest. In powered missiles and in aircraft, 
where fuel-tank-volume is an important factor in determining 
range and maximum speed, it is highly advantageous and in some 
cases necessary to use a fuel which liberates the maximum possible 
heat per unit of its volume. On the other hand, there can be no 
great interest in the volume of tankage required for a stationary 
power plant. 

Many familiar properties such as density, viscosity, vapor pres- 

' National Bureau of Standards, Washington, D.C. 
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Symposium on Heating Values of Fuels for Thermal Efficiency and 
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sure, and their rates of change with temperature, vary in impor- 
tance with the application. Since the primary function of any 
power plant is the conversion of the latent chemical energy in the 
fuel into usable work, the burning characteristics of every fuel are 
basic, regardless of the proposed application. These character- 
istics include ignitibility, ignition lag, rate of burning or flame 
speed; tendency to preignite and to detonate, expansion ratio, and 
heat of combustion. Of these, the last is probably the most use- 
ful single criterion of the prospective value of a fuel. 

It is the purpose of this paper to discuss the heats of combustion 
of fuels, not from the standpoint of actual numerical values but 
by reviewing the common methods of measurement, the correc- 
tions involved, the significance of results obtained by each, and 
the interrelations of the results obtained by different methods. 


DEFINITIONS AND INTERRELATIONS OF HEATS OF COMBUSTION 


For the expression “heat of combustion”’ various authors have 
used several synonymous terms including “calorific value,” “heat 
or heating value,’’ and “‘thermal value,”’ each of these expressions 
being included by chemists in the more general term “heat of re- 
action.” 

In the ASTM Book of Standards, 1946 (1),? the expression 
calorific value (heat of combustion) and thermal value are used 
in connection with solid and liquid fuels (1a, b, and c), while calo- 
rific value alone is used in the section on gaseous fuels (1d). 
The present authors have personal preference for the expression 
“heat of combustion,” and will adhere to it throughout this paper. 

Broadly speaking, the heat of combustion means the quantity 
of heat liberated when unit quantity of fuel is burned. For any 
given fuel, the amount of heat which can be obtained by burning 
unit weight depends upon the initial state of the reactants and the 
final state of the products, so that a numerical value of heat of 
combustion will be definite only when the conditions to which it 
applies are specified. 

The definitions of the various heats of combustion which have 
been found useful are all simply related to that of the quantity 
almost universally used in tabulations of heats of combustion of 
pure compounds, This quantity, for a fuel, is simply the heat 
evolved at constant pressure (or decrease in enthalpy, — AH.) in 
the following reaction: 


Fuel (sotia, liquid. or gas) + Oo(eas) eas) + 
+ + Naveas) 


This equation applies to the complete combustion in air or oxygen 
of unit quantity of a fuel containing any or all of the elements, 
carbon, hydrogen, oxygen, nitrogen, and sulphur, in addition to 
water and any constituents which may formash. For the present 
purpose it is not considered desirable to complicate the definition 
of heat of combustion to the extent which is necessary to include 
certain special fuels and oxidants such as are used in some rocket 
motors. 

The heat of the foregoing reaction depends somewhat upon the 


2? Numbers in parentheses refer to the Bibliography at the end of 
the paper. 
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temperature of the reactants and products, and to a very slight 
extent upon their pressure. Hence it is desirable to agree upon 
standard or reference values of these parameters. Chemists 
generally use zero pressure for reference and others use 1 atm. 
The difference is negligible for most practical purposes. As to 
the reference temperature, chemists use 25 C (77 F), mechanical 
engineers 68 F, and in the gas industry 60 F is most common. 
Undoubtedly, each of these values was selected initially as an 
average value of room temperature, since there are many advan- 
tages in conducting calorimetric experiments at-or near the tem- 
perature prevailing in the laboratory. The variation of heat of 
combustion with temperature over the range encountered in the 
laboratory is not great, and correction from the actual temperature 
to any of the afore-mentioned reference values can be made with 
ample aceuracy. 

The direct result of an experimental determination of heat of 
combustion is the heat produced by burning unit weight of fuel as 
measured, i.e., per unit weight of fuel plus ash plus any water 
which it may contain. The results of determinations on samples 
which contain significant amounts of water are usually reported on 
a dry basis (la). To simplify the following discussion of the re- 
lations among the various heats of combustion, it is assumed 
that the measured values have been reduced to a water-free, ash- 
free basis. This discussion applies primarily to solid and liquid 
fuels, since the methods of relating the high and low heats of com- 
bustion of gaseous fuels are well standardized (ld, 16, 17). 

For fuels which contain water or hydrogen, the final state of the 
water present after combustion is of considerable importance 
numerically. If all of the water present in the products of com- 
bustion is condensed to the liquid state, the total quantity of heat. 
evolved is commonly designated as the “high,”’ “‘gross,”’ or “‘total’’ 
heat of combustion. If all this water remains in the gas phase, 
the heat liberated is called the “low” or “net” heat of combustion. 
In this paper the adjectives high and low will be used exclusively. 

If the composition of the fuel is known quantitatively, it may 
be represented by the empirical formula CH,O,N-S,, in which the 
subscripts are not necessarily integers. Disregarding tempora- 
rily the states of reactants and products, the equation for the 
combustion of this fuel with oxygen is 


CH,O,N.8, + (1 + a/4 — 6/2 +d)O, = 
CO, + (a/2)H2O + (c/2)Ne2 + dSOx. 


If we consider the possible states of reactants and products we 
find the following: (a) The fuel may be either solid, liquid, or 
gaseous; (b) both the O, and the CO, will be gaseous; (c) the 
H.,O may be either liquid or gaseous, or distributed between these 
two phases; and (d) the N. and SO, will usually be gaseous, but 
in the oxygen-bomb calorimeter, the nitrogenmay end upas nitric 
acid and the sulphur as sulphuric acid. Since the latter condition 
prevails in the calorimeter but not generally in the application, 
it is logical to correct the calorimetric values back to gaseous N2 
and SOs, as described later. 

If combustion takes place at constant volume, and if the gase- 
ous reactants are saturated with water vapor at room tempera- 
ture and the products are cooled to this same temperature, it will 
be apparent that all of the water formed during combustion must 
condense to liquid. In gas calorimetry, the water formed in com- 
bustion is seldom all condensed, but the results are ordinarily 
corrected to the condition that it is all condensed. However, in 
applications of the combustion process it is rare indeed that con- 
densation is completed in such a way that the heat liberated by 
this process can be utilized. Thus it is logical that many who 
wish to use numerical values of heat of combustion in calculating 
actual processes should choose the low value. The present authors 
feel that the choice between the high and the low value is simply a 
matter of habit and convenience, since the same end result will be 
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obtained from either, when proper account is taken of the initial 
and final states of the reactants and products. 

Since there are reliable calorimeters which operate at constant 
volume and others which operate at constant pressure, and since 
there are practical applications which approximate each of these 
cases, the relation between the heat of combustion at constant 
volume and that at constant pressure must be considered. It is 
obvious that in a reaction at constant volume, no external work 
can be done by or on the enclgsed system. However, for a re- 
action at constant pressure, external work will be done if there is a 
change in the volume of the total gas present, and in a calorimeter, 
the thermal equivalent of this external work will appear as a part 
of the observed heat of combustion. Therefore our definitions 
must state whether the process of burning has taken place at con- 
stant pressure or at constant volume. 

Summarizing the requirements of a satisfactory definition of 
heat of combustion, we find that it must state the qualitative com- 
position of the fuel and the products, the initial and final states, 
whether the water formed during combustion or present initially 
in the fuel is condensed to liquid or remains in the vapor state, and 
whether the reaction has been conducted at constant pressure or 
at constant volume. With these points in mind the following 
definitions are suggested: 


1 The “high heat of combustion at constant volume” of a 
fuel containing any or all of the elements. carbon, hydrogen, oxy- 
gen, nitrogen, and sulphur, is the amount of heat produced by the 
combustion of unit quantity of fuel at a standard temperature in 
an enclosure of constant volume, when the products of combustion, 
consisting of liquid H.O and gaseous CO2, SOs, and Noe, are cooled 
to the initial temperature. 

2 The ‘“‘lowheat of combustionat constant volume,” same deti- 
nition as 1,except that all of the water formed during the combus- 
tion remains in the gas phase. 

3 The “high heat of combustion at constant pressure’ of a 
fuel containing any or all of the elements carbon, hydrogen, oxv- 
gen, nitrogen, and sulphur, is the amount of heat produced by the 
combustion’ of unit quantity of fuel at a standard temperature 
and at a constant pressure of 1 atm, when the products of com- 
bustion, consisting of liquid H,O and gaseous CO,, and 
are cooled to the initial temperature. 

4 The “low heat of combustion at constant pressure,’”’ same 
definition as 3, except that all of the water formed during the com- 
bustion remains in the gas phase. 


? 


As to the quantity of fuel, it is common practice to report heats 
of combustion of solids or liquids on a weight basis, i.e., in Btu 
per pound. Gaseous fuels are reported on a volume basis, i.e., in 
Btu per standard cubic foot, which by general agreement means a 


* cubic foot of fuel gas saturated with water vapor at 60 F, and at 


a total pressure of 30 in. of mercury absolute. 

Although there is no permanent need for individual symbols for 
each of these heats of combustion, such symbols are needed here 
in the development of the relationships which exist among them. 
Table 1 which follows is not intended as a recommendation that 
this notation be used generally. 


TABLE 1 HEATS OF COMBUSTION OF CHaOoN-Sa 


Symbol Usual method of measurement 
High, at constant volume..... imeter 
Low, at constant volume..... (hi) Oxygen-bomb calorimet« 
High, at constant pressure.... (hh)p 
Low, at constant pressure.... (hi)p Water-flow calorimeter 


If, for a reaction at the constant pressure p and the constant 
temperature 7’, the volume of gaseous products minus the volume 
of gaseous reactants is Av and the volumes of solids and liquids are 
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neglected, external werk pAv will be done by the system. Among 
other things, Av will depend upon the state of the fuel and of the 
water. If neither of these is gaseous, their volumes may be neg- 
lected. It will be seen from the equation that, under these con- 
ditions, the change in the number of moles of gas accompanying 
the combustion of one formula weight (/) of fuel is —a/4 + 6/2 
+c/2. Inspection shows that sulphur does not enter the picture 
and that there will be a decrease in the number of moles of gas 
for all fuels except those high in oxygen and/or nitrogen. Thus for 
all ordinary fuels, work is done on the system by the atmosphere 
during combustion at constant pressure, and the high heat of com- 
bustion at constant pressure is greater than that at constant 
volume. 

Assuming that the volumes of water and fuel are negligible and 
that the gases are perfect, the external work done by the system 
per formula weight of fuel is 


pAv = (—a/4 + b/2 + c/2)RT 
Therefore for solid and liquid fuels we may write 
(Ande = (hy), + (—a/4 + b/2 + ¢/2)RT/M 


The difference between the high and low heats of combustion at 
constant volume is simply the internal energy of vaporization of 
the water formed per unit weight of the fuel. This amounts to 

. 997 Btu per lb of H,O (68 F). Thus 


(hile = — 898la/M 


Similarly the difference between the high and low heats of com- 
bustion at constant pressure is the latent heat of vaporization of 
water formed per unit weight of fuel. This amounts to 1055 Btu 
per lb (68 F). Thus 


(hi)p = (An), — 95038a/M 


These relations can be transformed into others more convenient 
to use by introducing the weight fractions X, of the elements in 
the fuel, and the numerical values R = 1.986 Btu/mole deg F, and 
T = 528 deg R (68 F). 

For the dry ash-free fuel it will be seen that X, = 1.008 a/M; 
X) = 16b/M; and Xy = 14.008c/M, from which a = 0.992 
MXy; b = 0.0625MXo; andc = 0.0714 MXy. 

Substitution of these values in the foregoing relations among 
the various heats of combustion gives 


(hyde = —260X + 33Xe + 37Xy.... [1] 


(hi)p = (hy)» 


From these three equations, relating the four different heats of 
combustion, all may be calculated if any one is measured, and if 
fhe weight fractions of hydrogen, oxygen, and nitrogen in the 
original fuel are known. 

As indicated previously, it has been assumed that the measured 
heat of combustion has been reduced to an ash-free dry basis. 
In practical applications, the quantity of most importance will be 
the heat of combustion of the fuel containing the same amounts of 
ash and water as at the time the fuel is used or marketed. The 
relations hold for a fuel containing ash when the heats of combus- 
tion are on a dry basis and when Xy, Xo, and Xy are the weights 
of hydrogen, oxygen, and nitrogen per unit weight of dry fuel plus 
ash. The heats of combustion of a fuel containing the fraction 
Xw of water will be given by the expressions (h,),(1 —Xw); 
— Xw) —997X ws — Xw); and (hi) — 
1055X jw. In each of these expressions the first term represents the 
heat of combustion per unit weight of dry fuel plus ash, and the 
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complete expression represents the corresponding heat of combus- 
tion of fuel plus ash plus water. 

The common methods for determining heats of combustion will 
be discussed next. 


DETERMINING OF COMBUSTION OF.SOLID AND 
FUELS 


Oxygen-Bomb Calorimeter. The heats of combustion of solid 
and liquid fuels are usually measured in an oxygen-bomb calorime- 
ter. This instrument consists of a metal calorimeter vessel 
filled with water, in which are immersed a constant-volume bomb, 
a stirrer, and a thermometer for measuring the water temperature. 
The temperature rise of the calorimeter, produced by the com- 
bustion of a weighed sample of fuel in the bomb, is a measure of 


‘the heat of combustion of the fuel. 


If the calorimeter vessel differs in temperature from its sur- 
roundings, there will be a transfer of heat between the calorime- 
ter and the surroundings and a correction therefor must be 
applied. This correction can be evaluated only if the tempera- 
ture of the surroundings is controlled, for example, by enclosing 
the calorimeter with a jacket whose temperature can be regulated. 
Such an arrangement is necessary if the accuracy of the observed 
values of heat of combustion is to be better than a few per cent. 

A diagram of a typical bomb calorimeter, similar in construc- 
tion to one described by Dickinson (2), is shown in Fig. 1 which 
is largely self-explanatory. The jacket cover shown, consisting 
of two sheets of copper separated by an air space and bent down 
at the edges to dip into the jacket water, was described by White 
(3), while the cover of Dickinson’s calorimeter contained cir- 
culating jacket water. 

The temperature of the calorimeter is usually measured by a 
calorimetric mercurial thermometer or by a Beckmann ther- 
mometer, such instruments being adequate when the accuracy 
of the calorimetric results need not be better than a few tenths 
of 1 per cent. If higher accuracy is required, a resistance or a 
thermoelectric thermometer may be used. The instrument 
shown in Fig. 1 is a resistance thermometer. 
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Fig. 1 ScHematic DraGRAM OF AN OxyYGEN-Boms CALORIMETER 

Calorimetric resistance thermometers and bridges for use 
therewith have been described by Dickinson and Mueller (4), 
Sligh (5), Mueller (6), and Smith (7). Thermoelements and 
potentiometers suitable for calorimetric applications are de- 
scribed by White (8), and by Wenner (9). Most of the instru- 
ments mentioned in the references are now available commer- 
cially. 
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Oxygen to be used in a bomb calorimeter should be free of 
combustible impurities. Since commercial oxygen may contain 
enough of such impurities to cause an error of 1 per cent, it is 
necessary to remove them before placing the oxygen in the bomb. 
Usually this is done by passing the impure oxygen over hot copper 
oxide. One type of commercially available equipment for this 
purpose is described in reference (10). 

Procedure. To measure heat of combustion with a bomb 
calorimeter, it is necessary to know the quantity of heat which 
produces a given temperature rise of the calorimeter. This may 
be determined by measuring the rise produced by burning in the 
calorimeter a known weight of a substance, such as benzoic acid, 
for which the heat of combustion (11) is known accurately. 
Measurements in which the temperature rise corresponding to a 
known amount of energy is determined are usually referred to as 
calibration experiments. The results of such experiments, ex- 
pressed as the energy required to produce a rise of 1 deg in the 
calorimetric system, is called the energy equivalent or the ef- 
fective heat capacity of the system. 

This method of calibrating the calorimetric system eliminates 
systematic errors, such as might otherwise arise from the time 
lag in the distribution of heat throughout the system (12). It 
also makes the temperature scale unimportant, provided that 
same scale is used during both the calibration and the measure- 
ment of heat of combustion. It is important that calibration 
experiments and measurements of heats of combustion be made 
under the same conditions, as nearly as is practicable. In both 
types of experiment enough water (about 20 drops) is placed in 
the bottom of the bomb to insure initial saturation with water 
vapor. Since the temperature of the calorimeter rises only a few 
degrees, most of the water formed on combustion must condense 
to liquid, and the heat produced by the combustion of unit weight 
of sample is substantially equal to the high heat of combustion at 
constant volume. The small additional quantity of water which 
exists as vapor at the close of an experiment, due to the increased 
temperature of the bomb, is taken into account automatically in 
the calibration. 

In preparing to make a run, a crucible containing a weighed 
sample of the unknown or of the standard fuel is placed in the 
bomb. Although coal can be burned in pulverized form, other 
solids including those used for standard substances, cannot, be- 
cause part of the powder is frequently blown out of the crucible 
and fails to burn. Such substances can usually be burned com- 
pletely if compressed into pellets. 

Samples of liquids of low vapor pressure can be poured directly 
into the crucible in which they are to be burned, and weighed in 
the same manner as for solid fuels. For the more volatile sub- 
stances, such as gasoline, it is necessary to enclose the sample in a 
. Suitable capsule to prevent loss by evaporation. Although gelatin 
capsules have been used, it is believed that thin-walled glass 


bulbs, flattened on opposite sides, filled completely, and sealed 


are more satisfactory (13). The flat sides are made flexible to 
prevent breakage of the capsule when oxygen is admitted to the 
bomb under pressure. 

A fuse wire, coiled into a small helix, is attached to the elec- 
trodes of the bomb in such a way that the helix is nearly but not 
quite in contact with the sample. This wire may be iron or an 
appropriate alloy less subject to corrosion than iron. No. 34 wire 
is supplied by manufacturers of bomb calorimeters for this 
purpose. The bomb is then closed, flushed with oxygen free of 
combustibles, and charged with this gas to a pressure of from 20 
to 40 atm, the mean of these values being used most generally. 

The calorimeter vessel is placed on a scale, and water is added 
until the total weight reaches a previously selected value. Dur- 
ing this process the temperature of the water is so adjusted that 
the final temperature of the calorimeter system after combustion 


OCTOBER, 1948 


will be one or two tenths of a degree below the temperature of the 
jacket. The calorimeter is then placed within the jacket, the 
bomb with firing leads attached is positioned, the covers for 
calorimeter and jacket and the thermometer are put in place, and 
the calorimeter stirrer is started. 

After a steady state is reached, the temperature of the calo- 
rimeter is observed at 1-min intervals for at least 5 min, to estab- 
lish the rate of change of temperature due to stirring and heat 
transfer between calorimeter and environment. The sample is then 
fired by impressing approximately 10 volts ac or dc across the fuse 
wire, whereupon the latter burns. Solid or exposed liquid samples 
are ignited directly, and the combustion of the fuse wire is ef- 
fective in breaking the glass bulbs containing liquid samples and 
then igniting the liquid contained therein. 

Subsequent to ignition, a time record is kept of the calorimeter 
temperature at intervals as short as is practicable during the 
period of most rapid rise, and at 1-min intervals thereafter, until 
the rate of change has been constant for at least 5 min. The 
results obtained: in this way are illustrated by the solid curve of 
temperature versus time shown in Fig. 2. 


TEMPERATURE 


TIME 


Fig. 2. TypicaL TEMPERATURE-TIME CURVE FOR A Boms-Cavon'- 
METRIC EXPERIMENT 


The bomb is then taken out, the pressure relieved, and the 
cover removed. All inner surfaces are rinsed thoroughly wit! 
distilled water, and the washings are titrated with 0.1 norma! 
alkali solution, using methyl orange as the indicator, to determine 
the amount of acid formed during combustion. If the fuel is 
known to contain sulphur, or suspected thereof, the amount may 
be determined by the bomb-washing method described by the 
ASTM (14). 

For most fuels, the amount of sulphuric acid formed on com- 
bustion can be estimated with sufficient accuracy as the differ- 
ence between the total acid from the unknown fuel and the nitric 
acid from a fuel such as benzoic acid which contains no sulphur. 
A knowledge of the quantity of sulphuric acid formed is necessary 
in order to correct back to gaseous SO:, in accordance with our 
definition of heats of combustion. 

If the adiabatic method is used, a correction for heat of stirring 
is required, and this can be determined from parts 1-2 and 3-4 o! 
the curve in Fig. 2. If these parts have the same positive slope 
there is uo significant exchange of heat with the surroundings, and 
the slope is due entirely to heat of stirring. A difference in the 
slopes indicates that adiabatic conditions are not strictly main- 
tained, and that there is some heat transfer between calorimeter 
and environment. 
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Computation of Results. The procedure for calculating high 
heat of combustion, in accordance with the definition stated 
previously, from experimental results of the type described is as 
follows. Referring to Fig. 2, the observed rise in temperature 
produced by the burning is 7; — 72, where T, is the last tem- 
perature observed before ignition and 7’; is the first temperature 
observed after the rate of temperature change becomes constant, 
following the burning. The observed rise is due to the heat pro- 
duced by the combustion of the fuel sample in the bomb, to the 
heat transferred between the calorimeter and its surroundings, 
and to the heat resulting from the stirring. A correction, 47, 
must be applied for the last two effects, in order to obtain the 
temperature rise due to combustion alone, and this can be cal- 
culated from the data obtained in the periods from ¢, to f2, and 
t; to 4. Changes in temperature during these periods are due 
solely to thermal leakage and to stirring, the latter of which may 
be assumed to add heat at a coristant rate. It is also justifiable 
to assume that the rate of thermal leakage is directly proportional 
to the difference between the temperature of the calorimeter 7’, 
and the constant temperature of the surroundings 7. 

If b is the constant rate of change of temperature due to stirring 
alone and a is the thermal-leakage modulus of the calorimeter, 
then 


dT /dt = b—O(T — (4] 


and if 7’, is the temperature which would be attained in infinite 
time if both 7) and 6 remain constant, Equation [4] may be 
written 


AT [dt = —O(T — (5) 


A value of the slope d7T/dt and the corresponding mean value 
of the calorimeter temperature T can be obtained from the data 
illustrated by each of the branches 1-2 and 3-4 in Fig. 2. Sub- 
stituting these values in Equation [5] gives simultaneous equa- 
tions which may be solved fora and 7,. The temperature change 
due to thermal leakage and stirring during the interval between 
ty and ¢,; will then be 


= —a (T() — 16) 
in which 7(¢) represents temperature as the observed function 
of time, along section 2-3 of the curve. The temperature rise due 
to combustion alone is then 


AT = Ts — T: 6T [7] 


and the quantity of heat Q, produced by the combustion is 


in which C is the energy equivalent of the calorimeter, as deter- 
mined in a calibration experiment. 

The correction 57 can be evaluated by graphical integration of 
the curve in Fig. 2, but this practice is tedious, and a simpler 
method, such as that suggested by Dickinson (2), is used more 
often. In this method, horizontal lines are drawn from points 
2 and 3 to intersect a vertical line t,,, which is so located that the 
areas 2-8-6 and 6-9-3 are equal. The temperatures 7’; and 7; are 
then calculated from the relations 


Ts = T2 + (T2 — Ti) (ty — — bh) 
and 
Tr = + (Te — Ts) (ty, — 43) — 


It can be shown’ that the difference 7; — 7's, obtained in this 
way, is the corrected temperature rise AT’. 
If it were necessary to determine the areas 2-8-6 and 6-9-3by 
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graphical integration, this method would have no advantage over 
the direct integration of Equation [6]. However, Dickinson 
showed that the time /,, corresponds to a temperature rise which 
is a nearly constant fraction of the total temperature rise 7’; — T>, 
and that once this fraction is determined, a few observations of 
temperature and corresponding time taken during the period of 
rapid rise suffice to determine ¢,, by interpolation. The fraction 
of the total rise corresponding to ¢,, is known to vary slightly with 
such factors as the mass of the bomb and the rate of stirring, but 
no significant error is introduced by assuming that this fraction 
is 0.60, provided this same value is used in both the calibration 
experiments and in the measurements of heat of combustion. 

When the method is made adiabatic by adding heat to the 
jacket so that its temperature is kept equal to that of the calorime- 
ter at all times, and when there is no heat leakage through the 
thermometer, leads, etc., the only correction to the observed 
temperature rise is that due to stirring. This correction, to be 
subtracted from the observed rise, is simply the product of the 
time interval ¢; — ¢. and the constant slope of either line 1-2 or 
3-4. 

If the adiabatic method is used and the jacket does not com- 
pletely prevent heat interchange between the calorimeter and the 
room, ‘this fact will be indicated by a difference in the slopes of 
lines 1-2 and 3-4. In this case the correction for the combined 
effect of heat transfer and heat of stirring can be made by the 
method described for the ordinary nonadiabatic case. 

Although most of the corrected temperature rise is due to the 
heat of combustion of the fuel sample, small contributions are 
also made by the electrical energy supplied to ignite the fuse wire, 
by the combustion of this wire, and by the formation of nitric 
and sulphuric acids during combustion in high-pressure oxygen. 
The total energy added to the calorimeter in igniting and burning 
the fuse is determined by blank runs in which nothing else is 
burned. This correction can be made as small as 5 cal (0.02 
Btu) by using. approximately 1 in. of fuse wire. The correction 
for nitric acid is 1.41 cal (0.0056 Btu) per ml of 0.1 normal alkali 
neutralized. 

If the fuel contains sulphur, all of the acid formed is determined 
in terms of 0.1 normal alkali, and a correction is applied just as 
if all of the acid were nitric. An additional correction amounting 
to 1300 cal per gm (2340 Btu per lb) of sulphur, converted into 
sulphuric acid, is then applied to account for the excess of the 
energy of formation of sulphuric acid over that of an equivalent 
amount of nitric acid, and for the difference in the energy of for- 
mation of aqueous sulphuric acid and gaseous SOs, as specified in 
the previous definition. * 

The corrections for firing energy and for acid formation are 
subtracted from the Q already calculated from Equation [8]. 
This difference, divided by the known weight of the fuel sample, 
is the high heat of combustion at constant volume, in accordance 
with the definition already given for this property. 

In a calibration experiment made with a fuel of known high 
heat of combustion at constant volume and free of sulphur, the 
observed temperature rise is first corrected as already described. 
Corrections for firing energy and for the energy of formation of 
nitric acid are added to the product of the weight of the standard 
sample and its high heat of combustion at constant volume. The 
energy equivalent of the calorimeter system C, is this corrected en- 
ergy divided by the corrected temperature rise. 

Some factors other than those which have been enumerated 
are known to have small effects upon heats of combustion deter- 
mined by the oxygen-bomb method. Among these are the initial 
pressure of the oxygen in the bomb, the weight of fuel burned 
per unit volume of the bomb, and the quantity of water placed 
in the bomb before the sample is burned. These factors have 
been diseussed by Washburn (15), and need not be treated in de- 
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tail here because their total effect seldom amounts to one tenth 
of one per cent of the measured heat of combustion. 


DETERMINING HEATs OF COMBUSTION OF GASEOUS FUELS 


Heats of combustion of gaseous fuels are usually measured 
either with a water-flow calorimeter of the Junkers type, or with 
a recording calorimeter. 

Water-Flow Calorimeter. The essential features of a water- 
flow calorimeter are shown diagrammatically in Fig. 3 which 
also includes such auxiliaries as a regulator for controlling the gas 
pressure, and a wet meter for measuring its volume, as well as a 
balance for weighing the water which is heated. Other necessary 
equipment not shown includes a psychrometer, a barometer, 
apparatus for analyzing the fuel and the flue gases, a stop watch, 
and a vessel of known volume for calibrating the wet meter. The 
important parts of the calorimeter proper will be indicated as its 
operation is described. 

Fuel gas is supplied at a measured, constant rate to a burner 
of the Bunsen type. The primary air enters through adjustable 
ports near the bottom of the burner tube, these ports being ad- 
justed by visual observation of the flame while the burner tube is 
outside the calorimeter. Radiation shields are mounted on the 
burner tube, and both the tube and the shields have polished 
surfaces of low emissivity to reduce the loss of heat downward. 
The secondary air enters through a large port around the burner 
tube. Its upward progress is facilitated by staggered perforations 
in the radiation shields. 

Beyond the flame which is anchored on the burner tip, the 
products of combustion rise vertically through the combustion 
chamber for about 1 ft, until they impinge upon a conical de- 
flector dome which causes them to flow downward through a 
large number of parallel tubes of a heat interchanger. The ex- 
terior surfaces of the combustion chamber, deflector dome, and 
interchanger tubes are all bathed in flowing water. The cooled 
products of combustion from the interchanger tubes are collected 
in an annular space, from which the liquid water leaves through a 
drain tube, and the gaseous products escape to the atmosphere 
through a side tube having an opening for a thermometer or 
sampling tube, and a damper. This damper controls the size 
of the exit opening, and hence also the rate at which the second- 
ary air can enter the calorimeter. 

The water passages of the calorimeter are shaded in Fig. 3. The 
inlet head is made independent of the rate of water supply by 
using a weir, and the rate of flow through the instrument under 
this constant head is controlled by a valve. The cooling water 
leaves the instrument over a second wer, whence it is collected in 
a tank which is weighed to determine the quantity flowing during 
an integral number of revolutions of the pointer of the wet meter. 
The temperatures of the water entering and leaving the instru- 
ment are measured with thermometers located as shown. A series 
of mixing baffles is provided ahead of the outlet thermometer to 
promote uniformity of the temperature at this location. 

A quantity which may be called the ‘observed heating value 
of the gas” is calculated as the product W AT/VF, in which W 
is the number of pounds of water heated by burning V cubic feet 
of fuel gas saturated with water vapor and measured at the tem- 
perature and pressure prevailing in the wet meter; F is a factor 


to reduce V to saturation at 60 F and 30 in. of mercury; and AT’ 


is the rise in temperature of the water in degrees F. 

A number of corrections must be applied to the observed. heat- 
ing value in order to obtain the heat of combustion. These cor- 
rections depend to some extent upon the conditions of operation 
of the calorimeter, the composition of the gas, the temperature 
and relative humidity of the air in the room, and to a small degree 
upon the barometric pressure. Application of these corrections 
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REGULATOR WET METER WATER-FLOW CALORIMETER BALANCE 


Fic. 3. ScnHematic DiaGRAM OF A WATER-FLOW CALORIMETER AND 
AcCESSORY EQUIPMENT 


has been simplified by adopting the following standard conditions 
for the operation of the calorimeter: 


(a) Gas is burned at the thermal rate of 3000 Btu per hr (high 
heat of combustion). 

(b) The rate of water flow is adjusted so that the observed rise 
in its temperature is approximately 15 deg F. 

(c) The temperature of the inlet water and that of the wet 
meter are maintained as nearly equal to that of the room as is 
practicable. 

(d) The damper is adjusted so that the quantity of air entering 
the calorimeter exceeds the theoretical requirement for complete 
combustion by about 40 per cent. 


The principal correction required is for the difference which 
may exist between the quantity of water vapor which enters with 
the air and gas and that which leaves the calorimeter through 
the damper, per unit volume of fuel. In general, more water 
vapor leaves than enters, and, under definite operating condi- 
tions such as those just specified, there is one value of the relative 
humidity of the entering air for which the humidity correction 
will be zero. Hence the necessity for making the correction 
can be eliminated by controlling the humidity of the inlet air 
properly. In the absence of such control, the humidity correc- 
tion is readily calculable from the observed temperatures of ait, 
gas, and flue gases, from the known ratios of the volumes of air and 
flue gases to the volume of gas burned, and from the observed 
relative humidity of the air, together with the known heat of 
vaporization of water. It usually amounts to less than 2 per cent, 
but may be as high as 5 per cent under conditions of high tempera- 
ture and low relative humidity of the atmosphere. 

When highest accuracy is desired, minor corrections must be 
applied for the buoyancy of the air upon the water which is 
weighed, the variation of the specific heat of water with tem- 
perature, and the loss of heat from the surface of the calorimeter. 
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The algebraic sum of these minor corrections seldom exceeds 0.4 
per cent of the high heat of combustion. If the temperature of 
the entering water differs from that of the room, a further cor- 
rection amounting on the average to about 0.2 per cent per deg F 
difference is necessary. 

If the low heat of combustion of a gas is to be determined by 
this method, the same procedure is followed, but, in addition, the 
water condensed during the burning of a known volume of gas is 
collected at the condensate drain and its quantity determined. 
The heat of vaporization of the water thus collected is subtracted 
from the observed heat of combustion. No humidity correction 
is made in this case, but the other corrections mentioned are 
applied, and the result is the low heat of combustion of the fuel 
gas. 

Detailed directions for determining the heats of combustion of 
fuel gases with the water-flow calorimeter, and for calculating the 
results of such determinations have been published by the ASTM 
(1d), by the Pacific Coast Gas Association (16), and by the 
National Bureau of Standards (17). Less complete directions 
are contained in the ASME Test Code for Gaseous Fuels (18). 

Recording Gas Calorimeter. The only recording calorimeter in 
general use in this country is manufactured by Cutler-Hammer, 
Inc., Milwaukee, Wis. 

In this instrument, gas is burned at a constant rate, and the 
heat produced is absorbed by a stream of air. The rates of flow 
of gas, air for combustion, and heat-absorbing air are regulated 
by metering devices similar in construction to ordinary wet-gas 
meters. These metering devices are geared together and driven 
by an electric motor, so that the relative proportions of the gases 
remain constant.. The products of combustion are cooled nearly 
to the initial temperature of thé gas and air in a heat exchanger, 
and do not mix with the heat-absorbing air. Since the water 
formed by combustion is condensed to liquid, the rise in tem- 
perature of the heat-absorbing air is proportional to the high heat 
of combustion of the fuel. This rise in temperature, as indicated 
by nickel resistance thermometers, is translated into Btu per 
standard cubic foot and recorded. 

The manufacturer’s book of instructions describes in detail 
the steps which are necessary to standardize the instrument by 
adjusting the recorder and the proportioning system, and by 
burning pure hydrogen for reference purposes. An investigation 
(19) of an early model of the recording calorimeter indicated 
that the results which could be obtained by its use agreed with 
those obtained with a water-flow calorimeter within the accuracy 
of either instrument. 

Method of Chemical Analysis. In some instances it may be 
found desirable to calculate the heat of combustion of a gaseous 
fuel from its composition determined analytically, and the known 
heats of combustion of the individual constituents. The possi- 
bilities and limitations of this method were investigated recently 
in a survey sponsored by Subcommittee D-3-VII of the ASTM, 
in which identical samples of natural gas and of carbureted water 
gas were submitted for analysis to many participating labora- 
tories. Some of these used conventional chemical methods and 
some the mass spectrometer. 

For the present purpose, the published results on natural gas 


TABLE 2. RESULTS OF ANALYSES OF NATURAL GAS 
High heat of 


Specific gravity combustion, 
at 60 F, 30 in. Hg Btu per cu ft 
Direction determination. . 0.6820 + 0.00005 1103 + 4 
Results of chemical analysis: 
Range of values. . ; 0.630 to 0.710 1057 to 1153 
Per cent of values averaged..... 88 85 
esults of maa analysis: 
Range of values. . 0.673 to 0.701 1088 to 1130 
Average value...............0+ 0.681 + 0.004 1111 
Per cent of values averaged..... 97.5 100 
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(20) lead to so nearly the same conclusions as those on carbureted 
water gas (21) that it will suffice to summarize only the former 
(Table 2). These results indicate that reliable values of heats 
of combustion can be calculated from analytical data, but that 
the analyses must be conducted with considerable attention to 
detail, if errors which may otherwise be as high as 5 per cent are 
to be avoided. 
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This publication is a report of the Calorimetry Standards Committee 
of the PCGA. 
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Uses of High- and Low-Heat Values 


By A. G. CHRISTIE,! BALTIMORE, MD. 


This paper gives current definitions of thermal efficiency 
and current usage of observed fuel heat values, and con- 
sumption test data for the evaluation of thermal efficien- 
cies reported for (a) steam and (&) internal-combustion 
power plants. The author summarizes uses of high- and 
low-heat values in American practice. Commercial prac- 
tice as well as theoretical considerations have influenced 
the choice of high- or low-heat values for the determina- 
tion of thermal performances. 


THERMAL EFFICIENCY 


HE thermal efficiency of power-generating equipment in- 

volving fuels is the ratio of the output expressed in equiva- 

lent Btu to the heat value of the fuel supplied. In Brit- 
ish and Continental practice, this ratio is expressed as a per cent. 
In American and Canadian power circles, power-plant perform- 
ance is expressed as “Btu per kilowatt-hour,”’ which is found by 
multiplying the number of units of fuel furnished per kilowatt- 
hour by the heat value of that fuel unit. Our present interest 
is the consideration of the heat value of fuel that is to be used in 
expressing thermal performance. 


VaLurEs IN AMERICAN PRACTICE 


Engineers are interested in the thermal performance of power- 
generating equipment either for the verification of purchase 
guarantees or as a check on daily plant operation. Tests to de- 
termine such performances are, in general, made in conformity 
with the ASME Power Test Codes. Therefore these codes can 
be considered as representative of the best engineering thought in 
America on the question of proper heat values for different fuels 
to express such performances. Let us examine the requirements 
of the several codes. 

The Code on Definitions and Values, 1945, Par. 134, “Heat 
Value,”’ discusses the differences between heat values as deter- 
mined by calorimetric measurements at constant pressure and 
at constant volume. The variations between these heat values 
are presented and the discussion is summarized as follows: 


“Because of these small variations, the heat value of a fuel 
as determined by either a constant-pressure or constant-volume 
calorimeter at ordinary atmospheric temperatures is acceptable 
for engineering calculations regardless of the actual conditions of 
burning the fuel in service.” 

High- and low-heat values are defined in the Code on De- 
finitions and Values, as follows: 

“The high-heat value at constant pressure of a fuel may be de- 
fined as the heat transferred from the products of complete com- 
bustion per unit mass of a solid or liquid fuel, or per unit stand- 
ard volume of a gas fuel, when the products are cooled to the 
initial temperature of the oxygen or air-fuel mixture and includes 
the enthalpy of vaporization of all the water of combustion from 


' Professor, School of Engineering, Johns Hopkins University. 
Fellow and Honorary Member, ASME. 

Contributed by the Power Test Codes Committee as part of a 
Symposium on Heating Values of Fuels for Thermal Efficiency and 
Power Cycle Analyses, and presented at the Annual Meeting, Atlantic 
City, N. J., December 1-5, 1947, of Tae AMERICAN Society or MeE- 
CHANICAL ENGINEERS. 

Norr: Statements and opinions advanced in papers are to be 
understood as individual expressions of their authors and not those 
of the Society. Paper No. 47—A-123. 


the hydrogen in the fuel. The pressure and temperature may be 
taken at the prevailing atmospheric values. 

“The low-heat value at constant pressure is defined the same 
as the high except that the enthalpy of vaporization of the water 
of combustion is excluded from the heat transferred on the as- 
sumption that the water of combustion is not condensed. (Re- 
duction factor of 1030 Btu for 1 lb of H,O at 68 F.) 

“For gas fuels the unit standard volume is one cubic foot 
of gas at one standard atmosphere and standard temperature, the 
gas having a relative humidity of 100 per cent. 

“In order to avoid confusion, the term ‘heat value’ must al- 
ways be qualified by the words ‘high’ or ‘low’. Heat input, thermal 
efficiency, etc., may be computed on the basis of low-heat value 
or high-heat value or both. In commercial practice, the high- 
heat value is generally employed for solid and liquid fuels; but 
in the case of gas, the efficiencies and heat ratio calculated 
from low-heat value do not vary appreciably for wide changes 
in the character of gas; the corresponding calculation with high- 
heat values do. The individual test codes direct which basis 
should be used. 

“The low-heat value is also used for such calculations as for 
flame temperatures and other calculations for which the high- 
heat value does not apply.” 


These definitions form the basis for the standards of heat 
values in the several ASME Power Test Codes. Thus the Test 
Code for Solid Fuels, 1929, Par. 19, states: 

‘In calorific determinations, the high heating value shall be 
used for solid fuels. This shall be stated in terms of Btu per 
pound of fuel on ‘as received’ or ‘as used’ basis.” 


The Test Code for Liquid Fuels, 1921, Par. 6, reads as follows: 
“‘Calorific value shall be stated as ‘total’ heating value.” 


Reference is made to ASTM Standard Method of Test for 
Thermal Value of Fuel Oil, D 240-27, which specifies a test by 
bomb calorimeter. Hence “total” heating value must be high- 
heat value. 

In the Test Code for Gaseous Fuels, 1944, Par. 1, reads as fol- 
lows: 


“The American and Sargent calorimeters are most commonly 
used in this country and shall be employed for the determination 
of gas-fuel heat values, unless a continuous record as produced 
by the Thomas recording calorimeter is desired.” 


Either high- or low-heat values can be found by the Ameri- 
can or Sargent calorimeters. The Thomas recording gas calorime- 
ter gives high-heat values. The code also gives tables of both 
high- and low-heat values of gases which may be employed to 
find unit heat values if a gas analysis is available. 


The Test Code for Stationary Steam-Generating Units, 1946, 
states in its “Description and Definitions of Terms,” Par. 16: 


“Heat value of fuel; H,: the high-heat value of the fuel.” 


The Test Code for Internal-Combustion Engines is now 
under revision. The tentative draft of this code recognizes both 
the high- and low-heat values of fuels. A paragraph in the Code 
reads as follows: ‘ 

“The high-heat value of fuels containing hydrogen includes 
some heat not available for conversion into work in any internal- 
combustion engine. The difference between the high- and low- 
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heat values of commercially available petroleum used in liquid- 
fuel engines is a fairly constant percentage. 

“For liquid-fuel engines it is, therefore, customary to base 
heat consumption guarantees upon the high-heat value. For 
gaseous fuels, however, the percentage difference between the 
high- and low-heat values may range from zero to more than 15 
per cent, beeause of varying hydrogen content. It is customary, 
therefore, to base guarantees of heat consumption performances 
for gas and dual-fuel engines upon the low-heat values. In order 
to avoid confusion, the term ‘heat value’ must always be qualified 
by the word ‘high’ or ‘low.’ ”’ 

The Test Code for Steam Locomotives, 1941, states in Par. 24 
that calorific determinations on the fuel are to be made in ac- 
eordance with ASME Test Code for Solid Fuels. As noted pre- 
viously, this specifies the high-heat value. 

A tentative draft of the Test Code for Gas-Turbine Power 
Plants states in the “Description and Definition of Terms:” 

“Plant Heat Rate—Plant fuel rate multiplied by the higher 
heating value of the fuel.” 

These paragraphs summarize American practice in the use of 
heat values to determine thermal efficiencies as exemplified by 
the ASME Power Test Codes. 


ComMeERrcIAL Uses or Heat VALUES 

Solid and liquid fuels are sold on the basis of high-heat values 
per unit. Gaseous fuels are also sold on high-heat values which 
in many utilities are continuously checked by Thomas recording 
ealorimeters. These heat values are readily determined by bomb 
or flow calorimeters without the necessity of a chemical analysis 
to determine the hydrogen content. 

Some engineers have held that high-heat values should be 
standard for thermal-efficiency determinations since fuels are 
purchased on the basis of high-heat values. 

Another argument in favor of using the high-heat. value is that 
there is no more reason for neglecting the losses due to the latent 
heat of water vapor in the exhaust resulting from burning hydro- 
gen than there is reason to neglect the heat carried away by the 
eondenser cooling water in figuring the over-all efficiency of a 
steam cycle. 

On the other hand, designers of engines using gaseous fuels 
maintain that it is difficult to relate the performance of a gas 
engine with the guarantees when high-heat values are used, and 
the gas used on test differs in hydrogen content from the one 
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specified in the contract. It is held that thermal performances 
are comparable when measured in terms of low-heat. values, 
since allowance is then made for the unavailable energy of the 
fuel, which is due to the inability of the engine to recover the 
latent heat in the water vapor formed from the burned hydrogen. 

Roughly stated, the low-heat' values for bituminous coals 
range from about 3 to 4 per cent below the high-heat values. 
In liquid fuels of petroleum base, the difference is about 6-7 per 
cent. With gaseous fuels the difference may vary from a small 
value to as high as 15 per cent in the case of nearly pure hydrogen. 

On the continent of Europe it is general practice to express 
thermal efficiencies on the basis of low-heat values. Their effi- 
ciencies thus stated with the same fuel, therefore, will exceed 
those based on high-heat values by the percentages just noted 
This must be kept in mind when considering guarantees or test 
performances of continental prime movers and allowances made 
for these percentage differences. 

Engineers use low-heat values in computations of flame tem- 
peratures and combustion-chamber performances, and in cal- 
culations involving heat absorbers, as boilers. Its use for such 
design purposes is fully justified as the latent heat of the water 
vapor resulting from the combustion of the hydrogen is not availa- 
ble in these cases. 

A new term has been introduced in gas-turbine work, viz., 
“heating value at combustor outlet temperature.” This heat 
value has been defined by M. A. Mayers and W. W. Carter.? It 
is found by subtracting from the high-heat value of the fuel used 
at room temperature, the increases in enthalpy of the products 
of combustion from room to combustor temperatures minus the 
calculated increase in enthalpy between these temperatures of 
the oxygen consumed. This expression has been introduced as 
a measure of the effectiveness of the combustor which is an im- 
portant element in gas-turbine performance. 


CONCLUSION 
The foregoing constitutes a brief summary of the uses of high- 
and low-heat values in American practice. Both have a legitimate 
place in engineering. Commercial practice as well as theoretical 


considerations have influenced the choice of high- or low-heat 
values for the determination of thermal performances. 


2 “The Elbow Combustion Chamber,”’ by M. A. Mayers and W. W. 
Carter, Trans. ASME, vol. 68, 1946, pp. 391-398. 
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Energy-Temperature Relations in the 
Combustion of Fuels in Gas Turbines 


By R. V. KLEINSCHMIDT,'! STONEHAM, MASS. 


In this paper, the author discusses procedures for evalu- 
ating energy, temperature, and pressure relations based 
on precise knowledge of thermodynamic properties of the 
gases resulting from the combustion of fuel in thermal de- 
vices, including gas turbines. The problem of computing 
thermal efficiency and fuel required to cause a given tem- 
perature rise in the working fluid of a gas turbine is dis- 
cussed. 


HE concept of heating value of a fuel as the “heat of 

reaction” at room temperature, or more accurately, the 

enthalpy of reaction (at constant pressure) or the internal 
energy of reaction (at constant volume) was satisfactory for 
most engineering purposes, when the chief use for fuels was for 
production of steam, with air and water entering the system at 
“room temperature.’ The lowest temperatures at which heat 
was utilized and rejected were room temperatures. There 
arose some question as to whether the power plant could be 
charged with latent heat of condensation of moisture which it 
could not use, especially since condensation of this moisture is 
deleterious to the heating surfaces and therefore is avoided. 

With the advent of internal-combustion engines, further 
difficulties arose, especially in connection with Diesel engines, 
since it was known that, theoretically at least, engines operating 
on fuels of different chemical composition would have different 
thermal efficiencies if computed on the basis of either higher or 
lower heating value. However, the errors were not large in most 
cases and were frequently attributed to or masked by varying 
combustion conditions with the different fuels. 


Gas-TURBINE CONSIDERATIONS 


With the advent of gas turbines, however, the problem of com- 
puting thermal efficiency and fuel required to cause a given tem- 
‘perature rise in the working fluid becomes more serious. To see 
how this is brought about let us review briefly the physical chem- 
istry of the combustion process. : 

In Fig. 1 we have a temperature-enthalpy diagram. In this 
diagram we include not only the ordinary thermodynamic ener- 
gies, work and heat, but also the chemical energy of the system 
which is to be converted into heat in the combustion process. 
Then the combined enthalpy of the fuel and air entering the 
system at room temperature is represented by poipt (1). We 
then burn the fuel and-air at constant pressure and remove the 
“heat of combustion’’ so that the products of combustion return 
to the initial temperature, but at a lower enthalpy, represented 
by point (2). The difference in enthalpy is then the higher heat- 
ing value (H, — H;) at constant pressure. 

Now supposing that we have air and fuel already heated to a 
high h_ temperature, by adiabatic compression or heat exchange 


‘ Consulting Engineer. Mem. ASME. 

Contributed by the Power Test Codes Committee as nent of a 
Symposium on Heating Values of Fuels for Thermal Efficiency and 
Power Cycle Analyses and presented at the Annual Meeting, At- 
lantie City, N. J., December 1-5, 1947, of Tue American Soctety 
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with some waste products, or both, as often occurs in a gas-turbine 
cycle, so that the temperature and enthalpy are represented by 
point (3). If we run our combustion at 7; and remove the heat 
of combustion, on cooling to 73, we will reach an enthalpy at 
point (4), such that the heat of combustion or “heating value” 
at the higher temperature (H; — H,) is, in general, different from 
H,—H.,. This difference in heating values at the two tempera- 
tures is readily computed, as indicated on Fig. 1, as AH;-; — 
AH,-4, where AH;,-; is the integral of C,dT plus the latent heat 
of evaporation of any liquid fuel for the reactants—air and fuel, 
and AH,-, is the integral of C,dT plus the latent heat of con- 
densation for the products of combustion—nitrogen, CO2, water 
vapor, and excess air. 

Consider, for example, the combustion of three different 
gaseous fuels at 1040 F, as given in Table 1. 


TABLE 1 COMBUSTION DATA OF THREE DIFFERENT GASEOUS 
FUELS 
Gas A B Cc 
Hydrocarbon Coal gas Producer gas 
Composition®..... (CHa)n 60% H:;40% CHs 100% CO 
High - heat value, 
HHYV, percuft..... 790(n) 614 321 
Low-heat value, LHV, 
per cu ft. 750(n) 534 321 
Products of combus- 
tion, (cu ft per cu 
ft of fuel ene): 
Cc 1.0 0.4 1.0 
Oz consumed....... 1.5 Bas 0.5 
AH (heat capacity be- 
tween 90 F and . 
1040 
eee 13.17 20.59 18.68 
28.02 20.55 9.34 
Total reactants... . 41.19 41.14 28.02 
27.73 11.08 27.73 
74.00 103 .60 xe 
Total products..... 101.73 114.68 27.73 
Heating value at 
1040 F: 
High-heat value. . 790.0 614.0 321.0 
AH reactants... . +41.2 +41.1 +28.0 
AH products..... —101.7 —114.7 —27. 
Heat value at tem- 
perature....... 729.5 540.4 321.3 


@ Composition includes only combustible components, since inerts have 
the same specific heats during heating and cooling. 


While it must be admitted that in the examples given the lower 
heating value is a fair approximation (within 3 per cent) to the 
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heating value at temperature, it can be regarded only as an ap- 
proximation since it takes into account only one factor, the latent 
heat of the water vapor. It is also true that we do not have 
sufficient data to carry out this type of computation accurately. 
That lack is the concern of the ASME Research Committee on 
Properties of Gases and Gas Mixtures. We hope to have the re- 
quired data in the near future. , 

The effect of using either higher or lower heating values, in 
place of the true heating value at temperature, is to make the 
measured thermal efficiency of any engine dependent upon the 
fuel used to test it. On the other hand, if we attempt to rate 
fuels on the basis of some heating value at other than room tem- 
perature, we will have the relative values of various fuels depend- 
ent on the conditions under which they are used. This seems to 
the author to be where the variation belongs. 


ALTERNATIVE HEATING VALUES 
We are then presented with three alternative heating values: 


1 The high-heating value is a definite physical concept, readily 
measured as Dr. Fiock has shown.? It represents the maximum 
heat that can be obtained from the fuel above room temperature, 
and is independent of the characteristics of the machinery in 
which it is used, or of the composition of the fuel. It is a rea- 
sonable basis for general comparison of fuels, is the usual basis on 
which they are sold, and, with additional information as to com- 
position and specific heats of the fuels and their combustion 
products, it can be used for precise determination of fuel per- 
formance under any given conditions. 

2 Low-heating value is obtained by computation from the 
high-heating value, provided the composition of the fuel is known. 
It is not a true physical concept, but is an arbitrarily defined 


? Refer to page 811 of this issue of the Transactions. 
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approximation to the heating value at temperature to be dis- 
cussed. It has sanction of wide commercial use in Europe and 
limited use in this country, as Professor Christie has pointed 
out.’ The very cogent argument that it gives higher values for 
thermal efficiency must not be overlooked. 

3 The heating value at the working temperature is a precise 
physical concept which makes the thermal efficiency of any heat 
engine independent of the nature of the fuel used, provided only 
that specified temperatures, pressures, and volumes of working 
fluid prevail throughout the cycle. It, or equivalent calculations, 
must be used by designers and test engineers for accurate work. 
For high accuracy it requires a more precise knowledge of the 
properties of gases and fuels than is now generally available. 
This information is needed for any accurate work. The heating 
value at temperature is similiar to the low-heating value, but 
includes all necessary corrections for specific as well as latent 
heats. 

The problem before us is to discuss these three concepts in 
order that we may clarify and make more accurate our engineer- 
ing thought and expression. From the purely technical point of 
view, the author has tried to indicate the soundest theoretical 
approach to the problem. However, we must also consider care- 
fully established practice, commercial attitudes, and to what ex- 
tent simplifying approximations are justified by their utility. 
From this point of view the author is reluctantly forced to suggest 
that we continue to base general determinations of thermal] effi- 
ciency on high-heating value, since that is the heat we “pay for,” 
but that we take every opportunity to remind ourselves that the 
technical comparison of heat engines of all types must be made 
on the basis of both the machinery and the actual fuel used, 
these being combined in the concept of heating value at working 
temperature. 


3 Refer to page 819 of this issue of the Transactioris. 
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Symposium on Heating Value of Fuels — 


Discussion’ 


Pau. DisereEns.? It is possible to define four different calorific 
values of a fuel, and the conversion of one into another, the high 
and the low value, at either constant pressure or constant volume, 
with appropriate experimental procedure. This was done by 
Cragoe of the Bureau of Standards in 1929. 

These values are physical properties of a fuel, and it seems 
proper that they should be established by the U. S. Bureau of 
Standards and accepted by engineers, especially for converting 
measures, weights, or volumes of fuel consumption per horsepower 
or kilowatt-hour into hourly heat rates, or thermal efficiencies. 

The selection of that one of the four possible calorific values and 
the details of procedure to be used in applying it in a thermal- 
efficiency calculation might be standardized by the ASME Power 
Test Code Committee to be used for all sorts of fuels and power- 
generation equipment, and adopted by all of the Subcommittee 
individual Codes. 

On the other hand, each of the several Subcommittees of the 
Power Test Code Committee might be allowed or instructed to 
select that one of the four possible calorific values which it con- 
siders most suitable, with the details of procedure in applying it. 

Under the first condition, all thermal-efficiency values for, all 
sorts of power-generating plants and any fuel, would have the 
same basis, and be directly comparable. On the other hand, 
under the latter condition, those efficiency values which have a 
different basis would not be directly comparable but the conver- 
sion of any one to the equivalent for the basis of the other could be 
defined. 

Thus there is a Test Code policy question to be decided. _ Is it 
best. to have a single standardized basis for all, or alternatively, is 
it best to leave each group free to make its own selection, always 
accepting Bureau of Standards values, definitions, and methods of 
conversion? 

It is the writer’s opinion that the Power Test Codes Committee 
should select one of the four possible calorific values, and that it 
be adopted by all subcommittees for individual Codes. 

The writer prefers the low value because: 


(a) It permits direct comparison, as nearly as may be, of the 
performance of different types of apparatus regardless of the type 
of fuel used. 

(b) It avoids assuming a unique position with respect to the 
practice in other countries. In Europe the low value is univer- 
sally used. 


On the other hand, if the Committee wishes to leave the matter 
to the judgment of each individual committee, then it should 
insist that conversion factors be provided and used so as to permit 
direct comparison of efficiency values on some selected common 


basis. 


W. F. Frrenp.? Attention again being directed to practice in 
expressing the heat value of fuels, and the related discussions 
centering around certain specialized applications of fuel, indicate 
the need for perspective and for willingness to accept. compromise. 


! This is a composite discussion presented in connection with the 
three papers which constitute the present Symposium on Heating 
Value of Fuels; they appear on pages 811-822 of this issue of the 
Transactions. 

* Consulting Engineer, Director of Research, Worthington Pump & 
Machinery Corporation, Harrison, N. J. Fellow ASME. 

: * Mechanical Engineer, Ebasco Services Incorporated, New York, 
N.Y. Jun. ASME. 
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Too often it is forgotten that three parties are mainly concerned, 
namely, the suppliers of fuel, the users of fuels and fuel-utilization 
devices, and the makers of fuel-using equipment. The ASME 
Power Test Codes for fuels and for thermal equipment embody 
the practices adopted through the years, in statement of heat 
values, which best reflect the requirements of all three groups, but 
particularly the second—the consumers of fuel. 

Outstanding as an application of heat-value data is determina- 
tion of equipment performance and of the fuel component in 
production costs. Thus for generation of electric power in 
thermal plants, it is accepted practice to express performance as 
Btu per kwhr output, rather than in the form of an output-input 
ratio or efficiency percentage. Fuel cost is then directly obtained 
as the product of Btu per kwhr multiplied by price paid for fuel 
in cents or dollars per million Btu, with decimal point properly 
placed. Similar practice exists where mechanical power is pro- 
duced and for a host of manufacturing operations, in which brake 
horsepower or units of material turned out become the measure of 
thermal performance. Fuel, whether solid, liquid, or gas, is 
universally sold on the high-heat-value basis; performance like- 
wise should be on that basis. 

Another general use of production-output to heat-input ratio is 
in comparing the performance of different plants, equipment 
types, thermal cycles, kinds of fuel, or operating conditions. 
For example, the trend in steam power plants with increased pres- 
sure, temperature, and reheat, and their standing with respect to 
internal-combustion-engine plants and the newer gas-turbine 
cycles with their many variations in heat-exchanger devices, are 
commonly compared and analyzed on Btu-per-kwhr basis. 
Industrial furnaces, which also use huge quantities of fuel, are 
similarly evaluated, often with direct reference to fuel cost and to 
possible savings in fuel expense. 

Secondary to the interests of the user, which endure through the 
life of the equipment or of the thermal process, are those of the 
equipment manufacturer and of the engineer who is the inter- 
mediary between manufacturer and user. Both of these should 
follow practice consistent with that of the customer or client. 
Equipment designers and research workers face more complex 
technical problems, for which they may freely devise and employ 
specialized procedures and terminology, but they should not seek 
to impose these on others, important though they may seem from 
the technician’s viewpoint. In this category are the low-heat 
value of gas fuel for internal-combustion engines and the effective 
heat-value-at-temperature now coming into use for gas-turbine 
and jet-propulsion apparatus. 

In his paper Professor Christie ably summarizes the practices 
now universal for steam and for internal-combustion power plants 
operated on liquid fuel, also for steam locomotives and tentatively 
for gas-turbine power plants—all using the high-heat value. He 
also points out that solid, liquid, and gas fuels are sold on the basis 
of high-heat value per unit. The single exception is with respect 
to gas engines, some designers taking the position that because 
the hydrogen content of fuel affects the amount of latent heat 
in the water vapor produced by combustion, it is difficult to relate 
the test performance with the guarantee, if the hydrogen content 
of gas used for test differs from that specified in the contract. 
This difficulty is considered to be eliminated if low-heat value is 
used instead of high-heat value. 

The difficulty encountered with gas engines has been over- 
emphasized by citing the difference in values as reaching 15 per 
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cent if the fuel is pure hydrogen. The great majority of gas-fuel 
engines in use today operate on natural gas, for which a difference 
of only 8.6 per cent applies to the typical composition in Table 4 
of the Power Test Code for Gaseous Fuels, and not over 10 per 
cent for natural gas from practically all other fields. With blast- 
furnace gas the differential drops to 1.8 per cent. Compared 
with these, liquid fuels, ranging from gasoline of 55 API gravity 
to fuel oils of 25 API gravity, have 7 per cent difference; bitumi- 
nous coals show between 3 and 4 per cent. 

As is evident from the heat-value.differentials cited, the same 
order of magnitude applies in Diesel-engine practice, as for inter- 
nal-combustion engines with gas fuel. However, for liquid-fuel 
engines, it is immaterial whether the grade of fuel used in testing 
is the same as that specified for normal operation, whereas with 
gas engines there is appreciable difference. Precision in state- 
ment of thermal performance can be obtained, adhering to high- 
heat value of fuel, if the fuel composition is defined with reference 
to actual value or permissible limit of hydrogen-to-carbon ratio, 
or if the magnitude of the so-called hydrogen loss is stated. 

A serious objection to the use of low-heat value for gas engines 
is that it “scrambles’’ inherent limitations of the cycle with per- 
formance of the prime mover as a mechanical device. If the gas 
engine must reject heat above dew-point temperature of its combus- 
tion products, and therefore is unable to utilize latent heat of 
water vapor, neither can the Diesel. Steam cycles similarly are 
limited, whether using natural gas or other fuels having hydrogen 
content. Moreover, latent heat in combustion products is not 
the only unavailable component; heat in the exhaust steam and 
velocity energy of steam clearing the last row of turbine blades 
also are inescapable losses. It would be inconsistent to make 
adjustment for the one loss and to ignore the others. 

The dilemma, if such it be, might be dealt with rationally by 
means of cycle evaluation like the “Rankine cycle efficiency” 
used in days of the steam engine and later carried over into turbine 
practice. Performance of the actual engine could be compared 
to that of the ideal internal-combustion cycle taking into account 
compression ratio, exhaust-gas temperature, and other factors for 
which the datum values would be agreed upon by Test Code or 
other authority. However, the Rankine-efficiency concept has 
long since outlived its usefulness, and with the present rapid prog- 
ress in many forms of the internal-combustion cycle, the writer 
has grave doubt as to advisability of further complicating the 
terminology and procedure. 

Expression of heat rate for certain types of prime mover, on the 
basis of fuel heat value different from that used for other types 
and by industry generally, has led to misunderstandings in the 
past. It would be regrettable if these should be allowed to con- 
tinue through lack of standardization, where standardization is 
desirable and feasible. Further efforts to reconcile procedures 
should be made, particularly with respect to the ASME Power 
Test Codes. 


L. H. Fry.‘ The three papers, and to a still greater degree the 
discussion, show that the term “heating value” may be made to 
cover a multitude of concepts. The scientists may split hairs and 
slice the ideas very thin, but as engineers we should ask for simple 
definitions which can be used in our work. Professor Christie’s 
quotations from the Codes show that these are on firm ground. 

Dr. Kleinschmidt’s concluding paragraph points out that 
the technical comparison of heat engines of all types must be 
made on the basis of both machinery and fuel. This deserves 
strong emphasis, and appeals to a locomotive engineer. 

In comparing the performance of steam and Diesel locomotives, 
a point is often made of the fact that the Diesel has a thermal 


4Fellow ASME. Deceased July 10, 1948. 


OCTOBER, 1948 


efficiency of 24 per cent against 7 per cent for steam. This may 
be true, but the original thermal units fed to the engine are pur- 
chased in the form of oil in one case, and in the form of coal in the 
other. Ifa Btu in oil costs 3.25 times as much as a Btu in coal, 
there will be very little difference in the cost of the Btu’s which 
appear at the locomotive drawbar. 


JoserH Kaye.§® Let us consider any power plant which 
operates in an atmosphere of constant pressure and temperature. 
The power plant receives streams of fuel and air at the tempera- 
ture and pressure of the atmosphere and rejects products of com- 
bustion which must attain ultimately the pressure and temperature 
of the atmosphere. The values of the pressure and tempera- 
ture of this atmosphere will vary with the position above or below 
the surface of the earth. The power plant under consideration is 
then a general one and includes, practically speaking, all power 
plants ranging from steam and gas-turbine plants, jet-propulsion 
and rocket devices to submarine power plants. 

There are two questions which may be raised by those interested 
in a figure of merit for such power plants: 


1 Is there any “rational” basis for comparison of diverse 
power plants if each operates with the same mixture of fuel and 
oxidant? 

2 Is there any rational basis for comparison of various 
fuels and oxidants which are used in power-producing devices? 


It is shown that the answer to each of these questions is pro- 
vided by the use of the decrease in free energy of the system of 
fuel and oxidant. 

Let us begin by noting that the efficiency of a power plant is an 
arbitrary figure of merit. It is usually defined as the ratio of the 
net work output to a particular property of the fuel-oxidant sys- 
tem used in the power plant. Among the many properties of the 
fuel-oxidant system which have been used as the denominator of 
this ratio are “higher heating value,” “lower heating value,” 
“enthalpy of combustion,”’ “heat of combustion,” “net heat of 
combustion,” etc. Some of these terms are used often without 
precise definition with respect to states of the reactants and 
products. Even when they are adequately defined, alas, the 
significance of the corresponding efficiencies is not evident. 
Furthermore, a comparison of the efficiencies of two power plants 
using different fuels is of dubious rationality and utility. 

The efficiency of a power plant may be measured rationally by 
means of the availability or the free energy of a system. Let us 
define efficiency as the ratio of the net work output to the “mavxi- 
mum useful work” which could be obtained from the fuel-oxidant 
system while it exchanges heafonly with the atmosphere. This 
maximum useful work is the decrease in free energy® or the de- 
crease in availability® of the fuel-oxidant system between the 
initial state of pressure and temperature equilibrium with the 
atmosphere and its most stable state in the atmosphere.’ As 
regards availability, the base temperature and pressure are con- 


5 Assistant Professor of Mechanical Engineering, Massachusetts 
Institute of Technology, Cambridge, Mass. Jun. ASME. 

* This discussion is based neither on new thermodynamic functions 
nor on new applications of these functions. In fact, the thermodynamic 
functions used here, namely, the free energy and the availability, 
were invented nearly 70 years ago by J. W. Gibbs. Since then several 
authors’ have shown the utility of these functions in the analysis and 
in the understanding of engineering problems. 

7“*Thermodynamics,”’ by J. H. Keenan, John Wiley & Sons, Inc., 
New Yk, N. Y., 1941. 

“The Rational Definition of Steam Turbine Efficiencies,” by G- 
Darrieus, Engineering, vol. 130, 1930, pp. 283-285. 

§ Ibid., J. H. Keenan. : 

® Because it is generally an uneconomical objective, work obtain- 
able from diffusion of the products into the atmosphere is ignored in 
this statement. The fuel-oxidant system is always considered to be 
separate and distinct from the atmosphere. 
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sidered to be those of the atmosphere. This maximum useful 
work could be realized in a completely reversible power plant 
which operates in an atmosphere of constant temperature and 
pressure. It should be noted that this definition is not restricted 
to the performance of a given machine or device but is given in 
terms of the properties of the fuel-oxidant system which changes 
its state chemically in surroundings at constant temperature and 
pressure. 

The maximum useful work may be calculated readily from 
thermodynamic data on fuel-oxidant systems by noting that the 
decrease in free energy is given by 


Fp— Fp = He Hp y (Sp Sp) 


where F, H, S, and T denote the free energy, enthalpy, entropy, 
and thermodynamic temperature, respectively, and subscripts R 
and P refer to reactants and products, respectively. Thermo- 
dynamic data are now available for many hydrocarbon fuels 
through the efforts of Rossini and his co-workers at the National 
Bureau of Standards. 

The rational definition of efficiency just presented is superior 
to the older definition for many reasons. (1) It includes the 
restrictions imposed on processes by the second law of thermo- 
dynamics through comparison of the actual work output of a 
device with the maximum useful work of a reversible device 
operating between the same states of the fuel-oxidant system. 
(2) For a given mixture of hydrocarbon fuel with air, the maxi- 
mum useful work is given with sufficient precision for engineering 
purposes by a single number, not by eight different numbers as is 
the case for constant-pressure heat of combustion. This distine- 
tion may be illustrated by calculation of the decrease in enthalpy 
or in internal energy for the reaction at constant temperature and 
“pressure, (using the recent data of Rossini and co-workers) for a 
typical fuel such as octane 
12.5 Air (g) 


Calis or g) 8 CO, (g) H,O0 (1 or g) 


0.2099 
12.5 Air 12.5 Os ( 
t 2 ) 
0.2099 . 
TABLE 1 
Hr — Hp ER Ep, 
Reactants Products Btu per |b-mole Btu per |b-mole 
Octane (1) H:O (1) 2,352,000 2,347,000 
Octane (1) HO (g) 2,182,000 2,187,000 
Octane (g) H:O (1) 2,370,000 2,364,000 
Octane (g) H:0 (g) 2,200,000 2,204,000 


Table 1 shows that selection of either a high- or a low-heating 
value is not justifiable on a rational basis. The decrease in free 
energy for the foregoing system, however, is given within 0.1 per 
cent by a single number, 2,269,000 Btu per lb-mole of octane, for 
all four possible states of the fuel-air system, i.e., for either liquid 
octane or gaseous octane at the vapor pressure of the liquid in the 
reactants state, for liquid water or for water vapor at the vapor 
pressure of the liquid in the products state. 

A third advantage of the rational definition of efficiency, of a 
practical nature, is that the decrease in free energy for many 
hydrocarbon fuels is approximately the average of the high and 
low “heats of combustion,” defined as the decrease in enthalpy at 
constant pressure and temperature of liquid octane and air to 
form products with liquid water and gaseous water, respectively. 
This means that the present system of numbers expressing efficien- 
cies of power plants will not suffer a marked change in magni- 
tude through introduction of the new efficiency. However, it 
should be noted carefully that this approximate equality of the 
decrease in free energy and of the decrease in enthalpy does not 
hold for many fuels or for many chemical reactions; in fact, Parks 
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and Huffman" point out that many chemical reactions exist 
where the decrease in free energy is of the opposite sign to the 
decrease in enthalpy. 

The fourth advantage of this rational definition of efficiency is 
that it may be inverted readily to provide a figure of merit for a 
work-absorbing device which carries out a chemical reaction. 
For example, in a power-absorbing device, whose purpose is the 
separation of air into its components, a rational figure of merit is 
the ratio of the “minimum work input” to the actual work input 
required to start with air and produce oxygen and nitrogen (ignor- 
ing the rare gases) at the same pressure and temperature. The 
minimum work input is the decrease in free energy of the air from 
its initial state to oxygen and nitrogen at the same pressure and 
temperature. Thus the figure of merit, based upon the decrease 
in free energy or availability at constant pressure and tempera- 
ture is a general one, applicable to both work producers and work 
absorbers. 

With regard to the question (2), various systems of fuels and 
oxidants may be compared thermodynamically by means of the 
“maximum useful work,” which could be obtained from the fuel- 
oxidant system while it exchanges heat only with the atmosphere. . 
In other words, the decrease in free energy may be used as a 
rational basis of comparison of various fuel-oxidant systems. 
Any such comparison is evidently a purely thermodynamic one 
which omits from consideration questions of economics and con- 
venience. 


HeERBERT KUENZEL.! In discussing the matter of heats of 
combustion of fuels and their use in computing thermal efficiencies, 
it seems to the writer to be more accurate, although more incon- 
venient, to use the chemical energy of the fuel in preference te 
either the so-called higher or lower heat of combustion of that-fuel. 

Indeed, much of the confusion remarked by the authors of these 
papers in the use of heats of combustion may have arisen from the 
fact that heats of combustion actually are not the energy supplied 
to a utilizer, but are merely convenient terms arrived at by test in 
which the corrected heat transferred to water is taken as a proper 
denominator in the efficiency expression. 

If accuracy of concept and also of numerical result is the goal, it 
would seem desirable to dispense with “heats of combustion” and 
use the more fundamental concept of the chemical energy of the 
fuel. The chemical energy of a fuel can be computed from the 
same sort of a test that is used to determine the heat of combus- 
tion; and while, as Dr. Kleinschmidt points out, data may 
not as yet be available to make this computation accurately, we 
probably should revise our thinking on this point and await the 
time when the ASME Research Committee on Properties of 
Gases and Gas Mixtures will have remedied the lack. 


W. Y. Lewis.'? In determining by the Mahler system the 
higher calorific value of a fuel with or without moisture, the 
products of combustion are assumed to take the initial surround- 
ing temperature, and the steam from the water coming either 
from the combustion of the hydrogen existing in the fuel, or-from 
the moisture, is supposed to be entirely condensed. 

In the case of lower calorific value, the steam existing in the 
gaseous products of combustion is assumed not to be condensed 
although brought back to the temperature of the surrounding 
medium. Therefore a deduction from the higher calorific value 


10““The Free Energies of Some Organic Compounds,”’ by G. 8. 
oe and H. M. Huffman, Chemical Catalog Company, New York, 
N. Y., 1932. 

1! Associate Professor of Mechanical Engineering, Washington 
University, St. Louis, Mo. Mem. ASME. 

12 Fairmont Coal Bureau, St. John’s Wood, London, W.W.8, 
England. 
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has to be made to moisture and to combustion of hydrogen in the 
coal, 

It is the lower calorific value of the green fuel that should be 
debited against the boiler, since the heat due to the combustion of 
the hydrogen forming steam in the products and the heat of the 
steam due to the moisture are not recoverable in the boiler as in 
the calorimeter. 


E. 8S. Dennison.!3 To compute the heating value of a fuel at 
an elevated temperature, Dr. Kleinschmidt assumes that both fuel 
and air have been preheated to the specified temperature before 
the reaction takes place. A perfectly valid definition of the heat- 
ing value at temperature results from this assumption, and the 
author has made the necessary calculations for several gaseous 
fuels. However, it is not clear what he would do in the case of a 
liquid or solid fuel, oil or coal, which suffers physical and chemical 
changes if separately heated to a high temperature. It is not 
easy to assign a value of enthalpy to the fuel in that case. Aliso, 
it is questionable whether the heating value so defined would be 
convenient for performance calculations, except perhaps for a 
reciprocating gas engine. 

It is common in combustion power cycles, for example, gas- 
turbine cycles, to preheat the air but to introduce the fuel at or 
near room temperature. In this case also, there is a deficiency in 
lower heating value as compared to that determined from a labora- 
tory test at room temperature, and the amount of the deficiency is 
important for design and performance calculations. This case is 
so frequently encountered as to be of general interest. For- 
tunately, the existing data permit the low-heat-value deficiency 
‘to be estimated closely. 

The equation giving the effective LHV for 1 Ib of fuel at tem- 
perature ¢ may be written 


(LHV), = (LHV), + (t—t,) + & — We (t—t,) 
— Was (¢ —t,) 
in which 
(LHV), = effective heating value at temperature ¢ 
(LHV), = lower heating value at room temperature, usually at 
68 F 
W., W., W, = weights of O., CO., and H,0, respectively 
Cpe» Cpe = Mean constant-pressure specific heats of O,, 
and H,0, respectively, between ¢, and ¢ 
c, = specific heat of fuel 
i = air temperature deg F 
t, = room temperature (68 F) 
t; = fuel temperature, deg F 


In most cases the amount of heat represented by c (t; — ¢,) 
can be neglected. The loss of effective heating value is then 
A (LHV) W. pe (t t,) W. (t — t.) — W, (t 
Here the weight W, of oxygen is that required to combine with 
the carbon in the fuel to form CO,, plus that to combine with the 
hydrogen to form H,O. By inspection, it is evident that the hy- 
drogen and carbon present in the fuel act independently to 
diminish the effective heating value. Therefore it is useful to 
compute A (LHV) at various temperatures for pure hydrogen 
and for pure carbon. This has been done and the results are 
given in Fig. 1 of this discussion. The deficiency for hydrogen is 
roughly 10 times its value for carbon, and the curves have been 
plotted to different scales. The large effect in the case of hy- 
drogen is due to the high specific heat of steam, and to the fact 
that about 9 Ib of it are formed by the combustion of 1 lb of Hy. 


18 Director of Research and Development, Elliott Company, Jean- 
nette, Pa. Mem. ASME. 
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Specific-heat data for these computations were taken from pre- 
vious work, !415 

Having constructed these curves, it is a simple matter to esti- 
mate the LHV deficiency for any actual fuel. For example, at 
1040 F, A (LHV) for C is 265 Btu per lb and for H; it is 2350 Btu 
per lb. 

No. 2 Fuel: 86.5 per cent C, 12.6 per cent H, 0.9 per cent inerts 


0.865 X 265 = 229 
0.126 X 2350 = 296 


A(LHV), Btu per Ib = 525 
Methane CH,: 75 per cent C, 25 per cent H 


0.75 X 265 = 199 
0.25 X 2350 = 588 


A(LHV), Btu per lb = 787 


In the case of Fig. 2 fuel, the loss of heating value at 1040 F is 
about 2.9 per cent, while for methane it is 3.65 per cent. The 
deficiency in the latter case is of course greater than it would be 
according to the author’s assumptions. 

A heavy fuel oil may be preheated, for example, to 250 F pre- 
paratory to burning it. The heat represented by c, (t; — ¢,) i8 
then about 0.475 (250-68) = 86.5 Btu. This represents about 
0.005 (LHV), for that fuel. Hence even in this extreme case for 
a liquid fuel, the effect of fuel preheat is hardly significant. 


14 Cornell University Engineering Experiment Station, Bulletin 
No. 30, October, 1942. ; 

6 “Thermodynamic Properties of Steam,’’ by J. H. Keenan and 
F. G. Keyes, John Wiley & Sons, Inc., New York, N. Y., 1936. 
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The chart, Fig. 1, is offered as a convenient device for estimat- 
ing effective heating values for all hydrocarbon fuels, particularly 
for gas-turbine-cycle calculations assuming the LHV at room 
temperature to be known. ; 


L. C. Licuty.'* It seems obvious that in any single engine test 
there is a definite thermal efficiency indicating the part of the 
energy supplied which has been transformed into shaft work. 
Consequently, regardless of the procedure of evaluation, the 
thermal efficiency should be the same if each procedure is correct. 

Fiock calls attention to the possibility of calculating any one of 
the usual four heats of combustion from any other by applying 
certain modifications which relate to the various calorimetric 
processes. Thus all of the four usual heats of combustion are 
related uniquely, and thermal efficiencies of engines can just as 
well be determined with any one of the heats of combustion. 
This does not mean that the heat of combustion should be the 
sole term in the denominator of the efficiency expression but that 
if the thermal efficiency of the engine is evaluated correctly, the 
efficiency determined should be the same, irrespective of the par- 
ticular heat of combustion used in its determination. 

The writer and others contend that it is the fault of the power 
plant rather than the fuel if it does not use all the energy availa- 
ble. However, even though the writer uses the high-heat value 
he does not agree that the high or any other heat of combustion 
should necessarily define the energy supplied to a combustion proc- 
ess which uses the same fuel and oxygen but occurs usually un- 
der other than calorimetric conditions. 

For theecase, outlined by Kleinschmidt, of air which is pre- 
heated or compressed to a temperature appreciably above the 
ambient conditéon, it seems quite obvious that more energy has 
been supplied to the process than if the air were supplied at the 
ambient temperature. Also, it seems obvious that if the engine is 
operating in the atmosphere, and is unable to reduce the products 
of combustion to the ambient temperature in its work process, it 
is the fault of the machine. In all cases, the energy supplied 
should be charged against the machine, and this is usually not the 
heat value of the fuel. 

Professor Christie states that low-heat values are used in 
computations of flame temperatures and other calculations “for 
which the high-heat value does not apply.” Evidently this is 
incorrect since the low-heat value is computed from the high-heat 
value and consequently either value may be used for such com- 
nutations. Thus for adiabatic, steady-flow combustion proc- 
esses with negligible kinetic-energy effects, or for constant-pres- 
sure combustion, in which H is enthalpy and M is quantity of 
medium 


(LHV) = Moroa(H re — Hr)proa 
all products being gaseous; or 
(HHV)rr = Moproa(Hr2 — Hri)prod [2] 


the H,O being liquid at T; only. 
Subtracting Equation [2] from Equation {1} results in 


(HHV — = Muro (Heas — [3] 


which is the definition of the difference between low- and high- 
heat value. Thus Equation [2] may be used as well as Equation 
{1}. 

It should be noted that using heat values in Equations [1] and 
[2] is resorting to fictitious processes of heating products from 7), 
at which temperature they never exist in the actual combustion 
process. 

1 Professor of Mechanical Engineering, Yale University, New 
Haven,Conn. Mem. ASME. 
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In 1930, Keifer and Stuart!” proposed a method which the 
writer has adopted,'* which simplifies the analysis of combustion 
processes and treats them as they occur and not as fictitious proc- 
esses, although the same result is obtained if the computations 
are made correctly both ways. Writing the energy equation for 
the ideal bomb-calorimetrie process 


Cy+02 + (Up) + (Uo2)r = (Uproa)r + (HHV) 7,7... . [4] 


in which C is the chemical energy associated with the reaction, it 
being a constant for a given fuel-oxygen reaction; {/ is the inter- 
nal energy of the various constituents alone, before and after the 
reaction at temperature T; HHYV is the high-heat value for the 
fuel at the specified conditions, varying with temperature of 
process as indicated by subscript 7; f and a indicate fuel and air, 
respectively. 

Item C may be evaluated from energy Equation [4] if the heat 
value and internal-energy values for the various constituents are 
known above some arbitrary datum plane and may be used in 
any combustion process forthe given fuel, provided the same in- 
ternal-energy tables are used. C is the heat value at absolute zero 
temperature if the internal-energy values are on an absolute 
basis as indicated by Prof. G. A. Goodenough’® in 1911. * Using a 
datum plane of 520 deg R for zero internal energy, C is the heat 
value at absolute zero plus (and minus) the constants of integra- 
tion to make the U values in Equation [4] absolute at 520 deg R. 

Having computed the C value for any fuel from the heat value 
and energy data, the analysis of any combustion process is ac- 
complished by writing the energy equation for the given process. 
For the adiabatic steady-flow burner process with negligible ki- 
netic-energy effects, the fuel and air flowing into the burner supply 
the chemical energy of the fuel-oxygen reaction as well as the 
enthalpy of the fuel and air at their respective entering tempera- 
tures, while for complete combustion all of this energy appears as 
enthalpy of the products which includes the excess air, at the 
final temperature. Thus 


Cr+o2 + (Hy) zy + (Ho)re = (Hproa) [5] 


in which the various temperatures on the left-hand side of the 
equation may be appreciably different from the standard tempera- 
ture for calorimetric determinations. 

Heat value does not appear in this relation, since it is not an 
energy term in any energy equation for any pgocess except the 
calorimetric process. However, it can be manipulated into 
the energy equation for any combustion process by combining the 
energy equations for the process with the energy equation for 
the calorimetric process at the same fuel and air temperature of the 
actual process. Thus for the initial conditions in Equation [5] 
the energy equation for the calorimetric process is 


Cy+02 + (Ay)ry + (Ha) r2 = (A proa)r2 + (HV) 17 ana 72... [6] 
Combining Equations [5] and [6] results in’ 


Thus we arrive at an equation for a fictitious process of heating 
the products from 72, at which temperature they never exist in the 
actual process, to 73, the correct temperature. (HV) in Equation 
{[6] may be either HHV or LHV, depending merely upon whether 
the (Hproa) 72 is evaluated for liquid or gaseous H,O, respectively. 


17 Principles of Engineering Thermodynamics,” by P. J. Keifer 
and M. C. Stuart, John Wiley & Sons, Inc., New York, N. Y., 1930. 

18 “Internal Combustion Engines,’’ by L. C. Lichty, McGraw-Hill 
Book Company, Inc., New York, N. Y., 1939. 

“Thermodynamics,” by L. C. Lichty, McGraw-Hill Book Com- 
pany, Inc., New York, N. Y., 1936 and 1948. 

19 “Principles of Thermodynamics,’’ by G. A. Goodenough, Henry 
Holt & Company, New York, N. Y., 1911. 
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The heat value in Equations [6] and [7] is what Kleinschmidt 
proposes to use in the engine thermal-efficiency determination. 
It is the correct value to use for computing the maximum tempera- 
ture attainable by the method indicated in Equation [7] but not 
necessarily the correct value for the efficiency determination. 
But why compute the (HV) at various values of (72 and 7;) for 
each different test when one determination of C for the given fuel 
permits the computation of maximum temperatures for all cases 
with that fuel by the actual rather than a fictitious process? 

Recently, Newman A. Hall* made use of the chemical energy 
as herein defined by introducing correctly into his energy equation 
for the combustion process the four terms from the calorimetric 
equation (that algebraically summed are equal to C) instead of 
evaluating C and eliminating HV and the other three terms. 

Considering only turbine thermal-efficiency determinations, it 
seems illogical to use (HV) at (72 and 7;) as the basis for deter- 
mination of efficiency in Kleinschmidt’s case. The mere fact 
that the air is supplied at higher than ambient temperature indi- 
cates that the turbine only should bescharged with more than the 
energy liberated by the fuel. The energy equation for the ele- 
mentary gas-compressor-turbine process, neglecting kinetic 
energy effects, is 


(Ha)r2 + (H;) 1, + W + Cr+02 = W + (Aproa) 74 


in which W represents shaft work and Q is the heat radiated or 
transferred from the burner and turbine. The sum of the first 
and third terms is equal to (Ha)rs, the enthalpy of the air leaving 
the compressor if the process is adiabatic. 

The efficiency of the turbine alone is the ratio of the work ob- 
tained divided by the energy supplied. Equation [8] indicates 
that the energy supplied is the chemical energy associated with 
the reaction plus the enthalpy of the entering media above that 
associated with the ambient condition. Thus 


Turbine thermal efficiency 
Cy+02 + (Ha)re + — (Ha + Hy) 


9] 


in which (H, + Hy)rq is the enthalpy of the air and fuel at ambient 
conditions. Equation [9] may be written with heat value in the 
following manner 


Turbine thermal efficiency 


Wiurb 
(HV) ana 77 + (Hproa)t2 — (Ha + Hy) 


.. [10] 


If 7; = T2, and if the enthalpy value is zero for all constituents 
at the ambient temperature 72, the turbine should be charged 
with appreciably more energy than the heat value at 72. In the 
limiting case of no fuel burned, the turbine only would do some 
work, but the efficiency of the turbine only based on Kleinschmidt’s 
proposal would be infinite. Thus it is obvious that the turbine 
only should be charged with the enthalpy of the air above the 
ambient condition as indicated in Equation [9]. 

For the efficiency of the combined turbine and compressor 
process 


Over-all efficiency 
Cr+02 + (Ha), + (Hy)r, (Ha + 


.. 01) 


or 
Over-all efficiency 
20 The Fuel-Air Ratio Required for Constant Pressure Combus- 


tion of Hydrocarbon Fuels,’’ by N. A. Hall, digest printed in SAE 
Journal, vol. 54, December, 1946, pp. 32-36. 
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(AV)r, and Ty + (Hossa), — (He + 


Thus it seems obvious that the denominator in the efficiency 
formula should not be any particular heat value only, even though 
it is usually equivalent to the major portion of the energy sup- 
plied, but that whatever heat value is used should be corrected to 
make the denominator the total energy supplied (including the 
enthalpy of the mediums above ambient conditions), and this 
should result in the same efficiency regardless of which heat value 
is used. Also, this analysis is free from fictitious processes when 
the chemical-energy term, which belongs in every energy equation 
for combustion processes, is used. 

For seme time it has been the custom to set up tables of inter- 
nal energy or enthalpy of gases including H.O above some arbi- 
trary datum plane such as 60 F at which the internal energy in the 
gaseous state is assumed to be zero. For a gaseous fuel such as 
CH,, in which the moles of air and fuel are equal to the moles of 
products formed in the calorimetric process, the Hproa will equal 
the (H, + Hy) at the datum temperature. Then, assuming that 
the various 7’ values in Equation [12] are the same and equal to 
the standard temperature at which calorimeter determinations 
are reported, and that this is the datum temperature for the 
enthalpy values of the gaseous substances, the denominator is 
equivalent to the low-heat value of the fuel. 

If the enthalpy datum plane is absolute zero temperature, the 
denominator for the efficiency term at 540 deg R is greater than 
the low- and high-heat values by the following percentages for the 
given gaseous fuels*! 


Fuel Co CyH 10 C.H 


Perv... 2 2.4 


.. (12] 


With an absolute temperature datum plane for energy values 
toward which we are going, it becomes quite apparent that the 
term (Ha + Hy)r, in the denominator of the efficiency. expression 
is an important term which tends to eliminate the effect of the 
present arbitrary energy datum plane on efficiency. 

In conclusion, the confusion that exists in the minds of many 
regarding heat value and thermal-efficiency determinations 
appears to be the result of an endeavor to apply the cycle analysis 
to a process which is not a cycle. In a cycle, the medium starts 
from and returns to the original state after a series of processes, 
In such cases it is quite obvious how much heat is added from a 
hot source, and there is no disagreement regarding the denomin® 
tor of the efficiency expression for a heat-engine cycle. However, 
the combustion process eliminates the possibility of a eyele, since 
the products are not and cannot be returned to fuel and air. In 
fact, no heat is added in the adiabatic combustion process; 
chemical energy is liberated by the reaction and appears as 
internal energy or enthalpy of the products. Consequently 
there is no heat term to be used in the efficiency determination 
of the combustion gas turbine or internal-combustion-engine 
process. 

Therefore it appears that wes hall always have confusion in this 
matter until all recognize that we are not dealing with a heat- 
engine cycle, and instead apply some concept of energy supplied 
to a process such as is indicated by the energy equation for the 
actual process. Then the ridiculous situation of different thermal 

*1 Data for these fuels and for the computations were obtained 
from the following sources: ; 

“The New Specific Heats,”” by R. C. H. Heck, Mechanical Engi- 
neering, vol. 62, 1940, p. 9. 

“Thermodynamics of Gaseous Paraffins,”” by K. 8. Pitzer, [ndus- 
trial and Engineering Chemistry, vol. 36, 1944, p. 829. 

‘‘Heats of Combustion and Formation of the Paraffin Hydrocar- 


bons at 25 C,” by E. J. Prosen and F. D. Rossini, National Bureau of 
Standards. Journal of Research, vol. 34, 1945. p. 263. 
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SYMPOSIUM ON HEATING VALUE OF FUELS—DISCUSSION 


efficiencies with different heat values for a given engine test will 
be ended. 
CrosurE BY A. G. CHRISTIE 


The foregoing discussion has shown that there are many stand- 
ards by which the heating value of fuels may be measured. Some 
of these methods are in use for various commercial and research 
purposes. Others are at the moment of academic interest and 
are not generally known to those concerned with the commercial 
testing of power machinery. 

The purpose of the Power Test Codes is to establish certain 
standards and rules which can be understood readily and fol- 
lowed by those who buy, sell, and test power equipment. This 
is the group for whom the codes are prepared. In establishing 
standards of measurement, consideration must be given to the 
points of view of these persons, their familiarity with thermo- 
dynamic theory, the ease of application of the test methods, and 
the commercial customs in industry. These considerations may 
rule out some of the standards of an academic nature which have 
been suggested. 

The business of the Power Test Codes Committee is to fix 
certain so-called ‘‘yardsticks’’ as measures of the performance of 
power machines. These measures of performance must be recog- 
nized in the profession as reasonable and fair and determinable 
by one skilled in the art of testing such commercial equipment. 
In the choice of such a yardstick, custom and practice receive full 
consideration. It is not of great importance which of the several 
recognized standards is chosen so long as it is accepted by the 


profession as the yardstick for the particular machine. In dis- 
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cussing or comparing performances, all then refer to the same 
unit of measurement. 

The Power Test Codes Committee is indebted to all who have 
contributed their discussion as their comments will aid in the 
selection of standards for the heating value of fuels. The discus- 
sion also aids in directing attention to some of the less well-known 
measures of heat availability that will aid the thinking of many 
engineers on problems of heat generation outside of commercial 


tests. 
CLosurE BY R. S. Jessup 


Referring to discussion by Paul Diserens, it is not entirely 
clear what is meant by the statement that heats of combustion 
of fuels ‘“‘should be established by the Bureau of Standards.” 
This Bureau does research on, and makes determinations of heats 
of combustion for other government agencies only. In some cases 
data on heats of combustion of certain classes of fuels have been 
correlated2?:?5 with other properties which can be measured more 
readily. 

The suggestion of Professor Kaye that the decrease in free 
energy is a better criterion for comparing power plants than heats 
of combustion is interesting and sound in principle. The re- 
quirement that the composition of the fuel be known would im- 
pose difficulties in many cases. . 


22 “Thermal Properties of Petroleum Products,” by C. S. Cragoe, 
NBS Miscellaneous Publication No. 97, 1929. 

23 Heat of Combustion of AN-F-28 Gasoline,’’ by R. S. Jessup 
and C. 8. Cragoe, NACA Technical Note No. 996, 1945. 
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Silicone Rubber—New Properties 


for Design Engineers 


By G. S. IRBY, JR.,, WYMAN GOSS,? anp J. J. PYLE? 


Silicone rubber is a new synthetic elastomer which ex- 
hibits exceptional properties of thermal stability. The 
physical, chemical, and electrical properties of this mate- 
rial, as affected by high and low temperatures, have been 
studied. The results of this study, together with fabri- 
cation techniques and proven applications, are compared 
to show where silicone rubber may be of best use to the 
design engineer. 


silicon chemistry during the last few years, a whole new 

class of high polymeric materials has been made availa- 
ble to product and design engineers. This group includes such 
products as silicone rubber, oils, resins, greases, and water- 
repellant films. The members of the silicone family naturally 
vary as to properties and potential applications. However, they 
all offer an outstanding characteristic, thermal stability 
from —70 F to 500 F. 

Silicone rubber, the elastomeric member of this family, shows 
its temperature stability by not only retaining its flexibility, re- 
siliency, and surface hardness over this entire temperature range 
but also by resistance to long periods of heat-aging. The availa- 
bility of an elastomer with these heat-resistant properties im- 
mediately suggests new design possibilities where elastic materials 
are needed in equipment operating at elevated temperatures. 
However, mistaken conceptions of this material will arise if it is 
merely substituted for conventional rubbers in existing designs. 
The properties of silicone rubber do not match those of natural 
or synthetic rubber at room temperature. On the other hand, at 
operating temperatures of —70 F, or at 500 F, the properties of 
other elastomers generally fall far short of silicone rubber. It is 
the purpose of this paper to discuss these properties with related 
engineering applications to show where silicone rubber can and 
cannot be used. 


7 Sa result of rapid developments in the field of organo- 


namely, 


FORMATION AND PROCESSING 


Silicone rubber is produced by compounding a silicone gum 
with suitable fillers and then vulcanizing or cross-linking the 
compounded rubber stock. However, to produce the gum, a con- 
siderable amount of chemistry is involved. 

The gum is produced commercially in two different ways, Fig. 1. 
Through a direct reaction, methyl chloride and silicon are com- 
bined in the presence of copper as:a catalyst to form a mixture 
of methyl chlorosilanes. This mixture is fractionated to obtain 
dimethy] dichlorosilane which in turn is hydrolyzed to produce 
a silicone oil. This partially condensed methyl-silicone oil is 
then further polymerized to produce the final gum product. 

In the Grignard process, silicon tetrachloride, methyl] chloride, 


! Development Chemist, Plastics Laboratory, General Electric 
Company, Pittsfield, Mass. 

? Group Leader, Plastics Laboratory, General Electric Company. 

3 Director, Plastics Laboratory, General Electric Company. 

Contributed by the Rubber and Plastics Division and presented 
at the Annual Meeting, Atlantic City, N. J., December 1—5, 1947, of 
Tue AMERICAN Society OF MECHANICAL ENGINEERS. 

Note: Statements and opinions advanced in papers are to be 
understood as individual expressions of their authors and not those of 
the Society. Paper No. 47—A-126. . 
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and magnesium are starting reactants. Through a Grignard 
reaction a mixture of methyl chlorosilanes is formed, and from 
this point the procedure can be the same as in the direct process to 
produce a methyl-silicone gum. 

A molecule of silicone gum compared to one of natural rubber, 
Figs. 2 and 3, illustrates the difference between the two sub- 
stances. The fundamental structure of the natural-rubber 
molecule is a carbon-to-carbon linkage, while in the sili- 
cone molecule, a silicon-oxygen linkage is the basic structure. 
It is this particular structure that imbues silicone rubber with 
its unique properties of thermal stability. 

From the gum, compounded rubber stocks are produced by 
milling or banburying with such fillers as calcium carbonate, 
lithopone, titania, and various silica fillers. Carbon black has 
not been used to a great extent in silicone rubber to date because 
of vulcanization difficulties when this particular filler is used. 
The hardness of the stock is a function of the type of filler, 
filler-gum ratio, and degree of vulcanization. The filler-to-gum 
ratio can be varied extensively to secure desired properties. 
Excellent rubbers can be compounded using filler-to-gum ratios 
of as high as 2 to 1. 
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832 TRANSACTIONS 


It has not been found possible to vulcanize silicone rubber by 
means of sulphur or sulphur-containing compounds. However, 
by the use of certain organic peroxides, successful vulcanization 
is accomplished. Silicone-rubber stocks can be molded in con- 
ventional rubber molds using a mold cycle of from 3 to 10 min 
and a mold temperature of 125-150 C. 

After the silicone-rubber stock has been fabricated into 
finished parts by either molding or extrusion, a bake cycle of 
from 50 to 60 hr at 200 C is necessary to bring out its optimum 
properties. 


PuysIcaL PROPERTIES 


A detiiled examination of the properties of the rubber will 
show best the stability of this material, Table 1. In this table 
are listed the properties of four silicone-rubber compounds. 


TABLE 1 PHYSICAL PROPERTIES OF SILICONE RUBBER 


12600 12601 12602 12603 
Original Properties 


Hardness (Shore ‘A’ Durometer ) 45-55 55-65 65-75 75-85 
Tensile Strength. psi 200 450 650 500 
Elongation, % 200 ISO 110 100 
Tear Resistance, Ibs./in 35 45 45 35 


After 500 Hours at 200°C (392°F) 


Hardness Change 15-20 (15-20 68 
Tensile, % Change +0 :0 
Elongation ,% Change (150 () 50 25 25 
Weight Loss, % 2-3 2-3 2-3 23 

Low Temperature Resistance 
Flex Test after 6 hrs.at (-) 60°C No cracks Nocracks NoCracks NO Cracks 

(-) 76°F Or Crazing Or crazing or crazing or crazing 


Compression Set 
Compression 30%, 22 hrs. at 70° C('S8°F) 10% 15 % 10% 10% 
Compression 30%.6hrs at 150°C (302°F) 30% 40% 25 % 25% 


These compounds differ as to formulation and range in hardness 
from 45 to 85. The original mechanical properties are charac- 
terized by lew tensile strength, moderate elongation, and low 
tear resistance. However, after 500 hr at 200 C heat-aging, the 
mechanical properties have undergone no great change. Flexi- 
bility is retained, tensile strength has suffered no change, and 
weight loss is low. At 200 C natural and synthetic rubbers de- 
compose chemically after 10-15 hr. At —60 C the flexibility of 
silicone rubber is maintained with no cracking or crazing. 

Compression-set tests on natural and synthetic rubbers are 
normally run at 70 C. At this temperature the compression set 
of silicone rubber averages 10 to 15 per cent. When the mate- 
rial is compressed 30 per cent and held for 6 hr at 150 C, com- 
pression-set values average 25 to 40 per cent, i.e., the rubber 
regains 60 to 75 per cent of the amount compressed. 

While it can be easily understood that there would be many 
misgivings as to the strength of the material at room tempera- 
ture, compare the tensile strength of silicone rubber with two 
synthetic varieties at the operating range of 200 C, as shown in 
Fig. 4. Both synthetic elastomers decreased in tensile strength 
90 per cent within 60 min and both suffered chemical decomposi- 
tion in 15 hr. The three silicone-rubber formulations retained 
their tensile strength and flexibility over a period of 800 hr in this 
particular test. 

The stability of silicone-rubber formulations as to hardness 
and elasticity is shown by the following tests that avere carried 
out by measuring with, a Shore A durometer, the hardness over a 
range of temperatures from —60 C to 200 C, Fig. 5. The four 
silicone formulations showed less than 15 per cent change, while 
the curve of the two synthetic varieties run in comparison shows 
a change of.70 to 80 per cent. 
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or USEFULNESS 

As to where the properties of silicone rubber may be put to 
use, the field of gaskets and packings immediately suggests it- 
self. In the design of seals, engineers are looking with greater 
favor on molded elastomeric materials. The properties of sili- 
cone rubber which offer flexibility and long life at elevated tem- 
peratures make this material of great use in a variety of designs. 
Principal among these is the use of the material as a gasket to 
provide static seals where hot air under pressure is being trans- 
ferred. The following designs have proved successful in this ap- 
plication: 

In a 16-cylinder Diesel engine, the junction of each cylinder 
and supercharger connection was sealed with a 5-in-diam molded 
silicone gasket of a rectangular cross section, Fig. 6. Operating 
conditions were 300 F and 15-psi air pressure. The heat-aging of 
the silicone rubber in this case eliminated frequent replacement 
of the gasket. 

In early-model aircraft turbochargers, Fig. 7, a large O-ring 
gasket was necessary for proper sealing action. Operating con- 
ditions here were 400 F. A °/,-in. extruded silicone-rubber rod 
bonded at the ends to form an O-ring provided successful gasketing 
action. 

In a particular drying oven, Fig. 8, a large area had to be sealed 
between the water scrubber and the drying channel. Here again 
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hic. 6 Gasket Usep TO SEAL SUPERCHARGER- 


CYLINDER CONNECTION OF A DiESEL ENGINE 


Fic. 7 Gasket Usep in TURBOCHARGER 


Fig. 8 GASKET SEALING LARGE AREA BETWEEN Two UNITs or Drying OvEN 


Fic. 9 Sittcone-RuBBER V-PACKING FOR OIL SEAL 


the temperature was above 300 F, and the air contained several 
solvents. Effective sealing action was obtained by using a large 
O-ring gasket with a */s-in. cross section. 

O-ring packings are an excellent design when considering sili- 
cone rubber as a gasket material because of the fact that the 
packing friction on O-rings is very low. Then too, in the pro- 
duction of large-diameter O-rings, circular extrusions are simply 
bonded together, thus eliminating costly molds. 

\-rings, or chevron packings, can be molded from silicone- 


rubber stock and used to increase the operating temperature of 
oil seals, Fig. 9. Well-housed V-packings of silicone rubber 
have successfully provided a seal around a high-speed shaft where 
the oil temperature was 300 to 400 F. Shaft seals of another de- 
sign have been produced by molding the packing inside of a 
metal-ring housing, Fig. 10. 

In general, siliconé rubber is not recomménded for packing 
designs where a large surface area of the packing itself is exposed 
to a rotating shaft, nor is it recommended for packing in contact 
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Fic. 10) SHarr Seats Propucep By MorpinG 
RvBBER INSIDE OF METAL RING 


Fic. 11 Russer Bonpep To Meta. Strip With GLass- 
Factne 


Fic. 12) DiscHaRGE-VALVE SEAT FoR ELECTRIC 
Hot-WatTer HEATER 
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with steam. However, where seals are necessary in mechanical! 
systems involving’ various lubricating oils or air at elevated 
temperatures, properly designed silicone-rubber gaskets and seals 
give exceptional service. 

In the design, Fig. 11, silicone rubber is used to provide a flexi- 
ble cushion for a metal strip that is to operate at an elevated 
temperature. An extruded flat section of rubber is bonded to the 
metal with a special adhesive. In such a case, if abrasion is a 
problem, silicone-coated glass cloth can be bonded to the outer 
surface of the rubber. Thus the desired property of flexibility 
after heat-aging is attained, and mechanical weakness mini- 
mized. 

The surface of the fully cured rubber is entirely free of tack. 
There is no tendency for it to stick or adhere to metallic or non- 
metallic surfaces. This lack of adhesion extends over the entire 
operating range of the rubber which is not true for other elas- 
tomers. Advantage has been taken of this characteristic in 
packing designs, where heretofore adhesion has been a major 
problem, Fig. 12. In the discharge-valve seat of an electric hot- 
water heater, high temperatures and no adhesion were the prob- 
lems. A silicone-rubber valve seat met both requirements satis- 
factorily. 


CHEMICAL PROPERTIES 


The exact effect of solvent action and chemical corrosion is 
difficult to determine by purely laboratory means. Immersion 
tests, Table 2, do not tell the entire story. Especially in the 
application of gaskets and seals, the surface area of exposure, 
the temperature at the point of exposure, the compressive force 
on the gasketing material all have a direct bearing on the degree 
of corrosion and swelling. In general, hydraulic fluids, lubri- 
cating oils, various polar solvents, dilute acids, alkalies, and con- 
centrated salt solution cause very little swelling action on silicone 
rubber at room temperatures. Concentrated acids and alkalies 
have a very corrosive action on the rubber and nonpolar solvents 
impart high swelling. 

In gasketing applications involving the use of hydraulic fluids, 
lubricating oils, and solvents at elevated temperatures, it is 
recommended that the silicone gasket have as little surface ares 
exposed to the fluids as possible. An O-ring design, confined in « 
chamber under pressure to effect a seal, has worked well in most 
cases. Silicone-rubber packings with a square or rectangular 
cross section have also worked well. 

An O-ring design of silicone rubber has provided an effective 
oil-and-air vapor seal on the TG-180 jet engine. The tempera- 
ture at the point of seal was 350 to 400 F. No swelling was ob- 
served from the effects of the off vapor and the gasket could be 
re-used. 

The harder silicone-rubber stocks with silica as a filler are much: 
more resistant to all chemical action and are recommended for 
use where corrosion and swelling are problems. 

Steam has a very corrosive action on silicone rubber when the 
rubber is totally surrounded by steam. Tests have been run 
involving low-pressure steam (20 psi), and it was found that the 
silicone polymer was leached out of the rubber. A 5 to 10-mil 
surface area of the rubber samples lost 35 per cent of their poly- 
mer in 500 hr. However, silicone-rubber parts placed in metal 
housings with only a small surface area exposed suffered decom- 
position only at the point of contact with the steam. This opens 
the possibility that if elastomeric gaskets are needed for sealing 
at elevated temperatures where steam is present, a well-housed 
silicone gasket may well serve the job. 


ELECTRICAL PROPERTIES 


In Table 3 is listed a summary of the electrical properties 0! 
four grades of silicone rubber. From consideration of the di- 
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TABLE 2 CHEMICAL RESISTANCE OF SILICONE RUBBER 


12600 12601 12602 12603 
% Change %Change %Change %Change %Change %Change %Change % Change 

Reagent we Volume wt. Volume” Volume Volume 
Water 42.4 +7 +0.6 +1 +0.6 Oo +0.59 
Water at |00°c 47.1 +14 +6.8 +15 +3.2 +3.0 fe) 
H,S0, conc. dissolved : dissolved dissolved dissolved 
HCI conc. +117 +42 +24.5 +43 +2.4 +3 +*2.0 +8 
HNO, conc. dissolved +62.3 +18 +7.3 +8 +64 +8 
NH, 0H conc. +4.9 +13 +5.8 +l 8.7 
KOH 50% dissolved dissolved -3.0 +1 -4.5 -§ 
Hz $0, 10 % +16.0 +37 +38 +0.9 640.5 
NH4OH 10% +4.5 +130 +44 +10 +1.7 +1.7 fe) 
NaCl conc. +0.2 +8 +0.1 -0.1 
Mineral Oil 

at 25°C +2 *2.5 +3 +3.0 +4 +2.5 +2 

at 168°C dissolved ---- +29 ---- +38 ---- +42 
Castor Oil +3.0 fe) ie) +1 +0.1 +1 
Linseed Oil +3.8 +3 +0.3 -! -0.4 +3 «6+0.4 +2 
Glycerine +0.5 fe) +0.3 +] 0 0 
Alcohol ---- +5 ---- +5 ---- +5 ---- +s 
Acetone +25 +25 ---- +25 ---- +25 
Benzene cose +160 awe +150 ---- +85 ---- +85 
Toluene ---- +200 ---- +200 sens +85 ---- +85 


TABLE 3 ELECTRICAL PROPERTIES OF SILICONE RUBBER 


12600 12601 12602 12603 
Dielectric Strengtn s/s 300 260 380 400 
vpm at 25°C s/t 320 280 450 450 
Dielectric Strength s/s 300 250 510 380 
vpm at 100°C St 350 330 560 500 
Oielectric Strength s/s 350 330 620 500 
vpm at 150°C s/t 400 340 €80 500 
Power Factor.1MC. dry 0007 005 003 004 
3days wet ol O17 004 005 
7 days wet O14 018 005 005 
4 days wet 016 018 005 005 
Dielectric constant, Mc. dry 3.8 7.4 3.1 
3 days wet 44 86 3.2 3.2 
7 days wet 45 868 32 8.2 
4 days wet 49 89 3.2 3.3 
Volume resistivity, megonms /cc 1.5xi0§ 1.5xi9s 1.5xi0§ 
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electric-constant and power-factor values, it can be seen that the 
harder stocks, with silica as a filler, have the best electrical prop- 
erties. Of particular interest is the increasing dielectric-strength 
values with increasing temperature. 

This is shown more graphically in Fig. 13 where the dielectric- 
strength values of silicone rubber, natural rubber, and two syn- 


thetic varieties are compared over a temperature range of from 
room temperature to 200 C. The natural rubber remains fairlv 
constant at 700 volts per mil, the two synthetic varieties de- 
crease rapidly from 600 to 200 volts per mil, while the silicone 
rubber increases from 400 to 600 volts per mil. 

When dielectric-constant and loss-factor values at 60 cycles 
are compared over a range of temperatures, the dielectric constant 
remains constant at 3.2, but the loss factor increases with increas- 
ing temperature from 0.01 at 25 C to 0.24 at 150 C, Fig. 14. Di- 
electric-constant and loss-factor values were determined over a 
range of frequencies, and, here again, the dielectric constant re- 
mained unchanged, while the loss factor rose rapidly after 1000 
megacycles, Fig. 15. 

In all electrical applications, ozone resistance is important. 
Silicone-rubber samples have stood up well when exposed to low 
concentrations of ozone. 


ELEcTRICAL APPLICATIONS 


Advantage is taken of a combination of properties in the use 
of silicone rubber as capacitor bushings, Fig. 16. Good dielectric 
strength is of prime importance, coupled with the fact that the 
rubber, containing no plasticizer, does not contaminate the py- 
ranol in the capacitor. The low-compression-set characteristics 
provide a permanent seal, and the design, in general, lends itself 
to assembly-line production. 

The insulation properties and those of heat stability can also 
be put to use when silicone rubber is used as a wire-coating mate- 
rial. The coating of wire and cable with silicone rubber has been 
under investigation for some time with respect to formulation of 
the rubber and proper methods of fabrication. At the present 
time, silicone-coated wire can be produced and has been used 
successfully on motor-lead wirés and electrical cable where tem- 
perature was a problem. Glass braid can be woven over the 
rubber-coated wire to improve the abrasion resistance of 
the rubber. 


FABRICATION 


The fabrication of finished parts from the compounded silicone 
stocks can be accomplished in many ways and this versatility 
simplifies greatly design problems. The most rapid fabrication 
method from a production standpoint is extrusion. By this 
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process a variety of shapes and sizes can be produced to toler- 
ances of 0.005 in. 

Molded parts can be produced in conventional rubber molds 
making use of compression, transfer, or injection-molding tech- 
niques. Optimum mold pressures are low, 100-500 psi, and op- 
timum mold temperatures are from 125-150 C. 

Coating of various cloths can be accomplished by use of con- 
ventional knife or dip-coating machines. When glass cloth 
is coated with silicone rubber, the resulting product is a flexible 
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Fig. 16 Stticone RussBer Usep as Capacitor BUSHINGS 


rubberized cloth that has been used as insulation-wrapping tape 
for electrical coils, and also as a thin gasketing material. Lami- 
nations or reinforced sheeting over '/s in, thick can be produced 
by bonding together alternate layers of rubber and cloth. By 
this means tensile strengths of 2000-3000 psi and tear strengths 
of. 200-300 Ib per in. are obtained. This is highly advantageous 
when strength is needed, and elongation is not necessary. Bond- 
ing of the rubber to itself, glass or metal, can be accomplished 
with the use of a newly developed adhesive. 

All these fabrication techniques or combinations of them may 
be utilized when parts of varied designs and structures are re- 
quired. 

CONCLUSION 

In conclusion, it can be pointed out that silicone rubber is in 
no way a substitute material or just another elastomer. Its 
properties of thermal stability offer to the materials engineer « 
brand new product and a new range of temperature conditions 
where elasticity can be obtained. 

Its flexibility range of from —70 F to 500 F, its resistance to 
oxidation, excellent heat-aging, low compression set, and good 
electrical properties are factors which can be put to use in a va- 
riety of applications. However, to take full advantage of these 
desired properties the limitations of the material should also be 
understood. These limitations can be overcome to a large ex- 
tent by proper mechanical design. Fabrication techniques 0! 
molding, extrusion, wire-coating, laminating, cloth-coating, and 
bonding have been worked out successfully. The properties of 
silicone rubber combined with proper design and fabrication will 
result in products designed to solve many engineering tempera- 
ture problems. 
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Development of a High-Speed Lathe for 


Machining Aluminum 


By R. L. TEMPLIN,' NEW KENSINGTON, PA. 


This paper describes an experimental high-speed lathe, 
having a maximum spindle speed of 9000 rpm, capable of 
taking a 2'/,-in-diam bar through its hollow spindle, driven 
by a special 80-hp motor; together with certain accessory 
equipment. Certain machining experiments conducted 
with the lathe on two aluminum alloys at cutting speeds 
varying from 5000 to 20,000 fpm are described. 


HE excellent machining qualities of aluminum have been 

known for many years, but the maximum speeds attained 

during the recent war period, particularly in machining air- 
craft parts, emphasized the possibility of even higher cutting 
speeds. The practical limitations on the maximum machin- 
ing speeds for aluminum so far have been imposed by the limita- 
tions of the machine tools rather than by the machining prop- 
erties of aluminum. Approximate maximum spindle speeds 
currently available in machine tools of the type indicated are 
shown in Table 1. 


TABLE 1 TYPICAL MAXIMUM SPINDLE SPEEDS FOR CON- 
VENTIONAL MACHINE TOOLS 
Typical 
maximum 
spindle speed, 


Machine tool Type Size rpm 

Lathe Engine 14-in, 1200 
Screw machine 5000 
Turret lathe No. 21/3 3500 

Milling machines Plain or 
universal No. 3 1500 
Spar millers 3600 
Routers 6000 
Drill presses Floor 20-in, 1800 
Sensitive 1/q-in, 10000 


Milling-machine spindles have been operated experimentally 
at speeds ranging from 6000 to 9000 rpm, corresponding to cutting 
speeds of 5000 to about 20,000 fpm, using the high-cycle type of 
motor drive.?- Under such conditions of operation the spindle 
bearings failed rather quickly because they were not designed for 
these conditions. As would be expected, it was found that higher 
spindle speeds required appreciably more horsepower than nor- 
mally provided for the machine tools. It seems evident, there- 
fore, if the advantages of the excellent machining properties of 
aluminum are to be realized, that the maximum speeds of machine 
tools must be increased considerably. This will require not only 
more power, but also consideration of many other factors which 
will be affected by the higher speeds. 

Available cutting-tool materials of the cemented-carbide type 
appear to be capable of performing satisfactorily at any cutting 
speeds so far used for machining aluminum. — If machine tools are 


1 Assistant Director of Research and Chief Engineer of Tests, 
Aluminum Company of America, Aluminum Research Laboratories. 
Mem. ASME. 

*““High-Speed Milling in Aircraft Production,’’ The Iron Age, 
vol. 152, Oct. 14, 1943, p. 74, and ‘‘Machining and Forming 14S-T 
Aluminum Alloy,” The Iron Age, vol. 152, Nov. 11, 1943, p. 65. 

Contributed by the Machine Design Division and presented at the 
Annual Meeting, Atlantic City, N. J., December 1-5, 194% of Tue 
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Note: Statements and opinions advanced in’ papers are to be 
understood as individual expressions of their authors and not those of 
the Society. Paper No. 47—A-41. 


developed and made available for operating at much greater 
speeds, there is reason to believe that cutting-tool materials can 
be improved to function satisfactorily at these higher speeds. 
So far, however, there is little if any evidence to indicate that the 
currently available cutting-tool materials will not be adequate for 
the very high machining speeds when used on aluminum. 

Because of its interest in extending the use of higher cutting 
speeds for machining operations on aluminum, the author’s com- 
pany, in 1944, decided to initiate the development of an experi- 
mental high-speed lathe capable of doing turning operations at 
speeds well beyond those currently available in conventional com- 
mercial lathes. This development has been pursued with the 
co-operation and assistance of leading manufacturers of machine 
tools, bearings, electrical equipment, and cutting-tool materials. 
Within the organization, the development was closely followed by 
a committee composed of representatives from the electrical, 
mechanical, and research departments, stimulated by a real inter- 
est on the part of topside management. 


THe EXPERIMENTAL LATHE 


In the development of an experimental machine of this type, it 
was necessary to select the size of the machine to be designed and 
built. After consideration of the many factors involved, it was 
decided to develop an experimental turret-type lathe with a- 
spindle having an internal bore of about 2!/: in., which would 
operate at a maximum speed between 7500 and 10,000 rpm. 
Two serious problems were immediately evident: What kind of 
bearings and what type of drive should be used for the machine? 
Consideration was given to ball, roller, and plain bearings before 
deciding to use the “‘Filmatic’’* segmental type. Although bear- 
ings of this type and of the size needed had never before been 
operated at the top speed specified, yet the manufacturer thought 
this type of bearing would function satisfactorily under the con- 
ditions indicated, with the result that these bearings were selected 
for both the radial and thrust bearings of the lathe spindle, and 
the radial bearings of the motor. 

The Cincinnati Milling and Grinding Machines, Inc., co-oper- 
ated in the design and making of the spindle and motor bearings, 
and the spindle and motor housings. This company also made the 
motor shaft and assembled the special motor rotor on it. A 
longitudinal section of the spindle is shown in Fig. 2. The motor 
bearings are lubricated with oil from a central system at 4 psi 
pressure. The motor-bearing shoes are of the fixed type and are 
arranged with 0.005-in. diametral clearance on the shaft. The 
bearing shoes for the spindle are adjusted by hydraulic pressure 
which is regulated by a manually operated control valve. An oil 
pressure of 18 psi is maintained in the bearing chamber of the 
spindle housing for lubrication of the shoes. 

It was recognized initially that suitable provision would have to 
be made for controlling the temperature of the lubricating oil 
used for the spindle and motor bearings. Therefore a 5-hp her- 
metically sealed cooling unit was obtained from the Chrysler Air- 
Temp Corporation and used to control the temperature of both 
the lubricating oil and the hydraulic oil used for operating the 


3“*The Wedge-Shaped Oil Film Does the Trick,” by John Haydock, 
American Machinist, vol. 83, 1939, p. 823. 
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feeding mechanism. A centrifugal pump was attached to the oil- 
storage-tank suction line to circulate the oil through the ‘Air- 
temp” unit and return it to the tank. 

Various types of drive, including steel belt, V-belt, roller chain, 
gear, and direct connected, were considered initially, with the final 
choice being the last named. The selection of this type of drive 
increased the complexity of the electrical equipment considerably 
but did provide a workable solution to the immediate problem 
presented. The high speed of the spindle with a direct-con- 
nected motor indicated a somewhat conventional squirrel- 
cage-type motor which was adopted. The motor was designed 
with a hollow shaft, having an internal bore corresponding to 
that of the lathe spindle. 

The spindle motor, which was furnished by the Reliance Elec- 
tricand Engineering Company has a rating of 80 hp at 220 volts, 3 
phase, 60 cycle, 3450 rpm. This same horsepower rating is main- 
tained as the frequency is increased to 150 cycles, which corre- 
sponds to a top speed of about 8800 rpm. During this frequency 
and speed increase the voltage is raised to a maximum value of 
350 volts. In order to handle the additional high losses result- 
ing from starting and stopping, the stator is provided with water- 
cooling. 

Since the project was entirely experimental, a power supply of 
ane or more fixed frequencies was not considered suitable, as large 
gaps in the test data would result. Because of this, a rather 
elaborate electrical setup was provided, involving, in addition to 
the spindle motor, two motor generator sets. One of these sets is 
a conventional, constant-speed, a-c, d-c set, which provides a va- 
riable direct-current voltage from zero to 250 volts. This variable 
voltage supplies the motor of a second set comprised of a direct- 
current motor and alternating-current alternator which can be 
operated at any speed between zero and 1800 rpm, so that the 
lathe spindle can be operated at any speed desired between zero 
and 8800 rpm. 

There were three main problems concerned with the control of 
this equipment. One of these was to provide a voltage input to 
the spindle motor proportional to speed from zero to 3450 rpm 
and then vary the voltage on a straight-line basis from 220 volts 
at 3450 rpm to 350 volts at top speed. Amplidyne control pro- 
vided this voltage control and incorporated voltage forcing during 
periods of heavy demand on the alternator, such as exists during 
the accelerating period of the spindle motor. 

The other control problems involved the provision of relatively 
quick starting and stopping of the spindle motor. During such 
starting and stopping, the speed of the alternator motor generator 
set is not varied, and when the motor is started it will come up 
quickly to whatever speed is represented by the preset speed of the 
alternator set. 

In starting, for ultimate speeds above 3450 rpm, the spindle 
motor is thrown across the 220-volt 3-phase 60-cycle line in the 
conventional manner, and left there until it attains a speed of 
slightly below 3450 rpm. At this point the motor is transferred 
to the alternator and, simultaneously, the field of the alternator is 
forced during the remainder>of the acceleration period. The 
motor then continues to accelerate to whatever speed corresponds 
to the preset frequency of the alternator set. 

Assuming that the motor is operating at some speed above 3450 
rpm, the stopping sequence consists in disconnecting the motor 
from the alternator and connecting it to the 220-volt 3-phase 
60-cycle line, the rotation being such that regeneration (not plug- 
ging) occurs. This quickly slows down the motor, and when a 
speed slightly above 3750 rpm is reached, the motor is discon- 
nected from the 60-cycle line, and direct current of approximately 
full-load value is sent through two legs of the stator winding. 
When the motor comes to a stop, this direct current is discon- 
nected. 
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An alternative method of stopping employs plugging from the 
60-cycle line for the deceleration below 3600 rpm. This has been 
tested with excellent results, but requires the additional compli- 
cation of a zero-speed switch; therefore most of the operation has 
been done with the direct-current method of deceleration and 
stopping. A stop from full speed requires between 4 and 5 sec, 
and a similar time is required for acceleration. 

The operator’s control consists basically of a start push button, 
a stop push button, and a rheostat, which may be preset for any 
operating speed; and of course this speed may be changed while 
a cut is being made. The controls were furnished by The Electric 
Controller and Manufacturing Company. 

It should be pointed out that most commercial applications of 
such a high-speed machine tool would require only a compara- 
tively simple electrical setup, providing for one or two fixed fre- 
quencies. Such a scheme would be quite economical and might 
provide, for instance, for two operating speeds, one of 3600 rpm 
and one of, let us say, 7200 rpm. Quite confidently it may be ex- 
pected that where a complete range of variable speeds is required, 
the electrical industry will within the next few vears be able to 
provide an electronic frequency changer as a power source, which 
will eliminate a great deal of the expensive and bulky equipment 
used for this experimental installation. 

The motor-was connected to the back end of the spindle by 
means of a dynamically balanced, forged, aluminum-alloy, flexible 
coupling furnished by the Thomas Flexible Coupling Company. 
The ends of the coupling were pushed on the tapered ('/. in. per ft 
of diameter) ends of the spindle and motor shafts and retained by 


spanner nuts. No keys were provided and the friction of the* 


tapered joints has proved quite satisfactory under the maximum 
torque loads used. 

A hydraulically operated tool carriage with a separate hydraulic 
circuit and Vickers pump for operating the carriage longitudinally 
was provided by the author’s company. A manually controlled 
operating valve, mounted on the side of the spindle housing, con- 
trols the carriage movement through a suitable hydraulic cylinder. 
Vickers cam-operated shutoff valves were provided in the same 
circuit for stopping the carriage at any desired point in either di- 
rection, within its maximum range. A manually operated cross- 
slide, and a turret-type toolholder were mounted on the tool 
carriage. 

Advance feed speed of the tool carriage is controlled by a 
Vickers flow-control valve mounted on the front of the machine 
bed, and a rapid-return speed is obtained by allowing full-line oil 
volume to pass to the cylinder when the operating valve is set for 
return. A maximum feed of 120 ipm was provided. Following 
the first tests of the lathe, changes were made in the tool carriage 
and lathe bed so that the carriage could be fed transversely by the 
hydraulic mechanism. This arrangement was effected for the 
purpose of carrying out high-speed milling tests in which the cut- 
ter was mounted on the spindle nose and the work clamped on the 
tool carriage. 

A heavy welded-steel bed was provided for the machine by the 
author’s company, on which the motor, spindle housing, and tool- 
carriage assembly were mounted. The interior of the machine 
bed is used for an oil-storage tank which is provided with suitable 
baffles and filters. The hydraulic pumps and pressure-control 
valves are mounted on the rear plate of the bed. The machine re- 
quires about 150 gal of oil for the combined hydraulic and lubricat- 
ing systems. 

A collet chuck of 2'/,in. maximum capacity was supplied by the 
Warner and Swasey Company. This chuck is operated manually 
by a lever mounted on top of the spindle housing. In addition, 4 
special 10-in. 3-jaw scroll-type chuck was furnished by the same 
firm. The body of this chuck is made from an aluminum-alloy 
148-T forging. Provision was made for bolting this chuck to the 
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spindle nose of the lathe, and the chuck jaws are adjusted by the 
usual type of wrench. 

The assembled lathe is shown in Figs. 1 and 2. The hydraulic 
diagram is shown in Fig. 3, and the wiring diagram for the equip- 
ment is shown in Fig. 4. 


Macainina ExPeRIMENTS 


The preliminary machining tests were conducted on 8-in-diam 
Alcoa 148 forging stock in the as-rolled and fully heat-treated 
(-T) tempers and on 13-in-diam disks cut from 3 and 4-in-thick 


Section or EXPERIMENTAL SprnpLeE ASSEMBLY 


248S-T plate. The stock had the mechanical properties shown in 
Table 2. 
TABLE 2 MECHANICAL PROPERTIES OF STOCK USED 
Tensile Yield Elongation 
Alloy and strength, strength, in 2-in., 
temper psi psi per cent Bhn 

148 as-rolled..... 33600 14350 15.5 58 

 « SF 68650 60100 6.5 130 
60200 47400 4.5 118 


All of these tests were performed employing a single-point lathe 
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tool tipped with Carboloy No. 44A material, as shown in Fig. 5. 
Other similar tools were employed in tests to improve the quality 
of the machined surface. 

The 8-in-diam stock was machined into flanged workpieces in 
conventional machine tools. These workpieces had a test section 
5°/,in. diam X 91/2 in. long, and one is shown in the lathe in Fig. 
1, and in detail in Fig. 6, item A. The details of the 13-in-diam 
24S-T disks are shown as item bin Fig. 6. In all of these tests the 
workpieces were bolted directly to the spindle nose by means of 
socket-head cap screws. 

Because of the multitude of variables to be investigated and the 
fact that the carriage feed rate was independent of the spindle 
speed, a nomograph or alignment chart was developed to assist 
in adjusting the machine. This chart is presented in Fig. 7. 

As an example of the use of this nomograph, assume a work- 
piece of 5.75 in. diam is to be machined at a cutting speed of 
10,000 fpm, employing a 0.25-in. depth of cut and a feed of 0.018 
in. per revolution. It is desired to find the proper speed of the 
lathe and the amount of metal which will be removed under these 
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conditions. By laying a straightedge through D’ = 5.75 and 
S’ = 10,000, we find that the required spindle speed at N’ is 6700 
rpm. Laying the straightedge through N’ and f’ = 0.018 we find 
F’ = 120, which is the feed in inches per minute. Connecting 
t’ = 0.25and D,,’ = 5.5locates A’ = 4.3 sqin., which is the area of 
the cut. Then connecting A’ with F’ we locate V’ = 520 cu 
in. per min, which is the metal-removal rate under the conditions 
specified. 

Cutting tests were conducted on the 8-in-diam stock under the 
nominal conditions presented in Table 3, and on the 13-in-diam 
disk under the nominal conditions presented in Table 4, so that 
the same volume of metal per minute would be removed under 
varying conditions of speed, depth of cut, and feed. 

Additional cutting tests beyond the scope of these tabulations 
were conducted with feed rates as small as 0.00003 in., and as 
large as 0.025 in. per revolution. The maximum metal removal 
reported in these tests was 470 cu in. per min, or approximately 
47 lb per min. This does not represent the maximum capabilities 
of the lathe. 
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TABLE 3 VOLUME OF 14S METAL REMOVED, CU IN. PER MIN 


Cutting Depth 

speed, of cut, -——-Nominal feed, in. per revolution--—~ 
fpm in. 0.005 0.007 0.010 0.014 
5000 1/8 35 49.5 7 99 
7070 1/s 49.5 70 99 140 

10060 1/s 70 99 140 198 
é \/, 70 99 140 198 
7070 1 99 140 198 280 

10000 1/4 140 198 2380 396 


TABLE4 VOLUME OF 248-T METAL REMOVED, CU IN. PER MIN 


Cutting Depth 

speed, of cut, -———-Nominal feed, in. revolution— 
f¢pm in. 0.005 0.007 0.010 0.014 0.0% 
10000 1/g 75 106 150 212 300 
14140 1/3 106 150 212 300 424 
20000 1/s 150 212 300 424 600 


In all tests the machine was set to nominal values of speed, 
feed, and depth of cut, but actual values were determined by 
measurement. Idle power, spindle temperature, and workpiece 
dimensions were measured before and after each cut. Total in- 
put power was measured during each cut. In many cases the 
dimensions and description of the chips were obtained. All cut- 
ting tests were performed ‘dry without the use of any coolant or 
lubricant, and the tool was hand-stoned between cuts. 

In the early tests it was found that a relatively large amount of 
power was required to drive the spindle even when a cut was not 
being made. Tests were conducted in an effort to reduce the 
additional power requirements in the following ways: 


1 Varying hydraulic pressure on cylinders which control radial 
force on spindle bearings. 

2 Increasing clearance on spindle thrust bearings. 

3 Removing several shoes from spindle thrust bearings to pro- 
vide less rubbing surface and a less obstructed flow of lubricating 
oil around the bearings. 

4 Providing more clearance on spindle radial bearings. 

5 Substituting a lighter oil in the lubrication system. 


Fig. 8 is a log-log plot of idle horsepower versus spindle speed 
in revolutions per minute. Extrapolation of the curves in Fig. 8 
shows that the 80-hp motor is loaded to about 70 per cent of its 
capacity under idle conditions at a spindle speed of 9C00 rpm 
when the temperature of the heavier oil is in the range from 90 to 
110 F. Permitting the oil temperature to rise to approximately 
140 F resulted in an appreciable reduction in the idle horsepower 
for a given spindle speed. The spread in values is shown in Fig. 
8. All power values presented represent motor output power con- 
verted from measured input power by means of data obtained 
from motor-efficiency tests conducted by the Reliance Electric 
and Engineering Company. 

Increasing the clearance on the thrust and radial bearings and 
modifying the construction of the thrust bearings had little 
significant effect on the idle-power requirements. Some experi- 
mental work was done in which the hydraulic pressure in the radial- 
bearing shoe cylinders was varied. It was found that varying 
this pressure on the bearing shoes resulted in some change in the 
idle horsepower, providing this pressure was in the range of 0 to 
150 psi. As shown in Table 5, changing the oil to a lighter grade 
resulted in an average decrease of about 17 per cent in the idle 
horsepower for the spindle. The data points for these tests are 
shown in Fig. 8 and they lie along the curve representing the 
maximum oil temperatures developed when the heavier oil was 
employed. 

The efficiency of the cutting opgration from a power viewpoint 
was determined by subtracting the idle horsepower from the total 
horsepower, resulting in the net horsepower for each cut. The 
number of cubic inches of metal removed per minute for each net 
horsepower is plotted against tool feed in inches per revolution in 
Fig. 9. The data points represent cuts in which the depth of cut 
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TABLE 5 EFFECT OF OIL VISCOSITY ON IDLE HORSEPOWER 


Average Average idle Decrease in 
spindle -——horsepower-———~ average idle 
Speed, temp, Heavy Light horsepower 
rpm deg F oil oil per cent 
4000 90 4.65 4.3 7.5 
5000 90 12.50 10.5 16.0 
5000 100 12.40 10.0 19.3 
6000 110 18.00 14.3 20.5 
6000 120 17.10 14.1 17.5 
7000 140 25.80 20.4 20.9 
Avg 17.0 
‘ Interpolated 
Viscosity viscosity Viscosity 
S8SU/100 F SSU/140 F SSU/210 F 
Heavy oil......... 107.0 58.9 39.1 
Light oil...... rene 63.4 45.0 35.0 


was either '/s or '/,in., and the surface cutting speed was approxi- 
mately 5000, 7070, 10,000, 14,140 or 20,000 fpm. It is evident 
that the cutting efficiency from a power viewpoint is dependent 
largely upon the alloy and temper .nd the tool feed. The num- 
ber of cubic inches of metal removed per minute per horsepower 
increases rapidly with increases in feed, and in these tests on 148, 
a maximum of 7.5 cu in. per min per hp were removed for a feed of 
approximately 0.025 in. per revolution. Fewer cubic inches of 
metal per minute are removed for each horsepower when 148-T or 
24S-T is machined. When 24S-T was machined at a cutting 
speed of 20,000 fpm, the 80-hp motor was considerably overloaded 
in several instances (to 155 per cent of its rated capacity in the 
most extreme case) without any indication of stalling. 

From the data presented in Fig. 9 calculations were made to 
determine the tangential tool load per inch of cut depth. This 
information is plotted in Fig. 10 against feed in inches per revo- 
lution. The calculated load on the tool increases with increasing 
rates of feed and is greater for the 24S-T than for 14S-T or 145 as- 
rolled material. The load on the tool per inch of cut depth ap- 
pears to be quite independent of cutting speed in the range 5000 


LB/INCH OF CUT DEFPTH 


L=LOAD ON TOOL. 
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TEMPLIN—DEVELOPMENT OF A HIGH-SPEED LATHE FOR MACHINING ALUMINUM 843 
8.0 T pore T to 20,000 fpm, as well as the actual depth of cut (for the range in- 
- e a 1070 ae In all of the tests, machining 14S-T resulted in relatively short 
° 10000 fpm broken chips, but continuous straight cuttings were obtained when 
65+, 5000 fpm 7 as-rolled 145 was machined, providing the tool feed did not exceed 
eo Lt * 7070 {pm approximately 0.010 in. per revolution. Beyond this value the 
. 24ST pr iro ALLOY chips began to curl in closer spirals as the feed was increased, and 
sst-te 14140 fpm a feed was reached at which broken chips were obtained from the 
o 20000 fpm a YY, as-rolled 148 material. The width of the chips agreed very well 
5.0 TA with values calculated from the depth of cut and tool angles, but 
*. ar the over-all thickness of the chips ranged from 1.63 to 3.45 times 
as e & the calculated values. This ratio was greater the smaller the 
rate of tool feed. Machining 248-T at the higher cutting speeds 
"HP a between 10,000 and 20,000 fpm resulted in very short broken chips : 
40 7 regardless of tool feed. 
a” The ability of this machine to remove metal at such fast rates 
r 2.3 ™ focuses attention on the problems generally associated with chip 
disposal. The relatively large kinetic energy imparted to the 
ie ‘ chips by the high cutting speeds can be utilized in their disposal. 
3.0 A When the chips are short and broken, suitable shields or guards 
y= FOR 245-7, Y= 16,361-208 can and should be used to deflect the chips into suitable receivers 
or conveyers. When the cuttings are long and continuous, the 
" tools can be designed to direct them away from the work and into 
2.5 a pile or container some convenient distance from the lathe. 
FOR 145, No difficulties were encountered from chattering or vibration, 
and the diameter of the workpieces was quite constant throughout 
the length of cut. Better finishes were obtained for the lighter 
- feeds, and the work remained relatively cool even when the metal 
0008 .001 002 004 006 008.010 .015 .020 .030 removal was high, in spite of the fact that no cutting compound 
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f= FEED, INCHES/REVOLUTION 


Fig. 10 Revation or Unir Toot Loap To Freep 


wasemployed. It was found extremely important to prevent the 
chips from contacting the finished work in order to maintain the 
desired machined-surface quality. It was evident that most of 
the heat generated at the cut was carried away in the chips, and 
the chips attained higher temperatures when they were curled or 
broken. 

Some experimental work was done to determine the approxi- 
mate degree of unbalance which would be permissible in a work- 
piece to be turned in this lathe. The test piece was a 13-in- 
diam disk of 3-in-thick 248S-T rolled plate. Unbalance was ob- 
tained by drilling a hole in the test piece a distance of 4.75-in. 
from the center, and various degrees of unbalance were obtained 
by varying the diameter and depth of the hole. The variations 
were such that each succeeding step approximately doubled the 
unbalance expressed in centrifugal force and are presented in 
Table 6. 


TABLE 6 CONDITIONS OF TESTS FOR PERMISSIBLE 


UNBALANCE 

Diameter Nominal depth Centrifugal force 

of hole, in. of hole, in. at 7000 rpm, |b 
0.125 3/4 5.96 
0.125 12.08 
0.177 24.59 
0.250 1!/2 48.60 
0.250 23!/ (Through) 96.00 
0.358 231/33 197.00 
0.500 231/32 382.00 
0.719 231/32 794.00 


Vibration was insignificant under the first condition but in- 
creased steadily as the degree of unbalance was increased. Un- 
der the last condition cited the vibration was quite pronounced at 
all points on the machine and particularly on the too! post and 
tool carriage. It was apparent from the tests that an unbalanced 
condition which produced a centrifugal force of more than about 
700 lb would not be permissible with this machine. 

The collet chuck and the special aluminum-alloy three-jaw 
scroll-type chuck yere both tested with satisfactory results, 
although the collet chuck appears to be the better type for work 
at the high speeds employed. 
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GONCLUSIONS 
From the results of these tests, conducted on the experimental 
high-speed lathe, in which as-rolled 148 and 148-T stock and 248- 
T plate were machined dry at surface cutting speeds up to 20,000 
fpm, the following conclusions appear to be warranted: 


1 Aluminum alloys can be machined satisfactorily by turning 
at cutting speeds up to 20,000 fpm. No indication of an upper 
speed limit was observed. 

2 The experimental high-speed lathe performed very well in 
these tests, except perhaps for the relatively large amount of 
power required to drive the spindle when no cut was being made. 

3 The number of cubic inches of metal which can be removed 
per minute for each horsepower going into the cut is greater for as- 
rolled 14S than for 148-T or 248-T, and increases with increasing 
rate of tool feed. In these tests as much as 7.5 cu in. of metal 
were removed for each horsepower developed at the cut. 

4 The net horsepower required to remove a given volume of 
metal is independent of cutting speed and depth of cut. 

5 As much as 470 cu in. of metal per min (approximately 47 
lb) were removed without overtaxing the equipment. There was 
no indication that greater amounts could not be removed. 

6 The amount of power required to drive the spindle when a 
cut was not being made was greater than had been anticipated. 
Extrapolation of the data indicate that the 80-hp motor might be 
operating at as much as 70 per cent of capacity when driving the 
idle spindle at 9000 rpm. 

7 Increasing the clearance on thrust and radial bearings had 
little effect on the idle horsepower but varying the hydraulic 
pressure to the spindle-bearing-shoe cylinders did cause some vari- 
ation in this idle power. 

8 Changing the oil in the lubricating and hydraulic system to 
a lighter oil resulted in an average reduction in idle horsepower of 
approximately 17 per cent. ‘ 

9 Satisfactory machined-surface quality can be maintained 
only if the tools are designed to direct the chips away from the 
work and prevent them from marring the finished surface. 

10 Even though the cuts were performed without a cutting 
compound, the work remained cool and the heat was carried away 
by the chips. 

11 In spite of the fact that more efficient turning operations 
from a power viewpoint can be achieved by employing large rates 
of tool feed, better finish and dimensional control can be obtained 
with smaller feeds. The feed of course should not be reduced 
below one which will assure proper cutting. 

12 Equations have been presented to express mathematically 
the effects of the operating characteristics of the experimental 
high-speed lathe as well as the machining characteristics of as- 
rolled 148, 148-T, and 248-T. 

13 Efficient handling of the cuttings at the high machining 
speeds investigated requires some consideration but apparently 
the problems presented can be solved satisfactorily. 

14 The maximum condition of unbalance which is permissible 
in turning with this lathe is that which would produce a cen- 
trifugal force of about 700 lb. 

15 The collet chuck and three-jaw scroll-type chuck both per- 
formed satisfactorily at moderate speeds, but the collet chuck 
appears to be more suited for the higher speeds. 
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Discussion 


Hans Ernst’ anp A. H. Dauu.6 The author and his associ- 
ates are to be commended for this outstanding metal-cutting ex- 
periment. The cutting performance of this machine was truly 
sensational; at 10,000 fpm cutting speed, and with a cutting 
ratio® of 0.6, the chip left the workpiece at over 60 mph. The 
machine effectively demonstrated the very high rate at which 
aluminum ¢an be machined when sufficient power and speed are 
available. 

From an engineering standpoint we are somewhat concerned 
with the values reported for power loss in the spindle bearings, 
particularly the statement, “Extrapolation of the curves in Fig. 
8 shows that the 80-hp motor is loaded to about 70 per cent of its 
capacity under idle conditions at a spindle speed of 9000 rpm 
when,the temperature of the heavier oil is in the range from 90 to 
110 F.””. There appear to be anomalies in the results presented 
here which we cannot reconcile with the known theory of hydro- 
dynamic lubrication, and with the results of tests which we have 
made on bearings of this type. 

According to theory, the power loss in this type of bearing 
varies with viscosity and speed as follows 


where 
u = coefficient of viscosity (absolute) 
N = speed of rotation 
K = constant of bearing 


Therefore in Table 5 of the paper, if we assume that all of the 
power is dissipated in the spindle bearings, the percentage de- 
crease in average idle horsepower with the lighter oil, for each 
spindle speed, should be equal to the percentage decrease in al- 
solute viscosity of the oil. 

In the accompanying revision of Table 5 of the paper (Table 7 
herewith), the values of absolute viscosity corresponding to the 
temperatures listed have been added for both the heavy and light 
oils; also the percentage decrease in viscosity when changing from 
heavy to light oil. 

Inspection of Table 7 shows that there is a very great difference 
between the percentage changes in power and viscosity. Doubt- 
less the actual oil temperatures were somewhat different from the 
average spindle temperatures, but this would not account for the 
large differences in ratio of percentage viscosity decrease ‘0 
percentage power decrease when changing from heavy to light 
oil. 

Equation [1] of this discussion also indicates that a straight line 
should be obtained if the values of Hp/» were plotted on Car- 
tesian co-ordinates against the square of the speed. However, 
when the values for the heavy oil from Table 7 are plotted in this 
way, as shown in Fig. 11 of this discussion, it is seen that the de- 
parture from linearity is very great indeed. If we assume that 
the power loss at 7000 rpm is correct, then the loss at 4000 rpm is 
much too low; conversely, if the power loss, measured at 4000 rpm, 
is correct, then the loss at 7000 rpm is much too high. 

Since part of the rotating system is immersed, it may be ex- 
pected that some additional losses would be incurred as the speed 
increases. However, the spindle is ground smoothly with no pro- 


4 Research Director, The Cincinnati Milling Machine Company, 
Cincinnati, Ohio. Fellow ASME. 

5 Assistant Research Director, The Cincinnati Milling Machine 
Company. 

® Cutting ratio = normal feed increment divided by chip thick- 
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TEMPLIN—DEVELOPMENT OF A HIGH-SPEED LATHE FOR MACHINING ALUMINUM 


TABLE 7 EFFECT OF OIL VISCOSITY ON IDLE HORSEPOWER®* 


Decrease 
Decrease in absolute 

' 2 —-~ Heavy oil — —- Light oil — in hp, viscosity, 

Speed, Temp, Idle Absolute Idle Absolute per cent per cent Ratio 
rpm deg F hp viscosity hp viscosity A B /A 
4000 90 4.65 21.6 4.3 11.2 cP 48 6.40 
5000 90 12.50 21.6 10,5 11.2 16.0 48 3.00 
5000 100 12.40 19.5 10.0 9.9 19.3 49 2.54 
6000 110 18.00 18.0 14.3 9.0 20.5 50 2.44 
6000 120 17.10 16.2 14.1 8.2 17.5 49 2.80 
7000 140 25.80 9.0 20.4 5.4 20.9 40 1.90 

Average 17.0 47 
@ Revision of author's Table 5. 
a coupling of high elastic modulus between the motor shaft and 
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jections and therefore these losses would be of a very different 
order from those tabulated. 

The data plotted in Fig. 8 of the paper do not appear to cor- 
respond completely to those listed in Table 5, but cover many more 
observations. The general distribution of these observations 
appears to justify drawing two straight lines similar to those 
shown, with a spindle-speed exponent of approximately 2, which 
might be interpreted as a statistical proof of Equation [1]. How- 
ever, this interpretation would be valid only if these lines repre- 
sented the power-speed relationship for two definite viscosities. 
Inspection of the chart will show that this is not so, as points 
covering a wide range of viscosities fallin the same group. There 
is also a very great spread in power values for similar viscosities at 
the same speed. 

In view of the foregoing reasoning, it would seem that we should 
look for some other explanation of the apparently high idle-power 
One possible explanation is indicated by the author’s 
statement that the power values presented were converted from 
measured input power by means of data obtained from motor- 
efficiency tests conducted by the manufacturer of the motor. As 
the particular motor used in these tests was entirely special, and as 
the rotor could not be assembled on its shaft and bearings until 
installed in the machine, after which an efficiency test on the 
motor alone would be difficult, it is questioned whether the effi- 
ciency data were taken from tests on some other motor. If we as- 
sume that the actual efficiency values of the special motor in the 
low-power range were less than the assumed values, this might 
well account for the apparent high values of idle power, and also 
the apparent small decrease in power with viscosity indicated in 
Table 7. 

In any further investigations with this apparatus it would seem 
highly desirable to introduce a calibrated and graduated spring 


losses. 


spindle. By means of a low-power microscope with stroboscopic 
illumination, accurate measurements of torque may readily be 
made, even with a relatively rigid coupling. This will permit the 
checking of all power readings previously obtained and provide a 
more precise method of ascertaining the efficiency of metal re- 
moval. 

A minor correction would seem to be in order, where it is stated 
that the ‘motor bearing shoes are of the fixed type.” This state- 
ment might lead to some confusion of thought as actually both the 
motor bearings and spindle bearings are of the tilting-pad type. 
Presumably the term ‘‘fixed”’ is intended to imply only that the 
radial adjustment of the motor shoes is set at a fixed value, not 
that the shoes themselves are incapable of tilting. 

We are glad to note that the author is continuing these investi- 
gations with a transverse feeding mechanism. arranged to permit 
tests with high-speed milling cutters. These tests should provide 
useful information concerning the power required for milling, at 
high speed and at high rates of stock removal, the various alumi- 
num alloys now utilized in industry. 


W. W. GoenrinG.? The many factors involved in developing 
this high-speed lathe present a challenge to all of the machine-tool 
manufacturers and their suppliers. As manufacturers of ball and 
roller bearings, we are specifically interested in the problems con- 
nected with the bearings on the spindle. 

It was pointed out that as much as 56 hp might be required to 
drive the spindle at 9000 rpm on ‘‘Filmatic’”’ bearings when a cut 
was not being taken. This is considerable horsepower to transfer 
to heat and take out again. In an attempt to reduce this idle 
horsepower, the clearance of the radial and thrust bearings of the 
spindle was increased, and a lighter oil was used in the lubricating 
and hydraulic systems. Increasing the clearance of the bearings 
had very little effect on the idle horsepower and the use of the 
lighter oil resulted in an average reduction of approximately 17 
per cent, which was not very much. 

We would like to know what effect the change in bearing clear- 
ance and oil viscosity had on the rigidity of the spindle. From 
long experience in the machine-tool field, we are conscious of two 
fundamental spindle problems, namely: (1) keeping the torque 
and resultant temperature to a minimum; and (2) eliminating in- 
ternal clearances of the radial and thrust bearings to maintain 
maximum rigidity, which is of prime importance in obtaining ac- 
curacy and finish. 

With the ball-and-roller-bearing spindle, we are able to main-| 
tain rigidity independent of speed and oil viscosity and pressure. 
In contrast to the 56 hp required to drive the Filmatic spindle at 
9000 rpm, only 24 hp to the motor is required to drive the ball- 
and-roller-bearing spindle shown in Fig. 12 herewith at 10,000 
rpm, under 225 Ib radial load and 200 lb thrust load, with 2 
gal of DTE heavy-medium oil per min passing through each 
head. 

7 Senior Divjsion Engineer, SKF Industries, Inc., Philadelphia, 
Pa. Jun. ASME. 
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An experimental spindle, such as shown in Fig. 12, was run for 
more than a year, during which time we observed more than 100 
different test runs under varying conditions. The spindle was 
bolted to a lathe bed and belt-driven by a 15-hp, 1800 rpm, 220- 
volt 2-phase motor with a jackshaft and two step-up belt drives. 
A 225-lb radial load and 200-lb thrust load were applied for all 
runs through a deep-groove ball bearing at the work end of the 
spindle. 

Three methods of lubrication were tried, namely, oil level, oil 
mist, and circulating oil. At 10,000 rpm, it was necessary to use 
circulating oil, and in addition to radiation to the air and conduc- 
tion through the machine base, the heat was dissipated by. means 
of cooling the circulating oil. Oil-mist lubrication as used was 
unsatisfactory over a speed of 3600 rpm, as it failed to carry off 
sufficient heat. 

The tests have shown that 4-in-diam-bore bearings, whether 
roller or ball, can be operated without difficulty at 10,000 rpm, 
and that the temperature of the spindle will depend upon the ar- 
rangements for cooling and circulating oil. Two gallons per 
minute to each head of DTE heavy-medium oil, which has a vis- 
cosity of 320 SSU at 100 F are sufficient for cooling,and yet not 
enough to create excessive torque. 

A great number of tests were run with a very light oil for the 
purpose of generating as little heat as possible. It was found, 
however, that the low-viscosity oil at relatively high operating 
temperature did not have sufficient lubricating ability, thus caus- 
ing some wear on the rollers at the end of the cage prongs of our 
standard cages at 10,000 rpm. By redesigning the cages to cover 
the entire length of the roller for high-speed operation and by using 
an oil of sufficient viscosity, the problem of wear is reduced to in- 
significance. 

We found that water circulated through jackets around the out- 
side diameter of bearings is not a satisfactory cooling method as it 
cools the outer more than the inner, thereby altering bearing fit. 
Therefore this medium of cooling was given no further considera- 

. tion in our tests, with the result that the housing design can be 
simplified considerably. 


AutTHoR’s CLOSURE 


Messrs. Ernest and Dall have shown quite clearly that the 
decrease in idle horsepower, which resulted when a lighter oi) 
was employed, is considerably smaller than would be expected 
from a consideration of the theory of hydrodynamic lubrication. 
We are unable to explain this lack of conformance of the data 
with hydrodynamic theory, but the fact that wear was observed 
on the thrust-bearing shoes suggests that there are reasons why 
hydrodynamic theory cannot be satisfactorily applied in the 
over-all consideration of the performance of the spindle. 

In response to the discussers’ question concerning the conver- 
sion of measured motor input power to motor output at the 
coupling, we should like to explain that the conversion was not 
arbitrary in any respect. The motor manufacturer conducted 
the efficiency tests on the spindle drive motor after it was in- 
stalled on the lathe. The motor shaft coupling was disconnected 
and we are assured that the efficiency data which were obtained 
and used are reliable. 

Mr. Goehring questions what effect the change in bearing 
clearance and oil viscosity had on the rigidity of the spindle. 
Although we did not make any specific tests to check this point, 
we observed no decrease in the accuracy of the cuts or the qual- 
ity of the machined surfaces and, therefore, conclude that the 
spindle maintained sufficient rigidity for this application. The 
results of the tests covering the performance of an experimental 
ball-and-roller-bearing spindle, reported by Mr. Goehring, are 
important in that they indicate the ability of relatively large 
antifriction bearings to operate-satisfactorily at 10,000 rpm. 

Since the paper was presented, the author’s company has 
changed the temper designations for aluminum alloys. The old 
temper designations appear in the paper, but the equivalent 
new temper designations are presented here: 


Old temper designation* New temper designation 


148 as-rolled 148-F 
148-T 148S-T6 
24S-T 248S-T4 
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Further Investigation on the Graphitization 


of Piping for the EET and AEIC 


By A. M. HALL! anp S. 


The graphitization test program initiated in 1943 at 
Battelle Memorial Institute by the EEI and AEIC was 
continued during 1947. Carbon-molybdenum, chromium- 
molybdenum, and vanadium-molybdenum  composi- 
tions were tested at 1125 F. An effort was made to relate 
plastic deformation with graphitization on a laboratory 
basis. The high resistance of chromium-molybdenum 
steels was confirmed and further information was devel- 
oped on the existence of an incubation period in the 
graphitization process. 


INTRODUCTION 


HE progress made from September, 1943, to November, 

1946, in the investigation on the graphitization of steel 

piping undertaken at Battelle Memorial Institute for the 
Edison Electric Institute and the Association of Edison Illumina- 
ting Companies, has been summarized in three previous papers 
(1, 2, 3). Numerous aspects of the general problem were con- 
sidered, including the fundamental causes of graphitization and 
the mechanism of the graphitization process, the measures which 
may be taken to restore graphitized pipe joints, the methods 
which may be used to prevent graphite segregation at existing 
pipe joints and other kinds of steel which would have superior 
graphitization resistance and at the same time be suitable for 
high-pressure piping. ‘ 

Some light has been cast on the fundamentals or mechanism 
of the phenomenon but much remains to be learned; the use of 
chemical kinetics has been helpful here. Some understanding of 
the effect of time and temperature on the process has been 
achieved, and it is known that the progress of the reaction involves 
growth from nuclei. However, the growth of a nucleus into a 
nodule is not well understood, particularly the absence of local 
depletion of carbon in the vicinity of a graphite nodule which 
may frequently be observed. Moreover, the question of nuclea- 
tion itself is much in doubt; it is not positively known whether 
the nuclei in a steel which will graphitize are already in existence 
or form with time at temperature. In the former case there 
would be no incubation period and graphitization would start 
as soon as the steel reached temperature. In the latter case 
there would be an incubation period, during which time nuclei 
were forming but during which the extent of graphitization would 
be so small as to escape detection. A practical question is in- 
volved here. Is asteel which shows complete resistance to graphi- 
tization over a considerable period of time completely stable, 
or is it merely in its incubation period? 

The development of other types of steel for high-pressure 
piping, which will be satisfactorily resistant to graphite forma- 


' Metallographer in charge, Battelle Memorial Institute. 

* Technical Adviser, Battelle Memorial Institute. 

* Numbers in parentheses refer to the Bibliography at the end of the 
paper, 

Contributed by the Joint ASTM-ASME Research Committee on 
Effect of Temperature on Properties of Metals and presented at the 
Annual Meeting, Atlantic City, N. J., Dec. 1-5, 1947, of Tae Amert- 
CAN Society OF MECHANICAL ENGINEERS. 

Nore: Statements and opinions advanced in papers are to be 
Understood as individual expressions of their authors and not those 
of the Society. Paper No. 47 —-A-139. 
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tion, has been a fairly fruitful avenue of attack on the general 
problem. In particular, chromium-molybdenum steels con- 
taining '/2 per cent molybdenum with '/: per cent or more chro- 
mium have shown themselves to be graphite-free in a variety 
of severe laboratory tests, and this type of steel is beginning to 
be used to replace old pipe as well as in new installations. There 
may also be other types of low-alloy ferritic steels which are 
satisfactorily resistant to graphitization, such as molybdenum- 
vanadium steel and silicon-killed carbon-molybdenum steel. 

Answers to questions such as those just stated are usually given 
in terms of safe operating temperatures for the different steel 
types, particularly with reference to graphitization. Suggestions 
of this kind have been advanced in papers before ASME Sym- 
posiums. 

This paper gives the results of further investigation of the 
graphitization of steel piping carried out during 1947. Additional 
experience with some of the more resistant types of steel was 
obtained as well as further information bearing on the question 
of the incubation period. 

In addition, another effort was made to establish a relationship 
on a laboratory basis between the graphitization phenomenon 
on the one hand, and plastic deformation, such as might occur 
during the installation of a pipe system, on the other hand. Ina 
previous attempt (3), plastic deformation prior to the graphitiza- 
tion test had been produced by compression (upsetting). In the 
present study, deformation was accomplished by stressing in 
tension. The matter is important because it bears on those dis- 
turbing special cases of severe segregated graphite formation not 
associated with welding but apparently related to deformation 
phenomena such as Liiders lines (4). 

Finally, another type of continuous graphite formation is 
reported where the segregation did not occur in a weld-heat- 
affected zone. 


EXPERIMENTAL PROCEDURE— MATERIALS 


Previously Tested Specimens. A group of bead-welded specimens 
and sections of welded joints was selected for test from materials 
which had been on test previously at Battelle. The steels con- 
sidered were those which had a past record of high resistance to 
graphitization. They are listed in Table 1. Included are a 
low-aluminum-deoxidized plain-carbon steel, two low-aluminum- 
deoxidized, one silicon-deoxidized, and two titanium-deoxidized 
carbon-molybdenum steels, two welded joints between high- 
and low-aluminum-deoxidized experimental chromium-molyb- 
denum steels, two commercial chromium-molybdenum steels, 
and a molybdenum-vanadium cast steel. 

Specimens Stressed in Tension. In the present attempt to de- 
monstrate a relationship experimentally between deformation 
and graphitization, the deformation was obtained by stressing in 
tension using the two types of tensile specimen illustrated schema- 
tically in Fig. 1. 

The rectangular specimen, Fig. 1A, was furnished in three 
types of steel; a high-aluminum-deoxidized plain-carbon steel, 
a high-aluminum-deoxidized carbon-molybdenum steel (from the 
original Springdale installation), both known to graphitize readily, 
and a high-aluminum-deoxidized chromium-molybdenum steel 
containing '/: per cent chromium, considered to be relatively 
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Specimen 
no. 
G21AW 
G210 


G18AW 
G18B1D 


G19Y7 


G31AW 


G31C1D 


G53 


G54 


G46-47-3AW 


G46-47-5AW 


Description 
of steel 
Plain-C, low-Al 
deoxidation 
Plain-C, low-Al 
deoxidation 


C-Mo, low-Al 
deoxidation 

C-Mo, low-Al 
deoxidation 


C-Mo, low-Al 
deoxidation 


C-Mo, Si-de- 
oxidized, 
normal 

C-Mo, Si-de- 
oxidized, 
normal 


Ti-deoxidized 
C-Mo bar 


Ti-deoxidized 
C-Mo bar 


Welded joint 
between 
high-Al and 
low-Al Cr- 
Mo, 1/2% Cr 

Welded joint 
between 
high-Al and 
low-Al Cr- 
Mo, 1% Cr 

“Croloy” 


Cr-Mo steel 


Mo-V cast steel 
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TABLE 1 WELDED GRAPHITIZATION TEST SPECIMENS? 
Treatment Extent of 
Ch 1 analysis— ———<—~ fore Previous graphitiza- 
Source Cc Mn Si Mo Cr Ti Al V testing tests tion 
es Os Tube 0.27 1.11 0.21 0.01 Bead-welded 5000 hr at 1125 F None 
0. 
National Tube 0.27 1.11 0.21 0.01 Bead-welded and 5000 hrat1125F None 
Co. stress relieved 
at 1425 F 
National Tube 0.17 0.62 .23 0.43 0.02 Bead-welded 5000 hr at 1125 F None 
0. 
National Tube 17 0.62 .23 0.43 0.02 Bead-welded 6700 hr at 950- Trace 
Co. 1150 F plus 
5000 hr at 1125 
National Tube 0.18 0.49 0.26 0.50 Air-cooled from 5000 hrat1125F RMF 
Co. 22 nhor- (20% con- 
malized at 1650 version) 
F, bead-welded 
B& Wheader 0.10 0.45 0.16 0.60 Bead-welded 5000 hr at 1125 F None 
B&Wheader 0.10 0.45 0.16 0.60 Bead-welded %700 hr at 950- None 
1150 F plus 
hr at 1125 
Titanium Alloy 0.15 0.36 0.13 0.55 0.048 Bead-welded 1700 hr at 1025 F None 
Mfg. Co. hr at 
Titanium Alloy 0.14 0.42 0.12 0.58 0.039 Bead-welded 1700 hrat 1025 F None 
Mfg. Co. hr at 
5 
BMI 0.14 0.39 0.23 0.52 0.48 As-welded 5000 hrat1125F None 
0.13 0.38 0.20 0.55 0.47 
BMI 0.14 0.39 0.23 0.52 0.91 As-weided 5000 hr at 1125 F None 
0.14 0.38 0.20 0.55 0.93 
ay: Elec- .00 21/4 Bead-welded 4000 hrat1125F None 
tric Co. 
National Tube 0.11 0.50 0.34 0.51 2.18 0.003 3300 hr at1125F None 
oO. 
General Elec- 0.18 0.71 0.34 1.15 0.23 Bead-welded 4000 hr at 1125 F None 


tric Co. 


@ The present test was 3500 hr at 1125 F. 


+ Explanation of symbols. Type: R, random; H, segregating at the low-temperature edge of the heat-affected zone. 


G, great. Size: F, ne; I, intermediate; C, coarse. 
Le 
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RECTANGULAR TENSILE SPECIMEN 
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B. TENSILE SPECIMEN SHAPED WITH A LARGE RADIUS 


Fie. 1 Sxketcues or Specimens Usep To Stupy THE EFrrect OF 
Piastic DEFORMATION ON THE DEVELOPMENT OF GRAPHITE 


Amount: L, little; M, moderate; 


resistant to graphitization. One set of specimens of the three 
steels was elongated approximately 10 per cent at room tem- 
perature over a two-inch gage length. Another set was similarly 
elongated at 800 F. The room-temperature specimens developed 
very distinct Liiders lines while the 800 F specimens showed no 
Liiders lines. 

The tensile specimen shaped with a large radius, Fig. 1B, was 
designed to provide a range of deformation in one test piece, 
varying from zero at the shoulder to a maximum at the narrowest 
section in the center. The high-aluminum-deoxidized carbon- 
molybdenum steel and the high-aluminum-deoxidized chro- 
mium-molybdenum steel containing !/2 per cent chromium were 
used. One specimen of each steel was elongated 4 per cent 
in 2 in. at room temperature, while another specimen of each 
was deformed a like amount at 800 F. 

All of the specimens variously stressed in tension prior to the 
graphitization test are listed in Table 2. 

Method of Testing. As in the previous investigation (3), 4 
single test temperature of 1125 F was ysed while the test period 
was 3500 hr. The heating equipment has been described else- 
where (3). Graphitization determinations were made with the 
metallographic microscope on polished specimens lightly etched 
with nital, using magnifications up to 1500 x. 


RESULTS 


Previously Tested Steels. The results of examination of the 
various steels after they had undergone the additional 3500 hr 
test at 1125 F are given in Table 1 in the column headed ‘Extent 
of Graphitization.”” The amount of graphite found is given both 
in terms of the qualitative rating method originally used in this 
investigation as well as in the form of a quantitative estimate of 
the percentage of the total carbon content converted into graphite. 
The method of determining the latter is described elsewhere (3). 
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TABLE 2 STRESSED GRAPHITIZATION TEST SPECIMENS 
Specimen Extent of 
no. Description of steel Source Type of specimen Test conditions graphitization 
G-20 Plain-C, high-Al National Tube Co. agen omg bar (Fig. 1, A) stressed at room tem- 3500 hr at 1125 F RMC?2 — 
perat conversion 
G-20H Plain-C, high-Al National Tube Co. isebenaulee bar (Fig. 1, A) stressed at 800 F 3500 hr at 1125 F RGC — 
conversion) 
G-30 C-Mo, ‘/high-Al Springdale Rectangular bar (Fig. 1, A) stressed at room tem- 3500 hr at 1125 F RMC-I (or con- 
perature version) 
G-30H C-Mo, high-Al Springdale Rectangular bar (Fig. 1, A) stressed at 800 F 3500 hr at 1125 F RMC-I 0% con- 
version 
G-30-1 C-Mo, high-Al Springdale Radius specimen (Fig. 1, B) stressed at room tem- 3500 hr at 1125 F RMI (50% con- 
perature version) 
G-30-1H C-Mo, high-Al Springdale Radius specimen (Fig. 1, B) stressed at 800 F 3500 hr at 1125 F RMI. A con- 
version 
G-46-3 Cr-Mo, high-Al, '/2% Cr BMI Rectangular bar (Fig. 1, A) stressed at room tem- 3500 hr at 1125 F None . 
perature 
G-46-3H  Cr-Mo, high-Al, '/2% Cr BMI Rectangular bar (Fig. 1, A) stressed at 800 F 3500 hr at 1125 F None 
G-46-31 Cr-Mo, high-Al, '/2% Cr BMI Radius specimen (Fig. 1, B) stressed at room tem- 3500 hr at 1125 F None 
perature 
G-46-31H Cr-Mo, high-Al, '/2% Cr BMI Radius specimen (Fig. 1, B) stressed at 800 F 3500 hr at 1125 F None 


® See note b, Table 1. 

Plain-Carbon Low-Aluminum Steel. This steel (G-21) showed 
no graphite either as-welded or as-welded and postweld-stress- 
relieved at 1425 F after an exposure at 1125 F for a total time of 
8500 hr (5000 plus 3500). This time would correspond approxi- 
mately to 120,000 hr at 925 F, by applying the factor obtained 
by chemical kinetics. 

Carbon-Molybdenum Steels. One of the low-aluminum-de- 
oxidized carbon-molybdenum steels (G-18) showed a trace of 
graphite after a total time at temperature of 15,200 hr. This 
represented no measurable increase in extent of graphitization 
over the previous test of 11,700 hr. It is apparently still in the 
initial stages of graphite formation. 

The other low-aluminum steel (G-19) showed appreciable 
random graphitization after 8500 hr on test; about 20 per cent 
of the total carbon in the material was estimated to be converted 
into graphite. No segregation of graphite was observed in the 
specimen. 

In the previous test of 5000 hr at 1125 F, no graphite was found 
in this steel. Using this and the present result, a greatly ex- 


for the steel, as shown in Fig. 2. Included also is a curve for 
925 F sketched in on the basis of the 15 to 1 life ratio be- 
tween 925 F and 1125 F reported in a previous paper (3) for the 
Springdale carbon-molybdenum steel. From the scant data 
plotted in Fig. 2, the following highly speculative predictions 
can be made: The half lifetime of the graphitization process 
in steel G-19 is about 15,000 hr (21 months) at 1125 F and about 
220,000 hr (25 yr) at 925 F. 

In an effort to cast some light on why steel G-19 graphitized to 
a greater extent than G-18, the following spectrographic analyses 
were made: 


Steel Cr Al Ti Vv 
G-18 0.025 0.01 None None 
G-19 0.030 <0.01 None None 


Neither these nor the chemical analyses offer a clue to the differ- 
ence in behavior between the two steels. A study was also 
made of initial microstructure, but here again no reason for the 
difference in performance was found. The two steels appeared 


trapolated reaction curve for the process at 1125 F was drawn quite similar in microstructure. ° 
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The silicon-deoxidized carbon-molybdenum steel used in these 
tests is a section from the header in the original Springdale 
installation. It had shown no graphite when examined after 
the Springdale failure in January, 1943, and after a total time 
of 15,200 hr of accelerated testing at 1125 F, it continues to be 
graphite-free. 

The two experimental titanium-deoxidized carbon-molyb- 
denum steels showed no graphite after 1700 hr at 1025 F plus 
8500 hr (5000 plus 3500) at 1125 F. 

Chromium-Molybdenum Steels. This group of specimens, 
representing chromium contents of '/2 to 2!/, per cent and molyb- 
denum contents of !/2 to 1 per cent, continued to show no graphi- 
tization. Occasional ‘‘black spots,” discussed in a previous 
paper (3), were again observed in some of the specimens, but they 
were very small and widely scattered. 

Both high-aluminum and low-aluminum-deoxidized steels 
were included, and some of the specimens had been on test up to 
8500 hr at 1125 F. 

Molybdenum-Vanadium Steel. This steel, which is a cast steel 
containing 1.15 per cent molybdenum and 0.23 per cent vanadium, 
has been on test 7500 hr at 1125 F, after which it has shown no 
graphite formation. 

Specimens Stressed in Tension. Each of these specimens was 
examined for graphite on the longitudinal median plane so that 
the effect of all variations in degree of deformation could be 
observed, and the stressed portion could be compared with 
unstressed sections back of the shoulders. The results, listed 
in Table 2, were negative; a correlation on a laboratory basis 
between graphite formation and plastic deformation was not 
obtained. 

The two steels, G-20 and G-30, which were expected to graphi- 
tize did so in a completely random manner. The extent of 
graphitization appeared to be very uniform in each case over the 
entire specimen with respect to both nodule size and numbers of 
nodules. The extent of graphite formation in the stressed and 
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in the unstressed parts of each specimen was about the same, 
while the specimens stressed at 800 F graphitized in about the 
same manner as those stressed at room temperature. Moreover, 
the extent of graphitization in these two steels was about what 
would be expected for 3500 hr at 1125 F as predicted from the 
reaction-rate curves for the same steels as-welded (3). This 
circumstance is a good indication that the deformation undergone 
by the materials did not influence the graphitization rate. 

The chromium-molybdenum steel G-46-3, which was also 
tested after being deformed in tension, showed no graphite forma- 
tion. Since*the material contained '/2 per cent chromium, this 
result was expected on the basis of its performance under test 
as-welded. 

Continuous Graphite Formation Outside a Weld-Heat-A flected 
Zone. In examining sections from welded joints in the steam 
piping system of the Iowa Power and Light Company, Des 
Moines, Lowa, a continuous type of graphite formation was ob- 
served in a carbon-molybdenum-steel forged fitting made to 
ASTM specification A-182-36. It had been in service eight years 
at an average temperature reported to be 925 F. The graphite 
was located outside, though near, the weld-heat-affected zone of 
the joint between the fitting and a valve. It is shown in Figs. 
3, 4, 5, and 6. The formations tend to outline grains in the 
fitting, and appear to have nucleated in carbide areas near en- 
velopes of free ferrite. This type of graphitization has not been 
encountered before in the many examinations of pipe joints and 
graphitization specimens made at Battelle. 

Incidentally, an advanced state of graphitization existed in the 
weld-heat-affected zones of the fitting as well as of the pipe 
sections examined. Pronounced “eyebrow’’-type graphite was 
frequently observed, and the general extent of graphitization 
was strongly reminiscent of the Springdale case. 

Discussion 


The results have raised several points of importance to the 
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graphitization problem and serve to emphasize the limitations of 
our knowledge of the phenomenon. 

The additional data in this paper confirm the conclusions of 
previous work at Battelle (3) as well as at other laboratories 
(5, 6) that chromium-molybdenum steel containing more than 
'/, per cent chromium is satisfactorily resistant to graphitization 
for use as high-pressure steam piping. In fact, it is considered 
safe to use it at 1000 F. Moreover, the results confirm that the 
presence of more than '/2 per cent chromium permits the use of 
aluminum deoxidation in the manufacture of the steel. This 
point is a matter of considerable importance to both steelmaker 
and consumer. 

In discussing chromium-molybdenum steels, reference may 
be made to the efforts to relate elastic strain and plastic deforma- 
tion, to the graphitization phenomenon. Though attempts to 
learn more about the development of segregated graphite in 
stressed or deformed regions remote from welds, through the 
medium of laboratory tests, have been unsuccessful, nevertheless 
the tests have brought out an important point. Under none of 
the various conditions of elastic straining or plastic deformation 
(by compression or tension), produced in the laboratory, has the 
chromium-molybdenum steel containing '/2 per cent chromium 
developed any graphite. In addition, the steel used for these 
tests was high-aluminum-deoxidized. This record serves to in- 
crease confidence in the stability of this type of steel. Perhaps 
it can also be expected not to show the special types of graphitiza- 
tion such as that associated with Liiders lines or such as that 
illustrated in Figs. 3, 4, 5, and-6. 

The data also suggest that other compositions and types of 
low-alloy ferritic steel may be highly resistant to graphitization. 
However, experience here is extremely limited. A cast molyb- 
denum-vanadium steel, containing 1.15 per cent molybdenum 
and 0.23 per cent vanadium, tested at Battelle, showed no 
graphite after 7500 hr at 1125 F. However, another laboratory 
(7) found graphite in forged 1'/2 per cent molybdenum 0.16 per 
cent vanadium steels after 10,000 hr at 1050 F. Besides the dif- 
ference in historyand structure, there were differences in composi- 
tion between these steels. The resistant cast steel was noticeably 
higher in manganese and lower in silicon than were the less resist- 
ant wrought steels. . It was also higher in vanadium content. 
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There is room for considerable speculation on the exact effect 
of the three elements, vanadium, manganese, and silicon. Vana- 
dium seems to be an inhibitor of graphite formation, but the 
data are insufficient to rate its effectiveness. Perhaps it must 
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1.0 


STEEL WITH LITTLE 
RESISTANCE TO GRAPHIT- 
IZATION, ie. G-20, G-30 


FRACTION OF CARBON TRANSFORMED TO GRAPHITE 


RESISTANCE TO GRAPHITIZATION 
ie. G-I9 RESISTANCE TO 


(2) ( 


TEMPERATURE IS 
CONSTANT 


STEEL WITH HIGH 
GRAPHITIZATION-IDEAL IZED} 


be present in some minimum amount which may be related to the 
carbon content of the steel. Again, manganese may be an im- 
portant factor in the graphitization resistance of the cast molyb- 
denum-vanadium steel. The complete freedom from graphitiza- 
tion shown by the plain-carbon steel, G-21, lends some support 
to this thought, since it was unusually high in manganese (1.11 
per cent) in addition to being low-aluminum-deoxidized. Finaily, 
the role of silicon is much in doubt. The virtue of the practice 
of silicon killing may not lie in the presence of silicon in the steel 
but in the absence of aluminum. Silicon in cast iron behaves as 
a graphitizer, and in larger amounts it is also a graphitizer in 
steel. However, the presence of considerable amounts of it, say, 
0.40 per cent or more, may be required before it is effective. 

Thus in addition to the chromium-molybdenum steel, a molyb- 
denum-vanadium combination or even a manganese steel, all 
relatively low in silicon, might very readily meet service require- 
ments. However, considerable further investigation would 
be required to develop and confirm other compositions. 

The data here also throw a little more light on one aspect of 
the mechanism‘ of the graphitization process, the question of 
whether or not there is an incubation period. This is a matter 
of practical importance because it bears directly on the question 
of whether or not a steel which does not show graphite early in 
service will ultimately graphitize. Can one be sure that a 
steel which is graphite-free over a period in service will remain so 
indefinitely? 

The low-aluminum -deoxidized carbon-molybdenum steel, 
G-19, experienced a considerable period at temperature during 
which it did not graphitize to an observable extent; then marked 
graphitization began. On the other hand, plain-carbon high- 
aluminum-deoxidized steel, G-20, and high-aluminum-deoxidized 
carbon-molybdenum steel, G-30, showed virtually no incubation 
period (3). At least, with relatively small uncertainty, graphite 
formation in these steels began immediately upon reaching tem- 
perature. 

These observations suggest a relationship between order of 
resistance to graphitization on the one hand and length of the 
incubation period on the other, which may be depicted schema- 


TIME AT TEMPERATURE - LOG SCALE 


Fic. 7 RELATIONSHIP BETWEEN ORDER OF RESISTANCE TO GRAPHITIZATION AND LENGTH OF INCUBATION PERIOD 
{A is the incubation period for steel (2), and B is the incubation period for steel (3).] 


tically as in Fig. 7. The sketch shows a highly susceptible steel 
with little or no incubation period along with another with a 
pronounced incubation period which is more resistant to graphi- 
tization. An idealized steel is also shown whose incubation 
period is so long as to suggest permanent stability, from a prac- 
tical viewpoint. This may perhaps represent the true ultimate 
behavior of the very resistant steels which, to date, have shown 
complete stability under test. Present experience has been 
insufficient to determine whether or not such steels actually have 
incubation periods. However, there is room to speculate that 
they do and consequently that all the common “‘ferritic’’ carbides 
are ultimately unstable. If this were so, the essence of graphi- 
tization resistance would lie in the incubation period. 
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Discussion 


W. A. Reicu.t| The Battelle Memorial Institute’s graphitiza- 
tion reports are highly appreciated, and the authors are to be con- 
gratulated on the clarity and broad scope of their presentations. 
We feel that this work has been and will be of great value in 
making graphitization more understandable and in pointing out 
means of avoiding its occurrence. 

It was gratifying to note that the results of these programs in 
many cases are paralleled by those obtained in the General Elec- 
tric Company’s graphitization studies. The results on molybde- 
num-vanadium-type steel are of special interest to us. We have 
examined two weld specimens representing two commercial cast 
heats of basic electric molybdenum-vanadium steel (1.1 per cent 
Mo, 0.22 V and 1.1 per ¢ent Mo, 0.14 V) after 11000 hr at 1100 
F and have found no evidence of graphitization. As noted by the 
authors, graphitization has been found in similar steels made by in- 
duction furnace practice. We have examined weld specimens 
from induction furnace heat of 1 per cent Mo, 0.20 V steel and a 
similar heat of pipe made by basic electric practice heat after 3000 
hrat 1100 F. Graphitization was present in the induction furnace 
material and not in the electric furnace heat. The induction fur- 
nace heat was dirtier, but the only significant difference in chemi- 
cal composition noted was in nitrogen content. The induction 
furnace heat measured 0.002 and the electric furnace heat 0.028 
per cent nitrogen. We feel from several pieces of evidence like 
this that nitrogen plays an important part in graphitization. It is 
good to note that the Joint Committee will sponsor some work 
under Project 29 in the near future that promises among other 
things to shed more light on this subject. 

The author’s comments on the effect of manganese on graphi- 


‘ Metallurgical Section, Schenectady Works Laboratory, General 
Electrical Company, Schenectady, N. Y. 
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tization tendency are also of interest. Int his connection, we and 
others have noted the tendency of this element to inhibit graphi- 
tization. For example, a sample from an induction furnace heat 
of plain carbon steel with a chemical composition of 0.15 C, 0.3 Si 
with 0.70 Mn has run in our tests 15,840 hr at 1100 F with no evi- 
dence of graphitization. A similar heat with 0.20 Si and no man- 
ganese exhibited graphitization in only 3000 hr at 1100 F. 

The peculiar type of continuous graphite noted and the struc- 
tures shown by the authors certainly suggest “burning” in proc- 
essing of the steel. The authors’ comments in this regard would 
be welcomed. 

The authors have indicated the fact that questions of major im- 
portance remain to be answered. The question of the “incubation 
period”’ is not the least of these. We are continuing our tests in an 
attempt to evaluate the relative graphitization tendencies of less- 
familiar high-temperature steels and to add to the store of general 
knowledge of the subject so far accumulated. 


AvuTHORS’ CLOSURE 


We are very grateful to Mr. Reich for his comments on our 
paper, and are particularly interested in his data on the effect 
of vanadium on the graphitization process. Much experimental 
work is necessary before the role of this element can be defined. 
Mr. Reich’s suggestion that nitrogen may possibly be very 
important has been moted, and this element will not be over- 
looked in future studies. The evidence he cited confirming our 
suspicion that manganese may be an effective graphitization 
inhibitor was gratifying. We feel that the possibilities of this 
element have been neglected, and it offers the attraction of being 
relatively inexpensive. 

The continuous type of graphitization found outside the weld- 
heat-affected zone of a joint between a fitting and a valve, 
illustrated in Figs. 3, 4, 5, and 6 of our paper, is new in our 
experience. The structure of the fitting was certainly very 
coarse and could have been the result of overheating. 
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Some 1000 F Steam-Pipe Materials. 


By ERNEST L. ROBINSON,' SCHENECTADY, N. Y. 


This paper presents long-time creep and rupture test 
results on molybdenum-vanadium pipe material in com- 
parison with low-chromium-molybdenum compositions. 
The molybdenum-vanadium composition shows supe- 
rior long-time strength at high temperature. Furthermore, 
long-time soaking of molybdenum-vanadium piping ma- 
terial at high temperature has so far failed to show graph- 
ite formation. 


T IS the purpose of this paper to present a number of series 

of test results contributing to available technical information 

on materials suitable for high-temperature steam piping. 
These series were neither planned nor run at the same time but 
each series was a unit in itself. The group has been selected from 
results mostly unpublished and presented in a form suitable for 
guidance in design and for a basis of comparison between different 
compositions currently under discussion. The author suggests 
that the results presented herewith should be compared with 
similar results obtained elsewhere. 

Creep strengths are both listed and plotted for a rate of 0.01 
per cent per 1000 hr. Creep strengths for a rate of 0.001 per cent 
per 1000 hr are listed in the tables. These strengths were deter- 
mined by the General Electric “flow-rate” test which is a step- 
down relaxation-type test run with a total elastic-plus-plastic 
extension of 0.2 per cent (except in the case of Series 3). The 
so-called flow-rate test is usually run for 2000 to 3000 hr with 
one or more rates between the nominal values read from the log- 
log plot and tabulated. 

Long-time rupture strengths are tabulated both for 10,000 
hr and 100,000 hr but only the 100,000-hr strength is plotted in 
the diagrams. The longest test in each series is usually between 
5000 and 10,000 hr although occasional specimens have run as 
long as 20,000 hr. The 10,000-hr figure involves littie extra- 
polation. The 100,000-hr figure is not free from uncertainty 
and judgment is required in the selection of a suitable factor of 
safety. It must be kept in mind that breaks after a long time at 
high temperature are likely to be brittle in appearance with little 
elongation to give warning. 

Series 1 presents some prewar creep-test results run on a group 
of compositions originally selected by A. W. Wheeler as 


possibly having improved high-temperature piping character- 
istics. ‘Phe carbon content was intentionally kept low to facili- 
tate welding but it came even lower than intended. 
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Fic. 1 Creep Srrencrus ror A Rate or 0.01 Per Cent per‘1000 

Hr For a Series or Low-Carson STEELS CONTAINING ADDITIONS 

or MoLyspENuUM, CHROMIUM AND MOLYBDENUM, MOLYBDENUM AND 
VANADIUM, AND ALL THREE OF THESE ELEMENTS 

[Each of the four compositions was tested in the air-cooled and the furnace- 


cooled conditions. (Note the superiority of the air-cooled treatment and 
of the compositions containing vanadium). } 


TABLE la SERIES 1 
Physical properties 
Item —-———Chemical composition————~ —+ Heat-treatment— 1000 1000 
no. C Si r Mo V Deg F Deg F Psi Psi 
1118 0.06 0.50 0.31 0.56 1740 Shr 1290 4hr F.C. 59.2 42.4 39.0 76.9 
1119 =—-0..06 0.31 0.56 1740 Shr A.C.6 1290 4hr F.C. 59.4 36.7 40.5 80.7 
1121 0.07 0.59 0.31 0.60 0.53 0.14 1740 8 hr F.C. 1290 4 hr F.C. 62.2 43.4 41.5 77.8 
1122. 0.07 0.59 0.31 0.60 0.53 0.14 1740 8hrA.C. 1290 4hrF.C. 66.9 49.4 38.0 79.5 
1124 «60.07 0.59 0.30 0.57 0.55 1740 Shr F.C. 1100 4hr F.C. 58.9 35.2 40.0 77.0 
1125 0.07 0.59 0.30 0.57 0.55 1830 8 hr A.C 1200 4hrF.C. 61.4 34.4 39.5 74.9 
1127 0.06 0.56 0.21 0.60 0.12 1740 8 hr F.C. 1290 4 hr F.C. 59.5 40.4 40.0 80.2 
1128 0.06 0.21 0.60 0.12 1740 ShrA.C: 1290 4hr F.C. °66.7 43.7 36.0 81.4 


@ Furnace-Cooled; 6 Air-Cooled; ¢ 


1 Structural Engineer, Turbine Engineering Divisions, General 
Electric Company. Fellow ASME. 

Contributed by the Joint ASTM-ASME Research Committee on 
the Effect of Temperature on the Properties of Metals and presented 
at the Annual Meeting, Atlantic City, N. J., Dec. 1-5, 1947, of Tue 
AMERICAN SocteTY OF MECHANICAL ENGINEERS. 

Note: Statements and opinions advanced in papers are to be 
understood as individual expressions of their authors and not those 
of the Society. Paper No. A47—A-74. 


ensile Strength; ¢ Elastic Limit; ¢ Elongation; / Reduction of Area. 


TABLE 16 SERIES 1 
Creep strength, psi, at 1000 F 
Rate Rate 
0.01%/1000 hr 0.001% /1000 hr 
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| 
2 
By 
+ 
Item no. 
1118 600 
1119 3 1150 
1122 6000 2650 
1124 800 7400 
1125 100 3450 
4 
500 


Table la shows the chemical compositions, heat-treatments, 
and physical properties, and Table 1b gives the creep-test results 
at 1000 F on this series. They are also shown in Fig. 1. 

A glance at these results shows the outstanding characteristics 
of the moly vanadium composition. While the chrome-moly- 
vanadium is nearly as good, it would really have to be very much 
superior in order to justify the greater potential difficulties in 
welding. 

Series 2 on 0.5 per cent molybdenum steel is presented for its 
value as a standard background with which to compare all the 
other results. This well-known material has been used to pipe 
steam to an estimated 8,000,000 kw of steam turbines and this 
series, extracted from a paper (1)? by S. H. Weaver, gives both 
creep and rupture test results at both 900 F and 1000 F in two 


2 Numbers in parentheses refer to the Bibliography at the end of the 
paper. 


TABLE 26 SERIES 2 


-——Creep strength, psi 
1%/ 0.001% / 
1000 hr 1000 hr hr hr 
Item no. 900F 1000 F 900 F 1000 F 900 F 1000 F 900 F 1000 F 


897-909 20000 7200 15000 2500 46000 16000 38000 8800 
899-911 24300 11000 19700 3800 52000 22000 50000 12000 
901-905 14100 7600 12500 2900 32000 16000 25000 8800 
903-907 13800 10800 11600 3500 34000 18000 28000 12000 


Rupture strength, psi-——~ 
10,000 100,000 
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different grain sizes both of which arefurnace-cooled and air-cooled. 

Table 2a shows the chemical composition, heat-treatments, and 
room-temperature physical properties while Table 2b gives the 
creep and rupture test results. These are pictured in Fig. 2. 

The spread between the coarse-grain air-cooled condition and 
the fine-grain slow-cooled condition is typical, the grain size 
having been obtained by the heat-treating temperature. 

The ‘‘garden gate’’ character of this diagram may be noted. 
The top bar of the gate is the coarse-grain. air-cooled material 
which is strong both at 900 and 1000 F. The bottom bar of the 
gate is the fine-grain slow-cooled material. The cross braces 
represent the fact that the coarse-grain slow-cooled material is 
relatively stronger at 1000 F but relatively not as strong at 900 
F and that the fine-grain air-cooled material is relatively strong 
at 900 F but relatively not so strong at 1000 F. 

This diagram does not represent the maximum spread possible 


TABLE 2a SERIES 2 


-——— Physical properties ——~ 


Chemical 2. L. 
Item ———composition 1000 = 1000 El. R.A. 
no. Cc Mn Si Mo Deg F Deg F Psi Psi % % 
897-909 0.17 0.88 0.20 0.42 1560 8hrA 1200 4 hr F.C. 68.1 39.0 35.5 4 
899-911 0.17 0.88 0.20 0.42 1740 8hrA 1200 4 hr F.C. 70.9 41.0 31.5 63.2 
901-905 0.17 0.88 0.20 0.42 1560 8 hr F 1200 4 hr F.C. 67.1 35.0 34.5 58.0 
903-907 0.17 O.88 0.20 0.42 1740 Shr F 1200 4 hr F.C. 63.6 32.0 34.0 56.9 


with this material. No data are included for pipe ‘as received” 
in the hot-rolled condition nor for pipe in the spheroidized condi- 
tion. For a complete discussion of these matters the paper by 
S. H. Weaver (1) should be consulted. . 

Series 3 presents a group of tests run a good many years ago on 
one of the best of the low-chromium-molybdenum compositions 
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Fic. 2. Creep STRENGTHS FoR A Rate or 0.01 Per Cent per 1000 Hr anv 100,000-Hrk Rupture 
StrenctTus or 0.5 Per Cent STEEL 


(Note the superiority of the coarse-grain air-cooled ae and the inferiority of the fine-grain slow-cooled 
treatment. 
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Fie. Creep STRENGTHS FOR A Rate oF 0.01 Per Cent Per 1000 
Hr For Bain STEEL 
(These tests all began with 1000 hr at 10,000 psi. Total extensions were 


rather less than for other materials and the results might legitimately be 
corrected upward an estimated 10 per cent.) 
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commonly called Bain steel. These tests were run as a part of a 
much larger series in which the test began with 10,000 psi con- 
stant stress left in the specimen for 1000 hr. Thereafter the load 


’ was stepped down to give other creep rates. This unusual type 


of test fitted in with the other results not here presented. The 
matter is mentioned only to qualify the results as not directly 
comparable with the others. The total extension in test was 
rather less than the standard 0.2 per cent. At standard ex- 
tension these results might have come in the order of 10 per cent 
higher. 

Table 3a shows the chemical composition, heat-treatments, 
and room-temperature physical properties and Table 36 gives the 
creep test results. 

Early applications of this material incurred some welding 
difficulties and its more general use received a setback. Perhaps 
its introduction was somewhat ahead of its time. 

Series 4 presents the results of a group of tests run in co- 
operation with the Consolidated Gas Electric Light and Power 
Company of Baltimore on two heats of 0.5 per cent chromium, 
0.5 per cent molybdenum steel, one aluminum-killed and the 
other silicon-killed. Besides running both creep and rupture 
tests on these materials, results are given ‘‘as received,” normal- 
ized, and also in the annealed condition. 

Table 4a shows the chemical composition, heat-treatments, 
room-temperature physical properties, and Table 4b gives the 
creep test results and the rupture test results in so far as they 
are at present completed. Some rupture series are stil] incom~ 
plete. Fig. 4 pictures these results. 

This diagram, like that for Series 2, also has a garden-gate 
pattern and the comparison is illuminating. Above the results: 
for the specimens air-cooled for the test are the two lines repre- 
senting the as-received material which may have been cooled 
from a still higher temperature during manufacture. As noted 


‘ TABLE 3a SERIES 3 
Physical properties 
T.S. E.L. 
Item Ch composition Heat-treatment 1000 1000 El. R.A. 
no. Cc Mn Si Cr Mo Deg F Deg F Deg F psi psi % % 
396 0.20 0.44 0.39 1.66 0.94 2280 6 hr F.C. 1600 5 hr A.C. 1200 3 hr F.C. 112.2 77.0 21.5 66.1 
397 0.20 0.44 0.39 1.66 0.94 2280 6 hr F.C. 1740 5 hr A.C. 1200 3 hr F.C. 114.2 80.0 22.0 65.2 
398 0.20 0.44 0.39 1.66 0.94 2280 6 hr F.C. 1875 5 hr A.C. 1200 3 hr F.C. 122.9 89.0 19.0 62.0 
401 0.20 0.44 0.39 1.66 0.94 280 6 hr F.C. 2280 5 hr A.C. 1200 3 hr F.C, 135.7 86.0 17.5 56.2 
416 0.20 0.44 0.39 | 1.66 0.94 2280 6 br F.C. 1600 5 hr F.C. 1200 3 hr F.C, 80.7 37.0 28.0 48.2 
417 0.20 0.44 0.39 1.66 0.94 2280 6 hr F.C. 1740 5 hr F.C. 1200 3 hr F.C.¢ 77.7 52.0 31.5 58.3 
418 0.20 0.44 0.39 1.66 0.94 2280 6 hr F.C. 1875 5 hr F.C. 1200 3 hr F.C. 81.4 29.0 27.5 46.8 
419 0.20 0.44 0.39 1.66 0.94 2280 6 hr F.C. 2280 5 hr F.C. 1200 3 hr F.C. 113.8 38.0 12.0 30.8 
@ Reheat-treatment of item 417 1650 F—1 hr 0.Q.— 1600 F—1 hr F.C.—1200 F—1 hr F.C. 


TABLE 36 SERIES 3 
Creep strength psi at 1022 F 


TABLE 4b SERIES 4 
-—— Creep strength, psi—-—. —-——Rupture strength, psi ——~ 


%o/ 0.001% / 
Rate Rate Item 1000 ‘hr 1000 hr hr hr 
Item no. 0.01% /1000 hr 0.001% /1000 hr no. 900F 1000F 900F 1000F 900F 1000F 900F 1000F 

396 6500 4200 2257 26000 14800 22500 6800 40000° 22000¢ 300007 1 

see Sane 3600 2258 25500 14200 21000 6500 45000 23000 39000 1 

398 6800 45 2259 17500 7200 13500 2300 

401 7100 4600 2260 23000 10500 19000 5000 52000 46000 

416 8400 5400 2273 6800 2000 

417 7500 4200 2264 13000 5900 10000 1800 450002 

418 7500 3850 2265 14000 8200 11500 2900 34000¢ 290002 

419 7000 4300 @ Test still running. 

TABLE 4a SERIES 4 ‘ 
Physical Properties 

Item Chemical composition — Heat-treatment——_— 1000 1000 EL R.A 
no, Cc Mn Si Tr Mo Al AlOs eg Deg F Psi Psi % % 
2257 0.12 0.45 0.14 0.45 0.54 0.027 0.008 1200 2 hr F.C. 61.4 42.4 37.5 67.7 
2258 0.13 0.50 0.22 0.48 0.56 0.003 0.002 1200 2 hr F.C. 66.9 42.7 345 64.4 
2259 0.12 0.45 0.14 0.45 0.54 0.027 0.008 1700 2 hr A.C. 1200 2 hr F.C. 62.2 43.9 41.7 75.7 
2260 0.13 0.50 0.22 0.48 0.56 0.003 0.002 1700 2 hr A.C. 1200 2 hr F.C. 71.9 51.9 34.0 65.9 
2273 0.19 0.60 0.26 0.46 0.46 1600 1 hr A.C, 1250 lhrF.C.¢ 70.4 47.4 35.5 65.6 
2264 0.12 0.45 0.14 0.45 0.54 0.027 0.008 1700 2 hr F.C. 1200 2 hr F.C. 57.9 35.9 40.5 71.0 
2265 0.13 0.50 0.22 0.48 0.56 0.003 0.002 1700 2 hr F.C, 1200 2 hr F.C, 61.9 39.4 37.5 64.0 


* Item 2273 redrawn 1200 F—2 hr F.C. 
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Fic. 4 Creep STRENGTHS FoR A Rate or 0.01 Per Cent per 1000 Hr anv 100,000-Hrk Rupture 
STRENGTHS FOR 0.5 Per Cent Cr 0.5 Per Cent Mo STEEL : 
(These materials were furnished by the National Tube Company and tested in co-operation with the Consolidated 


before, corresponding results are not available for Series 2. 
However, the close correspondence between these results and 
those for plain 0.5 per cent molybdenum steel is noteworthy. 
The small chromium addition does not seem to have any impor- 
tant effect on the strength when results on similar treatments are 
compared. 

Series 5 collects a number of scattered tests on different low- 
chromium-molybdenum materials that happen to be available. 
These include 1 per cent chromium, '/2 per cent molybdenum; 
1 per cent chromium, 1 per cent molybdenum; 2'/, per cent 
chromium, 1 per cent molybdenum; 3 per cent chromium, | per 
cent molybdenum at temperatures at or near 1000 F. 

Table 5a shows the chemical compositions and heat-treat- 
ments, and room-temperature physical properties, and Table 5b 
shows the creep test results which are also pictured in Fig. 5. 

These scattered results are listed with some diffidence as 
lacking in sufficient spread to indicate the range of properties of 
the materials. Mostly it can be said they were tested in a condi- 
tion supposed at the time to be favorable to the material. 

Series 6 presents test results on low carbon-moly-vanadium 
steel developed largely as a consequence of the results given in 
Series 1. Plain molybdenum steel was falling off in strength at 
1000 F and some improvement was neéded which the vanadium 
addition seemed to afford. A similar composition had been tried 
for a turbine rotor and turbine wheel before the war. After the 
Springdale experience with graphitization the fixation of the 
carbon content seemed important and vanadium was thought 
to be a potent carbide former. Thus it appeared the logical 
strengthener and turbine-shell castings for 1000 F were made to 
this composition. 

Such castings are being used on the 100,000-kw turbine for the 


Gas Electric Light and Power Company of Baltimore, Md. 


Results may be compared with Fig. 2.) 


Essex Station of the Public Service Electric and Gas Company, 
New Jersey, and noting the good qualities, H. Weisberg, 
mechanical engineer, Electric Engineering Department, inquired 
if piping could not be made of the same composition. Actually 
the composition had been originally selected with piping in mind 
and accordingly the turbine piping for the Essex machine has 
been made of molybdenum-vanadium. The composition of the 
piping and the castings is practically the same. However, the 
results show that the ordinary process of manufacture of the 
piping is conducive to higher strength than in the castings. 

Table 6a shows the chemical compositions, heat-treatments, 
and room-temperature physical properties of this series, and Table 
6b shows the high-temperature test results so far available. These 
are pictured in Fig. 6. 

It will be noted that in corresponding treatments the moly- 
vanadium pipe material is 50 to 100 per cent stronger than the 
plain moly or low-chromium-moly compositions. 

As regards its resistance to graphitization, neither the Conant- 
Reich paper (2) nor the Battelle Report (3) found any evidence of 
graphite formation in this material. Some small nodules have 
been reported as seen in samples of laboratory induction-furnace 
heats but none has ever been found in open-hearth or electric- 
furnace heats. 

A word with reference to the room temperature physical 
properties of high-temperature materials may be appropriate. 
Specifications have been written for many years stating required 
physical properties at room temperature. These are significant 
for the ultimate user when the service is at room temperature. 
On the other hand, when the ultimate service is at high tempera- 
ture, the high-temperature properties are of particular importance 
to the ultimate user and the room-temperature properties are 
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TABLE 5a SERIES 5 e 
Physical properties 
E.L 


Item —-———Chemical composition——— ——— treatment 1000 1000 El. R.A. 
no. C Mn Si Cr Mo Deg F Deg F Psi Psi % % 
351 0.33 0.36 0.11 1.15 18308 hr A.C. 1200 1 hr A.C. 131.4 86.0 21.5 59.6 
2160 O.14 6.40 0.42 2.79 0.92 1580 F.C. at 75 F/hrto1200 67.4 32.7 42.7 75.6 
2272 #0.13 0.58 O.17 0.90 0.50 1200 2hr F.C. 68.4 49.4 34.0 70.4 
2322 «20.14 0.51 0.27 2.27. 1.02 1900 2hr A.C. 1200 2hrF.C. 119.9 69.9 15.5 68.8 
2324 0.12 0.48 0.85 1.3 0.53 1700 4hr A.C. 1200 4 br F.C. 85.9 38.4 34.5 71.4 
TABLE 56 SERIES 5 —— 
1% /1000 strength— 001° 71000 hr- 
- 0. /1 
Item no. 900 F 1000 F 1022 F «900 F_ 1022 F 4000 SERIES 5 
351 2950 900 CREEP 
2160 4600 850 STRENGTH 
2272 27000 13500 22500 6000 
2322 10000 4900 30000 
2324 6800 2500 ; LOW CR. MO 
of interest only during manufacture and handling. Sometimes Fs “i 
these may be favorable but in many cases new materials having 20000 
strength at high temperature are likely to be relatively hard at 
room temperature and possibly lacking in the elongation that 
would occur at’ service temperature before any mishap could 15000 N 
occur. > 
Series 2, 4, and 6 give both creep strength and rupture strength. 
A study of the creep strengths for a rate of 0.01 per cent per 10000 ge tack IMO 


1000 hr in comparison with the 100,000-hr rupture strengths shows 
that the rupture strength has little margin over the creep strength. 
This is a characteristic of all three materials as also of plain , 
carbon steel. In other words, if a factor of safety of 3 to 1 or even ¢ IGR OSMO 
2 to 1 is taken with reference to the 100,000-hr rupture strength, 
the creep strength for a rate of 0.01 per cent per 1000 hr will no 


longer be a limitation in the case of these materials. In fact, we , >3CR IMO. 

would welcome lower creep strength and greater elongations if 4000 

such a relationship were consistent with high long-time rupture 

strength at hig& temperature. Meanwhile the room-temperature P 

properties are whatever result in satisfactory high-tempera- 3000 — oICR IMA —— 


ture performance and may be definitely different from what has 
characterized the familiar materials of ordinary low-temperature 
applications. Elongations of 20 per cent sound generous and 2000 
conservative but after all it is the first half of one per cent in 900° AG WOo* 
service that irons out the stress concentrations. 
This article has no new results to present in the matter of cor- Fie. 5 Creep Strenerss ror a Rate or 0.01 Per Cent per 1000 
rosion resistance. However, it appears appropriate tq recall Hk FoR Vanious Low-Curomium-MOoLYBDENUM STEELS 
the Detroit Edison tests (4) run for 16,000 hr at 1100 F (for which (These results fail to indicate aa adds.to the creep strength at 


TABLE 6a SERIES 6 
Physical properties 
E.L 


T.S. : 
—-—— Chemical composition———_ —— Heat-treatment 1000 1000 El. R.A 
Item no. C Mn Si Mo V Deg F Deg F psi psi % % 
2250 Ca 0.17 0.57 0.50 1.1 0.22 1920 8 hr, cool, 235 F/hr 1200 4 hr F.C. 82.9 47.4 28.5 58.8 
2251 C 0.17 0.57 0.50 3.3 0.22 Note A 1150 6 hr F.C. 97.1 51.6 33:0 54.6 
2282 C 0.21 0.78 0.32 0.95 0.31 Note Ba 1200 6 hr F.C. 95.6 46.9 21.5 47.5 
2283 C 0.16 0.75 O21 1.14 0.29 Note Bd 1200 4 hr F.C. 91.4 41.4 21.0 46.9 
2284 C 0.18 0.71 0.34 1.15 0.23 Note Bé 1200 4 hr F.C. 91.9 39.9 24.0 47.8 
2370 Pb 0.20 0.58 0.26 1.04 0.21 1920 4 hr A.C. 1200 4 hr F.C 143.9 114.9 20.5 60.1 
2375 P .0.20 0.58 0.26 1.04 0.21 1920 4 hr, wa to 1740 F A.C. 1200 4 hr F.C. 139.9 109.9 21.0 62.3 
2376 P 0.20 0.5 0.26 1.04 0.21 1740 8 hr A.C. 1200° 4 hr F.C. 102.4 80.9 26.0 67.0 
C, Casting. 
Piping. 
© 1920 Y 2hr F.C. 1920 F, 1 hr, Cool @ 270 F/hr to 1740 F, Cool @ 1800 F/hr. f 
4 1920 F, Hold, Cool @ 450 F/hr to 930 F. 1920 F, Hold, Cool @ 180 F/hr to 930 F. 
TABLE 6b SERIES 6 
Creep strength, psi—————~ Rupture strength, psi ~ 
Item 0. hr. 0. 001% /1000 hr 10,000 hr 100,000 hr 
no. 900 F 1000 F 900 F 1000 F 1100 F 900 F 1000 F 1100 F 
2250 pene 4000 47000 25000 98004 40000 18000 5300¢ 
2251 14000 6200 30000 12000 22000 6000 
2282 15500 ' 8500 29000 20000 
2283 14000 5600 28500 18000 
2284 14500 6900 
2370 21000 12500 285002 185002 
2375 22000 360002 230002 
2376 13000 6800 330002 240002 


@ Test still running. 
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SERIES 6 
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STRENGTH 


STRESS 


1000° 100° 


TEMPERATURE °F 


Fic. 6 Creep STRENGTH FOR A Rate oF 0.01 Per Cent per 1000 Hr anv 100,000-Hr Ruprure 
STRENGTH FOR MOLYBDENUM-VANADIUM STEEL 


[These tests were either made on bars cut from piping or from castings of similar composition, see Table 6. 
(Note the superior high-temperature strength of this composition.). 


the General Electric Company furnished a certain number of 
test samples). Perhaps the most striking discovery in these 
tests was the uncertainty of any great difference in corrosion 
resistance between any of the several low-chromium-molybdenum 
compositions and plain carbon-moly steel. While there was a 
considerable spread among the various low-alloy steels, they were 
all, as a group, with plain carbon-moly in the middle, both much 
better than plain carbon steel and much poorer than 12 per 
cent chromium steel and the high-alloy compositions. 

While the object of this article is to present test results on 
samples of piping materials, the important question as to the 
relative propriety of the chromium addition seems to call for 
some mention of the forging and bolting materials where there 
does not seem to be any uncertainty. For bolts, both low-tem- 
perature strength and short-time high-temperature strength 
are important as well as long-time high-temperature strength and 
bolts are not expected to be readily weldable. Under such 
conditions, with a carbon content of 0.40 per cent, the triple alloy 
containing the chromium addition as well as the molybdenum 
and vanadium seems definitely appropriate. Some test results 
are available to show that chromium adds to the long-time rup- 
ture strength at 1000 F of a moly-vanadium rotor forging at the 
0.30 per cent carbon level, which is too high for easy welding. 
However, at the low carbon level of piping and castings where 
weldability is important it seems hard to justify the use of chro- 
mium on the basis of the data at present available. 
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Discussion 


J. J. Kanter.’ The author makes available additional creep 
and rupture data on steels of interest for high-temperature piping 
structures. This data comes as a timely and valuable contribu- 
tion to those who are concerned with the specification and appli- 
cation of piping steels for 1000 F services. 

This array of creep data, as have most previously published 
arrays, demonstrates that creep-strength values are apt to vary 
widely for a given type of material within its nominal chemical 
composition and for the various conditions of working and heat- 
treatments in which it must be utilized in structures. It would 
appear that if this seemingly inherent variability of creep 
strength is to be controlled within closer limits, more must be 
learned about some of the variables within manufacturing 
tolerance. 

It is rather impressively demonstrated in the author’s data 
that for the molybdenum-vanadium steels, a range of high- 
temperature strength obtains substantially above that for the 
molybdenum and chromium-molybdenum types. Other data 
corroborating this observation is to be found. Unfortunately, 
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however, some evidence seems to have been found in several 
independent investigations that the molybdenum-vanadium 
steels, unless free of excess aluminum content, are quite unstable 
with respect to graphitization as are the aluminum-bearing molyb- 
denum steels, ‘ 

The author states that he finds it hard to justify the use of 
chromium in piping and castings at weldable carbon levels. On 
merely a basis of high-temperature strength this statement might 
be warranted. However, from the standpoint of high-tempera- 
ture stability among the piping steels which are commercially 
procurable the specification of a substantial chromium content 
thus far seems to be the only measure which offers a thoroughly 
reliable safeguard against graphitization. Additions to steel, 
such as vanadium, molybdenum, titanium, and nickel with the 
presence of soluble aluminum, but without the substantial 
presence of chromium fail to inhibit graphitization. However, 
in the presence of a substantial chromium content the aluminum 
bearing steels with any or all of these afore-mentioned ingredients 
become graphitization-resistant. Thus as matters now stand, 
chromium is the only addition for which there is any clear-cut 
credit as a graphitization inhibitor in the presence of soluble 
aluminum. It is very well to say that if the aluminum were 
ruled out there would not be any graphitization problem among 
the high-temperature alloy steels, but until specifications can be 
written for procurable material thus safeguarded, we must con- 
sider chromium as the only good insurance at our disposal. 

Considerable emphasis has been placed for some years past on 
the minimizing of carbon content in steel for welded piping struc- 
tures to the end of facilitating the preparation of good welds. 
Now that 1000-F steampipe materials have become of vital con- 
cern, there may be a further reason for emphasizing the mini- 
mizing of carbon content, namely, good creep strength; and study- 
ing Mr. Robinson’s data one may find suggestions of such a 
factor. While the adverse effect which high carbon content has 
on creep strength has received some attention in creep literature 
the problem has been given little systematic study. The reason 
for this is perhaps due to the fact that the steam-pipe-materials 
problem has only recently moved up into the range of tempera- 
ture where the carbon effect on creep is of substantial magnitude. 
At 800 to 900 F, the effect of carbon on sustaining tensile and 
yield strengths is still of some moment. However, now that we 
are scrutinizing more closely the properties of steel at tempera- 
tures upward of 1000 F, the effects of carbon on the creep 
strength, per se, merits fuller study for all materials whether they 
be pipe, forgings, or castings. - 

C. L. Cuark.‘ While we are indebted to the author for the 
high-temperature data he has presented on a wide variety of 
steels, it is believed the title of his paper may be misinterpreted 
by many, for on the basis of all past practices at least, the condi- 
tion in which many of these steels were tested would not be con- 
sidered as suitable for pipe for high-temperature service. 

While none of the ASTM Specifications covering alloy-steel 
pipe have hardness requirements, the alloys covered are identical 
to those of the tubular specifications with respect to chemical 
composition and required room-temperature physical properties; 
and those tubular specifications, for the type steels considered 
by the author, never permit a maximum hardness in excess of 
163 Brinell. Unfortunately, the author does not include hard- 
hess values but he does give room-temperature tensile strengths. 
By conversion the hardness of many of his steels range from 160 
to 280 Brinell, which is thus way beyond the hardness ever ob- 
tained in alloy pipe. 

It is known that the creep and rupture strengths of the lower 
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alloyed steels at 1000 F are greatly influenced by heat-treatment 
and structure, and thus by hardness, and it is believed that the 
author may be testing differences in hardness rather than differ- 
ences in composition. For example, tests which we now have in 
progress definitely indicate that when Mo-V steel is annealed to 
156 Brinell its high-temperature strength is practically identical 
to 0.50 Mo steel annealed to even a lower hardness of the order 
of 137 Brineil. Likewise, the Mo-V steel (item 2250, Table 6a) 
which has room-temperature properties of the order of magnitude 
generally recognized as being suitable for piping has high-tem- 
perature strength characteristics very similar to many of the 
Cr-Mo grades now in general use. 

For the same reasons as set forth in the previous paragraph it is 
believed that a hasty reader may get a wrong impression from 
Fig. 5 where the author gives only a few spot tests whereas his 
other charts show a range of treatments. We have results to 
show that the creep strength of material having a composition 
like Item 2324 at 1000 F may be made to vary from about 6500 
to 15,000 lb depending on the structure and consequently in any 
comparison of this type the steel should have at least approxi- 
mately the same structure or heat-treatment. Although the 
author apologized for not presenting a range of treatments in 
Fig. 5, unless his warning about this matter is heeded, a glance 
at the diagram only is likely to give a very false picture with 
respect to the influence of variations in the composition alone. 
As a further example, this figure shows the 3 Cr 1 Mo steel to 
have only about half the strength of the 2'/, Cr 1 Mo analysis. 
All other published results show these two analyses to have 
about the same strength when in the same condition of heat- 
treatment. 

Everyone probably wishes that the author’s statements with 
respect to the room temperature properties of steels intended for 
high-temperature service could be accepted but it is personally 
believed that considerably more experience will have to be had 
with these harder alloys before such can be taken for granted. 
If this were true, then a considerable amount of time, money, 
and labor have been wasted in the heat-treatment of alloy pipe 
and particularly on the stress relief of field welds. As another 
angle of approach to this question, many engineers believe that 
few if any failures of piping systems occur at the operating tem- 
peratures but rather during the heating and cooling periods. 
They further feel that these failures, when they do occur, take 
place at a temperature of maximum rigidity for the system which 
may be rather ciose to room temperature. If this is so, room 
temperature properties, or those at slightly elevated tempera- 
tures, may be of greater importance than previously assumed. 

We cannot agree with the author’s remarks concerning the 
effect of alloy additions on the oxidation and corrosion resistance 
of steels for it is believed the addition of chromium is necessary 
to insure the desired degree of surface stability at temperatures 
of 1000 F and higher, particularly. when an extremely long service 
life is desired. 

In closing we would like to ask the author what heat-treating 
cycle he recommends for stress-relieving field welds in Mo-V pipe 
and what hardness results? 


F. Eserue.' The experimental data presented in this paper 
offer much food for thought. Without carefui study the reader 
may be led to assume that the low chromium-molybdenum steels 
up to about 3 per cent chromium which have proved themselves 
of outstanding value in high-temperature service possess inferior 
creep strength, particularly when compared with the 1 per cent 
Mo '/, per cent V steel developed by the General Electric Com- 
pany. The paper claims that in the corresponding treatments 
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the molyvanadium pipe steel is at 1000 F 50 to 100 per cent 
stronger than the low-chromium-moly compositions, and con- 
cludes with the statement that ‘‘at the low-carbon level of piping 
and castings where weldability is important it seems hard to 
justify the use of chromium on the basis of the data at present 
available.” These far-reaching contentions do not seem to be 
adequately supported by the material offered. A careful study 
of the paper shows that no consideration has been paid to the 
melting and deoxidation practice and to the austenitizing grain 
size of the various steels with which the 1 per cent Mo '/, per 
cent V steel is compared. Consequently, there is more than 
reasonable doubt that these steels were in a comparable condition 
with respect to the factors which influence creep strength. These 
low-chromium-molybdenum steels were developed to meet cer- 
tain corrosive conditions in high-temperature oil-refining opera- 
tions where they have been outstandingly successful. They 
have also given an excellent account of themselves in super- 


heater service. The significant fact is that they usually receive | 


aluminum in the deoxidation practice and generally are given a 
full annealing treatment at moderately high temperatures, re- 
sulting in a medium- to fine-grained microstructure. Aluminum 
deoxidation, fine grain size, and slow furnace cooling in the 
final heat-treating operation do not permit these steels to attain 
their highest possible creep strength at such low temperatures as 
1000 F. However, it must be remembered that these low-chro- 
mium-molybdenum steels are intended for service at tempera- 
tures above 1000 F, i.e., beyond the indicated application limit 
of the 1 per cent Mo !/, per cent V steel, and that they possess 
very satisfactory creep strength at these higher temperatures. 

In so far as the !/2 per cent Cr '/2 per cent Mosteel is concerned 
which has about the same temperature range of application as the 
1 per cent Mo !/, per cent V steel, there is evidence in the paper 
itself that the difference in creep strength between these two 
materials, on a comparative basis, is not nearly as great as the 
reader might be led to believe. For example, let us compare 
Mo-V steel No. 2376 of Series 6 which had been soaked for 8 
hr at 1740 F, followed by air-cooling and drawing at 1200 F, 
with the 1/2 Cr 1/2 Mo steel No. 2260 of Series 4 which was an- 
nealed at 1700 F, i.e., at a lower temperature, for only two hours, 
followed by air-cooling and drawing at 1200 F, then we find the 
following relative creep-strength values for 1000 F and 0.01 per 
cent creep in 1000 hr: 

1% Mo 1/,% V steel No. 2376 13,000 psi 

1/2% Cr 1/2% Mo steel No. 2260 10,500 psi 


i.e., the moly-vanadium steel shows in this case a superiority of 
the order of 20 per cent rather than 50 to 100 per cent as indicated 
in the paper. ng 

Now let us compare Mo-V steels 2370 and 2375 in their 1920 F 
treated condition which should produce a rather coarse grain size 
favoring high creep strength, with the '/2 per cent Cr '/2 per cent 
Mo steels 2257 and 2258 in their hot-rolled condition in which 
they display a nonuniform medium to coarse grain size (ASTM 
Nos. 3-6), then we have the following creep-strength values, 
again for 1000 F and 0.01 per cent in 1000 hr: 

1% Mo '/4% V steels 2370 and 2375 += =—. 21,000 and 22,000 psi 

1/2% Cr '/2% Mo steels 2257 and 2258 14,800 and 14,200 psi 


i.e., the moly-vanadium steels have a 30 per cent superiority over 
the '/2 per cent Cr '/2 per cent Mo steel rather than 50 to 100 
per cent. There is reason to believe that this difference in the 
creep strength of the two steels would be much smaller if they 
were tested in the same grain-size condition. In this connection 
it may be of interest to note that two other laboratories also 
determined the creep strength of the two '/2 per cent Cr !/2 
per cent Mo steels 2257 and 2258 in the as-rolled and 1200 F 
stress-relieved condition and obtained values of 15,000 psi and 
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20,000 psi, respectively, for 1000 F and 0.01 per cent/1000 hr.® 
Tapsell, Bristow, and Jenkins’ studied the creep and creep- 
rupture behavior of a plain 0.5 per cent Mo steel and a 0.5 per 
cent Mo 0.20 per cent V steel, at temperatures ranging from 986 
F to 1292 F, both steels made in an acid-lined high-frequency 
electric furnace and hot-rolled into 1'/,-in-diam bars, and found 
“considerable similarity in the creep behavior of the two steels 
in the air-cooled condition.”’ Here again, the plain molybdenum 
steel was at a disadvantage from a grain-size standpoint because 
it had been normalized at 975 C (1787 F) which produced a 
noticeably finer structure than that existing in the moly-vana- 
dium steel which had been normalized at 1000 C (1832 F). 
Notwithstanding its more favorable microstructure, the moly- 
vanadium steel was found to have a margin of superiority of only 
about 10 C (18 F) for 0.2 per cent creep in 100,000 hr when 
compared on a temperature basis. The chances are that this 
slight superiority of the moly-vanadium steel would have been 
further reduced or even completely wiped out if the plain molyb- 
denum steel had been tested in the same grain-size condition. 

It therefore appears that the good showing of the 1 per cent 
Mo '/, per cent V steel described in the paper is largely depend- 
ent upon the conditioning treatment at 1920 F which is a highly 
undesirable temperature from a fabricating standpoint. Further- 
more, one cannot help speculating on the question of what welding 
would do to the creep strength of this high-temperature pre- 
conditioned steel. As for welding itself, a steel which displays 
a room-temperature tensile strength of about 140,000 psi after 
air-cooling from 1900 F, would seem to possess a very high degree 
of weld-hardening and would seem to be crack or notch sensitive. 
Such a steel should be rather tender with respect to welding in the 
field. It would therefore be interesting to obtain information on 
the microstructural and mechanical properties of such moly- 
vanadium weldments, both as-welded and stress-relieved and be- 
fore and after long-time creep testing at 1000 F. In experiments 
with weld metal containing 1 per cent and 2 per cent molyb- 
denum, we observed some years ago a marked degree of secondary 
hardening after conventional stress-relieving treatments. Does 
1 per cent Mo !/, per cent V metal display similar character- 
istics? 

In conclusion, we should like to ask the author if he would re- 
commend the 1 per cent Mo !/, per cent V steel, which may be 
of great value for applications where extreme resistance to creep 
is of prime importance, for temperatures above 1000 F, let us say, 
1050 F, or would he then recommend the use of chromium-bear- 
ing molybdenum steels? 


F. B. Fotry.’ Attention is called to what seems to be an error 
in the reporting of Series 1. Item 1125 has a composition (Table 
la) which places it in the Mo group. It has a creep strength 
(Table 1b) at 1000 F of 9400 psi for 0.01 per cent per 1000 hr 
creep rate. The point plotted in Fig. 1 at that load is marked 
Cr-Mo. If, as Table 1a indicates, this item has no Cr, then its 
high (1830 F) austenitizing temperature is probably responsible 
for its position high up between two Mo-V steels. This kind of 
strengthening is clearly indicated for 1000 F testing in Series 2. 

In Series 2 rapid (air) cooling from the austenitizing tempera- 


*“A Study of the Properties of 0.5 Per Cent Chromium 0.5 Per 
Cent Molybdenum Pipe Materials,”’ by R. C. Fitzgerald, A. B. Wilder, 
G. V. Smith, and A. E. White. See this issue of Trans. ASME, pp. 
867-878. 

7*The Properties and Mode of Rupture of a Molybdenum and a 
Molybdenum-Vanadium Steel, Judged from Prolonged Creep Tests 
to Fracture,’’ by H. J. Tapsell, C. Bristow, and C. H. M. Jenkins, 
The Institution of Mechanical Engineers—Journal and Proceedings, 
vol. 164, 1942, pp. 208-222. 
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Pa. 


é 
| 
l 
e 
a 
it 
2 
a 
d 
n 
h 
m 
‘ 
al 
lo 
in 
2 
- pe 
re 
CO 
by 
en 
th 
1 /, 
ro 
V 
res 
a 
inf 
9 
po 


ROBINSON—SOME 1000 F STEAM PIPE MATERIALS 


ture produces greater resistance to creep at 900 F than does slow 
(furnace) cooling. Shall we say this means that coarse ferrite and 
coarse carbide particles, the products of slow cooling, are contra- 
indicated for 900-F service? But the state of the ferrite and car- 
bide particles have no bearing on creep resistance at 1000 F. It 
is the temperature of austenitizing which determines resistance 
to creep at 1000 F, and the higher the temperature, and therefore 
the coarser the austenite, the greater the resistance. Series 4 
confirms these conclusions. 

In Series 4, Item 2259 aluminum-killed and Item 2260 sili- 
con-killed are both austenitized at 1700 F. Presumably the silicon- 
killed 2260 coarsened more than the aluminum-killed 2259 and, 
from what, Series 2 has taught, it should have the greater resistance 
to creep at 1000 F, and so it has. The same should be and is true 
of 2264 and 2265, the former, presumably finer grained than the 
latter, has the lower resistance to creep. Again, the resistance to 
creep at 900 F is not so much a matter of austenitic grain size as 
it is one of ferritic and carbide crystal sizes, the air-cooled speci- 
mens being more resistant to creep, as in Series 2, than the furnace- 
cooled ones. It is fair to assume that the ‘‘as received”? material 
Items 2257 and 2258 were finish-rolled at a temperature high 
enough to coarsen both steels and thus to produce the similar 
results obtained in creep testing at both 900 and 1000 F. 

Confirmation of the trends noted in Series 2 and 4 can be found 
in Series 5. Item 2160, austenitized at only 1580 F, should give 
a low resistance to creep at 1000 F and does. Item 2322, austen- 
itized at 1900 F, should have a high resistance and it has. Item 
2324, austenitized at 1700 F, should be intermediate between 
2160 and 2322 and it is. Item 2272, as received, was again prob- 
ably finished at a high temperature, and had a coarse austenitic 
grain size and develops the highest resistance at 1000 F. 

Series 6 has to do with castings versus wrought material and 
develops the anomolous result that the wrought material is the 
more resistant to creep. Would the values have been reversed 
had the castings not been grain refined but had been merely tem- 
pered? Then the “as cast” grain size might have shown to better 
advantage. The basis for the statement that ‘‘the Mo-V pipe 
material is 50 to 100 per cent stronger than the plain Mo or low 
Cr-Mo compositions” is not clear. The higher C, higher Mo, 
and higher V compositions of Series 6 are also stronger than the 
lower C, lower Mo, lower V steels of Series 1. The greatest gain 
in strength follows the pattern set by Series 1, 2,4, and 5. Items 
2370 and 2375 coarsened at 1920 F are much stronger, nearly 70 
per cent, than the same composition austenitized at 1740 F as 
represented by Item 2376. This is not to say that the conclusion 
regarding the higher strength of the Mo-V steel is not correct. 

The strengthening effect of a high-temperature austenite 
coarsening treatment against flow at 1000 F is well brought out 
by the data in this paper. It is also clear that the great strength- 
ening of this type of treatment is not so important at 900 F as is 
the rate of cooling from the austenitizing temperature. 


A. B. Wivpver.* The creep results reported by the author for 
per cent Cr '/:per cent Mo steel pipe, particularly in the as- 
rolled stress-relieved condition, indicate this type of material may 
be expected to have very satisfactory creep strength compared to 
C-!/, per cent Mo steel. The creep results for 1 per cent Mo '/4 
V per cent pipe, however, indicate much higher creep properties 
compared to the !/; per cent Cr-'/, per cent Mo steel. These 
results are particularly significant in that a steel developed for 
castings has been applied to seamless pipe. 

The use of vanadium for seamless pipe should be explored and 
a considerable amount of work is being done in this field. The 
influence of chromium on Mo-V steels is being studied and the 
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stability of steels of this type is being evaluated in a 10-year ex- 
posure program at elevated temperatures. 

Another interesting aspect of the work which has been reported 
is the successful fabrication of the 1 per cent Mo '/, per cent V 
steel. This clearly demonstrates that high-strength properties at 
ordinary temperature or the use of special heat-treatments not 
involving liquid quenching may, within reasonable limits, be 
successfully adapted to commercial fabrication practices. In 
addition to evaluating the high-temperature méchanical proper- 
ties of new low-alloy steels for power-plant-piping service, it is 
necessary to determine if a new steel has properties at high tem- 
perature which will permit the piercing of solid rounds to pro- 
duce seamless pipe. Also, weldabilita of the material should be 
evaluated. No difficulty was experienced in piercing the 1 per 
cent Mo !/, per cent V steel studied in this investigation. One- 
half pound of aluminum per net ton of steel was used in the de- 
oxidation practice. Physical properties of the as-rolled seamless 
pipe were as follows: ; 


Ultimate, psi % Elongation in 2 in.  Brinell hardness 
122,900 23 229 


Yield, psi 
119,000 


The high-temperature treatment applied to the 1 per cent Mo 
1/, per cent V steel should result in grain coarsening and solution 
of vanadium carbide. In order to compase this type of steel with 
'/, per cent Cr per cent Mo and 1 per cent !/2 per cent 
Mo steels, creep properties of the latter steels should also be de- 
termined after grain coarsening. The transition temperature and 
impact properties of the 1 percent Mo !/; per cent V steel would 
be of interest. 


AvuTHOR’S CLOSURE 


Mr. Kanter recognizes the virtues of vanadium but, on the 
assumption that aluminum has to be present, he makes a case 
for adding chromium. The author’s company buys pipe to a 
specification which limits the use of aluminum in the manu- 
facture of moly-vanadium pipe to an addition of no more than 
0.5 Ib per ton and therefore finds it difficult to conclude that 
chromium must be used. While admitting that some evidence 
of small graphite nodules has been found ‘in small induction- 
furnace heats of moly-vanadium, the author believes Mr. Kanter 
has exaggerated the possible instability of this material because 
no such evidence has ever been found in any of the large heats 
so far placed in service, either castings or piping, or in the rupture- 
test specimens examined after as long as 14,780 hr at 1100 F. 

Dr. Clark’s discussion brings out a fundamental difference in 
point of view about the matter of hardness which is very im- 
portant. Twenty-five years ago Prof. H. F. Moore’s tests showed 
that to improve resistance to repeated stress the most effective 
procedure was to increase tensile strength anf hardness. There 
was a good correlation between fatigue strength and Brinell 
number. While there does not seem to be any such reliable 
connection between long-time high-temperature strength and 
room-temperature hardness, the author has always felt that the 
treatments that improve high-temperature creep and rupture 
strength were very likely to be accomplished by increased room- 
temperature hardness. 

As Dr. Clark points out, most certainly the author is making 
comparisons between different compositions in different condi- 
tions. To-his point of view it would be quite unfair to make any 
final comparison on the basis of the same condition or the same 
treatment. Each material should be given the advantage of the 
treatment from which it benefits most. ‘ 

As regards the comparison between the 3 Cr 1 Mo and 2'/, Cr 1 
Mo composition, the author expressed regret in his manuscript 
that he did not have a complete spread of treatments of each. 
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Fie. 7 100,000-Hr Rupture For 0.5 Per Cent Cr— 
0.5 PER cenT Mo STEEL 


(This diagram plotted from Table 7 gives, as of September, 1948, the results 
of the tests reported 10,000 hours earlier in Table 4b and Fig. 4. Some are 
still running.) 


Mr. Foley explained the reasons for the low value on the 3 Cr 1 
Mo. 

It is indeed too bad if money has been wasted on the softening 
of power piping but the author does not believe this has always 
been the case. The best high-temperature strength on piping 
is got as it comes air-cooled from the rolls, and the author has 
always felt this was because it was quick-cooled from a hotter 
temperature than fabricators were willing to go to after bending 
and welding. Otherwise we would try to get the same qualities. 

Ordinary stress relief of welds is not supposed to change the 
high-temperature properties. The relief of the localized strains 
about the weld ought not to soften the base material. There 
may be merit in the Detroit Edison proposal to normalize welds 
rather than just to strain-relieve them. 

Mr. Eberle attributes the development of the low-chromium- 
molybdenum steels as suited to the corrosive conditions of high- 
temperature oil-refining operations, a service somewhat different 
from 1000 F steam lines. The author believes that steam pipes 
merit their own specification. Mr. Eberle cites good comparisons 
from the author’s own figures in favor of a 20 to 30 per cent 
advantage for moly-vanadium steel instead of 50 to 100 per cent. 


TABLE 7 SERIES 4 


(Results compiled 10000 hours later than Table 46) 


Rupture strength, psi 
Item -——10000 Hr-———. 


no. 1000 F 

2257 42000 23000 34000 16500 
2258 45000 23000 39000 14000 
2259 38000 21000¢ 29000 

ore 52000 22000 46000 11000 
2264 38000 210002 31000 

2265 39000 19000 29000 10000 


* Test still running. 
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VANADIUM STEEL 


(This diagram plotted from Table 8 gives as of September, 1948, results of 
the tests reported 10000 hours earlier in Table 6b and Fig. 6. Some are 
still running.) 


In arriving at his rough estimate of this range, the author could 
not escape looking at the low figures sometimes obtained for the 
low-chromium-molybdenum steels reputed to be in proper 
condition. He has not found any such low values as Dr. 
Clark mentions in moly-vanadium samples intended for piping. 

Mr. Foley’s first remark calls attention to an erroneous omis- 
sion of the chromium content from the composition of Item 1125 
as given in the preprint of this article. The error has been 
corrected in this printing. The success with which Mr. Foley 
analyzes the relationships between treatment and creep strength 
is gratifying. 

The eventual outcome of the investigations described by Mr. 
Wilder will be awaited with interest. 

The author cannot help noting that every one of the discussers 
has commented on the creep strength while not one has mentioned 
the long-time rupture strength. It is the author’s feeling that 
the long-time rupture strength is considerably more important 
for piping in particular and that lower rather than higher creep 
strength would be welcome provided it could be obtained without 
impairment of’ the long-time rupture strength. 

When the manuscript for this paper was prepared in July, 1947, 


TABLE 8 SERIES 6 

(Results compiled 10000 hours later than Table 6d) 

strength, psi 
10000 Hr 


100000 Hr-———- 


Item 


no. 900 F 1000 F_ 1100 F 900 F 1000 F_ 1100 F 
2250 47000 25000 10800 40000 18000 6800 
2251 30000 12000 22000 6000 
2282 29000 20000 
2283 28500 18000 
2284 30000* 140004 21000 8500° 
2370 240002 13000¢ 
2375 31000¢ 15000¢ 
2376 58000a 29000¢ 17000¢ 


@ Test still running. 
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a number of the long-time rupture tests in Series 4 (0.5 per cent 
Cr, 0.5 per cent Mo) and in Series 6 (1 per cent Mo, 0.25 per cent 
V) were still running and the results were marked as tentative. 
Now in September, 1948, 10,000 hours later, some of these tests 
have been completed but not all. In Table 7 and Table 8 are 
given the latest available figures for the tests originally reported 
on the right-hand side of Table 4b and Table 6b while the corre- 
spondingly revised diagrams appear in Fig. 7 and Fig. 8. 

It is still necessary to mark some of these tests as “still 
running.” The author invites study of these longer and there- 
fore more valid results. In both Series 4 and Series 6, there was 
a tendency for the 100,000-hr rupture strength to drop somewhat 
as the longer-time test points came in. However, that tendency 
appears to have stopped in the case of the moly-vanadium tests 
for which the existing predictions are now based on unbroken 
bars still running. Thus any further revision of these results 
should be upward. 

In conclusion the author notes that all discussers with the 
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exception of Dr. Clark find the moly-vanadium composition ad- 
vantageous, the principal argument having to do with the per- 
centage amount. From an over-all viewpoint, it appears to the 
author that Dr. Clark’s reservations are predicated on code rules 
which the author believes should be changed. New conditions 
of service ought to be recognized by new rules. The author does 
not advocate greater hardness for its own sake but is willing to 
tolerate it because it seems to accompany both long-time high- 
temperature strength and low-temperature cyclic strength. 

It so happens that all the moot points of discussion relate to 
the creep-strength figures which were final when the manuscript 
was first prepared and are unchanged now. However, the author 
feels he cannot conscientiously close this discussion without 
including the later figures for long-time rupture strength which 
have had to be definitely revised downward. On the other hand 
any further breaks in the still unbroken bars can only improve 
these results which still show a marked superiority of moly- 
vanadium over the low-chromium-molybdenum compositions. 
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A Study of the Properties of 0.5 Per Cent 
Chromium—0.5 Per Cent Molybdenum 
Pipe Steel 


By R. C. FITZGERALD,' A. B. WILDER,*? G. V. SMITH,’ ano A. E. WHITE‘ 


Study of the mechanical properties, including creep, 
and of the welding and fabrication characteristics of steel 
containin< 0.5 per cent chromium and 0.5 per cent molyb- 
denum, designed for elevated-temperature service, has 
shown tis grade to be essentially similar to 0.5 per cent 
molybdenum steel without chromium. However, elevated- 
temperature exposure tests have shown the steel whether 
deoxidized with aluminum or not, to be resistant to 
graphitization in butt-welded pipe as well as bead-weld 
tests lasting up to 15,000 hr at 1025 F and 12,000 hr at 1100 
F. Scaling tests and hardness and notch-impact tests 
before and after air exposure at elevated temperature have 
indicated that only slight oxidation and little or no em- 
brittlement may be anticipated during service of this grade 
of steel. 


INTRODUCTION AND SUMMARY 


Since the occurrence, early in 1943, of severe local graphitiza- 
tion and failure of a welded joint of molybdenum steel in a high- 
pressure steam line at the Springdale Station of the West Penn 
Power Company, considerable effort has been expended by 
metallurgists and engineers in attempting, on one hand, to gain 
an insight into the fundamental factors involved in the reversion 
of carbide to graphite, and on the other, to develop alloys and 
manufacturing practices which will inhibit the formation of 
graphite during commercial usage. 

Of the several changes proposed to miaimize or prevent graphi- 
tization, that involving the alloying addition of chromium has 
generally been considered to be the most efficacious means of 
accomplishing this end. The co-operative study reported here 
was undertaken to test this possibility. An arbitrary chromium 
addition of 0.5 per cent to the 0.5 per cent molybdenum level 
commonly used for steam pipe, was selected. Since this in- 
vestigation was started in July, 1944, ASTM Specification A280- 
46aT relating to Seamless Chromium-Molybdenum Alloy Steel 
Pipe for Service at High Temperatures has been introduced. 
The chemical analysis of the steels studied lies within the scope 
of this specification. 

Two heats of commercial size, which cannot always be approxi- 
mated by small experimental or laboratory heats, were employed 
for the tests. These were rolled into 10°/;-in-OD X 1.125-in- 


1 Senior Engineer, Consolidated Gas Electric Light and Power 
Company of Baltimore, Baltimore, Md. 

? Chief Metallurgist, National Tube Company, Pittsburgh, Pa. 

3 Research Metallurgist, U. S. Steel Corporation, Research Labora- 
tory, Kearny, N. J. 

‘ Director, Engineering Research Institute and Professor of Metal- 
lurgical Engineering, University of Michigan, Ann Arbor, Mich. 
Fellow ASME. 

Contributed by the Joint ASTM-ASME Research Committee on 
Effect of Temperature on Properties of Metals and presented at the 
Annual Meeting, Atlantic City, N. J., December 1-5, 1947, of Tue 
American Society oF MECHANICAL ENGINEERS. 

Note: Statements and opinions advanced in papers are to be 
understood as individual expressions of their authors and not those of 
the Society. Paper No. 47—A-173. 
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wall seamless pipe. The two heats were nominally identical 
except for the deoxidation practice employed, one being made to 
coarse-grained, the other to fine-grained practice. The coarse- 
grained heat was deoxidized with silicon only, i.e., no aluminum, 
while the fine-grained heat was deoxidized with 1'/, lb of alumi- 
num per ton of steel in addition to a prior silicon addition. 
Study of the influence of deoxidation practice was dictated by the 
important roles which aluminum plays in the service of steel at 
elevated temperature. A large aluminum addition results in 
fine grain size which, though beneficial to toughness and freedom 
from embrittlement, is generally considered detrimental to creep 
strength. In recent years a large aluminum addition has been 
clearly proved to contribute to susceptibility to graphitization. 
Yet the use of at least some aluminum is quite desirable from the 
purely mechanical aspects of steel processing to obtain desirable 
surface quality and thus economy of manufacture. Thus a 
compromise must be made in the aluminum addition to properly 
balance its good and bad effects. 

The two steels have been extensively studied in most all re- 
spects that are of interest in the contemplated use of the material, 
and the results are described in detail in the following sec- 
tions prepared by the different co-operators. The statements 
in the individual sections do not necessarily represent the opinions 
of the remaining authors. The results may be summarized briefly 
as follows: 


1 The mechanical properties of this material at ordinary 
temperature, Table 1, are at a slightly higher level:than in 
the plain molybdenum steel. 

2 Satisfactory flattening and etch tests of the pipe may be 
expected. 

3 Welding electrodes have been developed which will satis- 
factorily deposit 0.5 per cent Mo weld metal containing either 
of two levels of chromium content, 0.35 and 0.5 per cent, with 
properties similar to the base metal. 

4 Satisfactory procedures are available for welding this 
material under commercial conditions. These involve preheat- 
ing at 500 F as well as postheating at 1300 F. 

5 Bending and upsetting tests indicate that this material 
may be fabricated as readily as other pipe material. 

6 The results of residual-stress measurement are presented. 

7 The material possesses adequate scaling resistance for the 
contemplated service range of temperature, Table 3. 

8 Hardness,and notch-impact tests before and after ex- 
posure at elevated temperature indicate that no deleterious 
embrittlement may be expected during the use of this material, 
Table 3. 

9 Extensive studies have failed to show graphitization in this 
material, however deoxidized or initially or posttreated, when 
exposed up to 15,000 hr at 1025 F or 12,000 hr at 1100 F. 

10 The creep strength of this grade of steel is comparable to 
some of the low-chromium low-molybdenum types of steel. 
11 In the as-rolled and stress-relieved condition, heat 
X11647, to which was added 1.25 lb of aluminum per ton of 
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steel, had the higher creep strength, while in the normalized the ladle not exceeding 0.5 lb per net ton of steel. The use of 
and stress-relieved condition, heat X11648, to which no aluminum in addition to silicon helps to insure a satisfactory 


: aluminum was added, had the higher creep strength. etch test°in the finished pipe. Although no aluminum was 
added to the coarse-grain heat studied, it contained a very slight 
MATERIALS amount of aluminum, most probably being introduced in the 


ferroalloy additions. The carbon and chromium contents of 
both heats were on the low side of the range. The silicon- 
The 10*/,-in-OD X 1.125-in-wall seamless pipe used in this aluminum-killed heat contained sufficient aluminum to insure a 
investigation was made from electric-furnace steel to applicable fine austenitic grain size after carburizing and a high coarsening 
parts of ASTM Specification A2C6-44T for plain 0.5 per cent temperature. 
molybdenum steel pipe. All of the requirements in ASTM Stress relieving at 1200 F increased the longitudinal and de- 
Specification A280-46aT, which had not been issued at the time creased the transverse yield strength of both types of steel com- 
the pipe was manufactured, were also met with the exception pared with the as-rolled condition. The transverse yield strength 
of the carburized austenitic grain size in the heat made to fine- of all the steels tested in different heat-treated conditions ex- 
grain deoxidation practice. Recently, Specification A280 has ceeded the longitudinal yield strength, particularly in the coarse- 
been changed from 0.40/0.60 per cent chromium to 0.50/0.70 grain material. This condition may be associated with residual 
per cent chromium. The chromium content of the steels in- stresses in the pipe material. 
vestigated was 0.45/0.48 per cent chromium. The 1950 F air-cool treatment increased the yield and tensile 
The 0.5 per cent chromium—0.5 per cent molybdenum steel strength of the coarse-grain steel, but did not appreciably affect 
used in this investigation is essentially similar to the plain 0.5 the fine-grain steel. The 1950 F furnace-cool treatment had, in 
per cent molybdenum steel from a specification point of view. general, the lowest mechanical properties of the material tested. 
The strength requirements of the chromium bearing steel are The properties of 1650 F and 1450 F air-cooled materials were, in 
identical with those of the plain 0.5 per cent molybdenum steel, general, similar. Material annealed at 1350 F had lower me- 
and in Specification A280, a carburized austenitic grain size of | chanical properties compared to similar material stress-relieved at 
1 to 5 is specified while in A206 a structural grain size of 3 to 6 1200 F. 
may be and generally has been specified. The tensile requirements of specification A280 (for as-rolled 
Chemical Analysis and Mechanical Properties. The chemical _ stress-relieved material) are met by either of the two heats ex- 
and mechanical properties of the 0.5 per cent chromium—0.5 per amined. The strength characteristics are on a slightly higher 
cent molybdenum steels tested are shown in Table 1. Tests were level than for the plain 0.5 per cent molybdenum steel. 


PREPARED BY A. B. WILDER? 


conducted on as-rolled and heat-treated material removed from In addition to the chemical and mechanical properties shown 
pipe wall. Heat-treatments were made of full pipe sections; in Table 1, satisfactory flattening and etch tests were obtained. 
the specification procedures employed are included in Table 1. Grain Sizeand Normality. Austenitic-grain-size determinations 


Standard 0.505-in-round tensile test specimens were used. in the carburized region shown in Fig. 1 were made after car- 
Photomicrographs corresponding to the five conditions of heat- _burizing samples of the stress-relieved pipe material for 8 hr at 
treatment studied in graphitization tests are presented in Figs. 2 1700 F and slow cooling in the furnace. The steel with no alumi- 
and 3 for the two heats, and discussed in the corresponding num addition was coarse-grained, ASTM 1 to 3, and the hypereu- 
section. tectoid case was normal, i.e., contained no free ferrite. The 

Although no aluminum was added to the coarse-grain heat, aluminum-killed steel was fine-grained, ASTM 6 to 8, and the 
steel of this type is frequently made with aluminum additions in metallographic structure was slightly abnormal. The grain size 


TABLE 1 


oat ANALYSIS AND MECHANICAL PROPERTIES OF 0.5 
R CENT Cr—0.5 PER CENT Mo STEELS 


added 
Heat no. wes ton C Mn og s Si Cr Mo Al AlOs 
X11648 None + 0.13 0.50 0.009 0.019 0.22 0.48 0.56 0.003 0.002 
X11647 1l/, 0.12 0.45 0.012 0.019 0.14 0.45 0.54 0.027 0.008 


1200 F 1950 F 
As- Stress- 1350 F 1950 F Furnace- 1650 F 1450 F 
rolled relieved Anneal Air-cool cool Air-cool Air-aool 


Heat no. X11648—No aluminum 


Longitudinal 
Yield strength 
(1000 psi) 40 47 41 51 30 35 36 
Tensile strength 
(1000 psi) 71 68 63 79 61 69 69 
Elongation % in 
2 in. 32 33 37 27 35 35 36 
Transverse 
Yield strength 
(1000 psi) 56 53 48 72 38 52 51 
Tensile strength 
(1000 psi) 75 71 66 88 61 73 72 


Elongation % in 
2 in. 35 27 32 21 34 27 32 
Brinell hardness 143 124 124 163 112 131 131 


. Heat no. X11647—1!/, lb aluminum/net ton 
Longitudinal 
Yield strength 
(1000 psi) 38 49 41 38 ' 34 39 33 
Tensile 
(1000 psi) 66 67 63 63 57 61 62 
Elongation % in 
2 in. 34 33 37 39 40 40 38 
Transverse 
Yield strength 
(1000 psi) 53 50 45 42 38 43 44 


Tensile 
70 67 62 65 58 63 64 


Elongation in 


Beall hardness 


‘ 

I 

eer 28 29 34 30 37 36 35 
143 131 ‘118 131 116 126 126 
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Heat X11647, 11/4 Lp per Ton ALUMINUM 


Fia. 1 


characteristics of the pipe samples were similar to the results 
obtained on 10'/;-in-diam rounds from which the pjpe was made. 

Plain 0.5 per cent molybdenum steel was originally made to 
fine-grain practice, but coarse-grain practice was later optionally 
specified. This change in steelmaking practice was based on 
creep-strength data, but the change in practice also resulted in 
greater resistance to graphitization although this latter was not 
recognized at the time. The coarse and fine-grain steels used in 
this investigation are therefore similar with reference to grain- 
size characteristics, to the plain 0.5 per cent molybdenum steel 
which is in power-plant service today. 


FABRICATION TESTS 


PREPARED BY R. C. FitzGeRAup! 


Electrode Acceptance Tests. Up to the time of this testing pro- 
gram no cases of graphitization have been reported in weld metal. 
However, because of the possibilities of graphitization appearing 
later, it was considered desirable to stabilize the weld metal as 
well as the pipe material by a suitable chromium addition. A 


Austenitic GRAIN S1zE AND NorMALITY REVEALED IN CARBURIZED SpecIMENS; 


number of electrode manufacturers were requested to develop 
electrodes which would deposit weld metal similar in analysis 
to the pipe materials. Such electrodes were submitted by three 
manufacturers.® 

Electrodes submitted were of two types, E7010 and E7011, and 
were supplied in two chromium ranges. The electrodes were 
tested comparatively for ease of handling, soundness of deposited 
metal, and mechanical properties. Typical chemical analyses 
and mechanical properties of the weld metal deposited with 300 
F preheat and a stress-relieving of 1150 F are shown in Table 2. 
Standard 0.505-in. tensile specimens were used. 

In preliminary welding tests it was found that the type E7011 
electrodes were superior from the standpoint of ease of handling. 
Tensile fractures of these electrode deposits also showed fewer 
“fisheyes” compared to type E7010 electrodes, although there 
was little difference in mechanical properties. The type E7011 
electrodes were selected for all subsequent testing. For purposes 

5’ Arcos Corporation, Philadelphia, Pa., Arcrods Corporation, 


Sparrows Point, Md., and Metal and Thermit Corporation, New 
"York, N. Y. 


100 x 500 : 
Heat X11648, No ALuminum 
x 100 500 
BES 
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TABLE 2 TYPICAL CHEMICAL ANALYSIS AND MECHANICAL PROPERTIES 
OF WELD METAL 


A.W.S. 

type Cc Mn P Si Mo 
E 7010 0.08 0.39 0.017 0.21 0.67 
E 7010 0.08 0.44 0.018 0.26 0.66 
E7011 0.10 0.43 0.017 0.19 0.59 
E7011 0.12 0.43 0.017 0.16 0.56 


of this testing program it was necessary to select a single analysis 
for the deposited metal. All electrode tests had shown that the 
0.35 per cent chromium and the 0.5 per cent chromium electrodes 
of the type E7011 were equally good. The 0.35 per cent chro- 
mium electrode was arbitrarily chosen for the procedure qualifica- 
tion test, and all other tests involving welding. 

Welding Procedure. The development of a procedure for 
welding the chromium-molybdenum pipe materials involved an 
application of the practices developed for welding low-alloy 
steels. Preliminary work was conducted to determine a suitable 
preheat temperature and, subsequent to the development and 
qualification of the procedure, residual-stress measurements were 
made on full-sized butt welds to confirm stress-relieving practices. 

Weld-bead hardness tests indicated a maximum hardness of 

297 Brinell, with a base-metal temperature of 70 F, and 210 
’ Brinell hardness with 500 F preheat. These values were deter- 
mined by Rockwell A hardnvss traverse in the coarse-grained 
steel. The maximum hardness occurred in the pipe material 
close to the fusion line. In similar tests with the fine-grained 
steel, the values were 245 Brinell and 200 Brinell, respectively. 
On the basis of these tests, a minimum preheat temperature 
of 500 F was chosen. 

The joint design and general welding procedure used in this 
investigation were similar to those used in the installation of 
approximately 250,000 kw of generating capacity with plain 
molybdenum steels. The minimum preheat and the stress- 
relieving temperatures were the principal points of difference. 
The welding groove is a modified U-type groove machined so 
that the butting edges may be readily joined by a small oxy- 
acetylene root weld which takes the place of the customary back- 
ingring. After the root bead weld is made, the remainder of the 
groove is filled by metallic-are welding in the conventional man- 
ner. The procedure specification is as follows: 


Base Metal.’ ASTM Specification A280-46 AT (with ex- 
ception of carburized grain size in the fine-grained heat). 

Filler Metal. (1) Oxyacetylene welding rod: ASTM Speci- 
fication A251-46T, Class GA-60, '/s in. diam. (2) Welding 
electrodes: ASTM Specification A-233-45T, '/s in. and 5/32 in. 
diam. Type E7011. 

Position. Welding shall be done in the horizontal and vertical 
fixed positions. 

Welding Technique. Oxyacetylene weld: The first bead or 
oxyacetylene root bead shall be deposited in the backhand 
manner with a neutral flame. Metallic-arec weld: In horizontal 
joiats, beads of welding shall be deposited by weaving across the 
width of the welding groove. Vertical joints shall be welded 
by means of fillet-type welds deposited in layers in the welding 
groove. . 

Preheating. The region of the joint shall be preheated to 
500 F minimum. This temperature shall be maintained until 
the welding is completed and stress-relief treatment is applied. 


Stress-Relieving. Stress-relieving shall consist of heating the 


welded joint by 60-cycle induction heating to the stress-relieving 
temperature of 1300 F at a rate not to exceed 500 F per hour. 
After the stress-relieving temperature is reached it shall be main- 
tained without interruption for a period of time equivalent to 
two hours per inch of pipe wall. 


Cc 
0. 
0. 
0. 
0. 


Yield Tensile % % 
strength strength Elong. Red. 


r 1000 psi 1000 psi 2 in. area 
27 66 80 27 60 
55 73 87 25 61 
35 70 83 25 63 
50 72 84 24 65 


A heated band at least four times the maximum width of the 
welding groove shall be maintained at stress-relieving tempera- 
ture during the soaking period. 

The cooling rate shall not exceed the heating rate. 


Bending and Upsetting Tests. These tests were made on full- 
size pipe from both heats of steel.6 The purpose of performing 
full-size fabrication operations of this kind was to determine if 
the addition of chromium to the molybdenum steel would in any 
way increase the difficulties of the pipe fabricators or necessitate 
any modification of common practices. 

One hot bend in pipe in each heat of steel was fabricated by 
practices employed with plain molybdenum pipe. The pipe 
sections were filled with sand, heated to 1700 to 1800 F, and pulled 
on a bending table to a curve of radius of four pipe diameters or 
approximately 40 in. As each section was bent true with a 
template it was quenched with a stream of water to hold its 
shape while the hotter sections were being pulled to shape. The 
quenching action was mitigated by the heat in the filling sand 
which quickly reheated the pipe to 1200 to 1400 F. After bending, 
the pipe showed no cracks or other defects. Ring sections cut 
out of the bends at points of drastic quench were tested for hard- 
ness. The maximum hardness observed was 215 Brinell (by 
conversion from Rockwell B). 

The coarse-grained pipe was heated to 1900 F for upsetting. 
A Van Stone machine was used to upset the heated end an amount 
equivalent to 50 per cent of the original wall thickness. The 
material showed ne hot shortness, and the maximum hardness 
after this operation was 163 Brinell (by conversion from Rockwell 
B). 

The bending and upsetting tests indicated that the 0.5 per cent 
chromium—0.5 per cent molybdenum materials may be fabricated 
as readily as other pipe materials. 

Residual-Stress Measurements. Residual-stress measurements 
were made by the Welding Laboratory of the U. 8S. Naval Engi- 
neering Experiment Station on four welded joints in the fine- 
grained steel. Eighteen-inch lengths of pipe were joined with 
butt welds in accordance with the procedure already described, 
except that two joints were stress-relieved at 1275 F while the 
remaining two were stress-relieved at the specified temperature of 
1300 F. 

The residual-stress determinations were made by the method 
of direct relaxation. This method of residual-stress determina- 
tion is based on the relaxation of elements of the pipe by machin- 
ing. Stress is calculated from observation of strain produced 
by the relaxation operation. The results are as follows: 


1 Average circumferential stress at the periphery of the 
pipe, 8700 psi (tension). 

2 Average circumferential stress at the bore of the pipe 
(internal surface), 6050 psi (compression). 

3 Distribution of this stress in the three-foot sections (weld 
at center) were as follows: (a) Weld zone, negligible (1000 to 
2000 psi) (b) unheat-treated ends of three-foot sections— 
8150 psi to 10,500 psi. ‘ 


To explain the high values of residual] stress at the ends of the 


6 The Pittsburgh Pipe and Equipment Company, Pittsburgh, Pa.. 
made the bending tests. W.K. Mitchell and Company, Philadelphia, 
Pa., made the upsetting tests. 
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locally stress-relieved joints one joint was re-stress-relieved at 
1275 F and the residual stresses measured by the relaxation 
method. The stress values in the region of the weld and stress- 
relief band were negligible, while the stresses in the unheated 
pipe ends ranged up to 15,000 psi. 


EXPOSURE TESTS 


PrePARED BY G. V. SmitrH® 


In the use of metals at elevated temperature, as in steam lines, 
several characteristics of the metal at the service temperature are 
of interest. The most important of these is of course the ability 
to support a stress which involves the measurement of creep 
strength; such determinations are reported in the next section. 
In addition to suitable creep strength, however, the metal must 
possess adequate resistance to sealing or other corrosive attack, 
as well as resistance to the deterioration in strength or toughness 
resulting from what is generally termed structural instability. 
Accordingly, this aspect of the suitability of 0.5 per cent chro- 
mium—0,5 per cent molybdenum steels has been examined by 
means of measurement of the loss in metal weight resulting from 
scaling, as well as of the change in hardness and notch-impact 
strength at atmospheric temperature, after exposure at elevated 
temperatures. In addition, quite extensive studies were made to 
determine the susceptibility of the steels to graphitization. 
These results were obtained by experiments conducted by the 
National Tube Company, the Consolidated Gas Electric Light 
and Power Company of Baltimore, and the Research Laboratory, 
United States Steel Corporation. 

Hardness, Notch-I mpact Strength, and Scaling. Brinell hardness 
determinations (by conversion from Rockwell B) are reported in 
Table 3 for the two heats of steel in the heat-treated condition. 
These measurements were made on one-inch-square bars before 
and after exposure at 900, 1050, and 1100 F. The aluminum- 
deoxidized steel was studied in the normalized, annealed, and 
quenched and tempered conditions to determine the effect of 
exposure on widely different microstructures. Exposure at 
900 and 1050 F had little effect on the hardness, but exposure at 
1200 F resulted in a marked decrease in this property. 

The results of the standard Charpy keyhole notch-impact 
tests are also listed in Table 3. These tests were made on differ- 
ent portions of the same bars used for the hardness tests. A 
marked increase in notch-impact strength occurred on exposure 
for 10,000 hr at 1200 F, whereas the changes at the lower tem- 
peratures were of much less magnitude and in either direction 
depending upon the temperature, deoxidation practice, and initial 
heat-treatment. The notch-impact strength of the silicon- 
deoxidized steel was notably inferior to that deoxidized with both 
silicon and aluminum. These data indicate that no harmful 
embrittlement is to be expected during the service of these ma- 
terials. 

The metal loss from sealing in air was also determined on the 
l-in-sq X 20-in-long bars after 10,000 hr exposure. The results 
are reported in Table 3 in terms of per ceat loss in metal weight, 
determined after removal of the scale by the sodium-hydride 
technique. The numbers given apply only to the shape tested, 


TABLE 3 EFFECT OF 10,000-HR wees 900, 1050, AND 1200 F ON HARDNESS, NOTCH IMPACT 


but may be employed for other shapes by conversion to weight 
loss per unit surface area. Oxidation was slight at 900 and 1050 
F, but considerable at 1200 F. The results were not influenced 
by differences in initial heat-treatment. In the range of tempera- 
ture for which this steel has been recommended, 950 F maximum, 
entirely adequate scaling resistance is indicated by the results. 
Although no comparative data are at present available for other 
materials, it may be expected that these steels are slightly superior 
in this regard to plain molybdenum steel, but inferior to steels 
containing higher chromium (or/and silicon). 

Graphitization .Susceptibility. The microstructural stability 
at elevated temperature, with particular reference to the resist- 
ance to graphitization of the two heats of chromium-molyb- 
denum steel, was studied quite extensively by metallographic 
techniques in several series of tests. ‘ 

Sections From Full-Size Welded Joints. In the most extensive 
series of tests. lengths of 10°/;-in-OD X 1.125-in-wall pipe were 
welded together and sections from these joints exposed for ex- 
tended periods at 1025 F, then examined with the microscope. 
Five different initial conditions of the pipe of each heat were 
employed as follows: 


Initial Conditions of Pipe Sections Prior to Welding 
Heat X11647 Heat X11648 


lb of Al ‘no Al 

designation designation Treatment 
A F As-rolled, stress-relieved at 1200 F 
B H 1950 F, air-cooled : 
Cc 1950 F, furnace-cooled 
dD K 1650 F, air-cooled 
E L 1450 F, air-cooled 


Photomicrographs of each of these conditions are shown in 
Figs. 2 and 3 for the fine and coarse-grained steels, respectively. 
There is little or no difference between the two heats for the as- 
rolled and stress-relieved and the 1450 F air-cooled conditions. 
In the photomicrographs representing this latter treatment, 
the partfal transformation of the as-rolled structure to austenite is 
apparent. Complete transformation to austenite occurred in the 
1650 F and 1950 F treatments and the difference in deoxidation 
practice may be observed in the size of the ferrite-pearlite or 
ferrite-Widmanstiitten regions resulting from subsequent re- 
transformation, particularly for the 1950 F treatments. The 
difference in rate of cooling from 1950 F has produced a strik- 
ing difference in microstructure for the coarse-grained steel, the 
faster cooling rate resulting in Widmanstatten, the slower in 
pearlitic, carbide regions. In the fine-grained steel the two 
cooling rates from 1950 F resulted in similar microstructure ex- 
cept for banding in the furnace-cooled sample. 

Five full-size joints were made, corresponding to the five 
initial conditions, in each case a 2-ft section of the fine-grained steel 
pipe being welded to a similar length of the coarse-grained 
steel pipe of the same initial heat-treatment. The welds were 
made by personnel experienced in weldiag steam pipe. The 
specific conditions of welding are described in an earlier section 
on welding procedure under the general section, “Fabrication 
Tests.” Fig. 4a shows a polished and etched cross section of one 
of the welded joints. 

Subsequent to welding, three sections approximately 3 X 3 x 


STRENGTH, AND SCALING 


1- IN-SQ BARS OF 0.5 Cr—0.5 Mo STEEL 


Al added Heat-treatment 
Sample  Ib/net prior to As heat- ——Exposed 10,000 hr——._ As heat- 
no. ton exposure treated 900 F 1050 F 1200 F 
12B 0 1650 F—Norm. 143 143 134 98 
12DX 1'/e 1650 F—Norm. 126 126 121 ey 
12DY 1'/, 1650 F—Anneal 118 112 112 98 
12DZ 1'/, 1650 F—Water 
quench 183 187 159 95 
1200 F—Draw 


-—Charpy impact ft-lb, keyhole noteh— 


Metal loss—due to scaling of 
l-in-sq bars; % loss in weight 


10,000 h ——Exposed 10,000 hr—— 


treated 900 F 1050 F 1200 F 900 F 1050 F 1200 F 
35.3 33.0 43.7 62.3 0.8 1.6 24.0 
68.9 73.9 54.4 0.7 1.8 
62.9 58.0 51.0 98.0 1.0 1.8 22.9 
66.9 69.5 76.4 94.3 0.9 1.7 24.2 
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Fic. 2 PHOTOMICROGRAPHS OF FINE-GRAINED STEEL. 
ed 1200 F; B, 1950 F, air-cooled; C, 1950 F, furnace-cooled; 


Ercu, X 100 
D, 1650 F, air-cooled; E, 1450 F, air-cooled.) 
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Fic. 3 PHOTOMICROGRAPHS OF COARSE-GRAINED STEEL. Ercu, 100 
(F, as-rolled, stress-relieved 1200 F; H, 1950 F, air-cooled; J, 1950 F, furnace-cooled; K, 1650 F, air-cooled; L, 1450 F, air-cooled.) 
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11/, in. were taken from each of the five joints to include the weld 
and a portion of the base metal on either side, as in Fig. 4a. One 
from each joint was stress-relieved at 1300 F for 4 hr, another was 
stress-relieved at 1200 F for 2'/, hr (this corresponds to commercial 
practice for plain molybdenum steel), and the third was not sub- 
jected to any postweld stress-relieving treatment. 


Fic. 4a Cross Section THROUGH WELDED JOINT; PicraL-NITAL 
Etca, X1 


| 
| 


Fic. 4b Cross Section THRouGH SINGLE-BEAD WELD TEstT SPEcI- 
MEN; Picrat-NitTau Etcn, X1 


All 15 samples were then introduced into muffle-type furnaces 
at 1025 F for extended exposure. At periodic intervals the 
samples were removed from the furnaces, a section removed for 
microscopic examination, and the remainder reheated to 1025 
F for further exposure. Exposure was continued to a total of 
12,000 hr (1.4 yr) for all the samples, while those initially air- 
cooled from 1650 or from 1450 F were exposed for 15,000 hr 
(1.7 yr). 

In addition to the samples just described, another set of two 
sections were taken from each of the five joints for exposure at 
1100 F. One of these was stress-relieved 2'/, hr at 1200 F, the 
other 4 hr at 1400 F, prior to exposure. The total exposure of 
these samples was 12,000 hr at 1100 F._ 

None of the samples whether of coarse- or fine-grained de- 
oxidation practice and regardless of the preheat- or postheat- 
treatment or of the exposure temperature showed any graphite 
during the exposure, in any portion of the sample—weld metal, 
heat-affected region, or unaffected base metal. The photo- 
micrographs of Fig. 5 illustrate, before-and-after exposure of 
15,000 hr, the microstructure at low and high magnification in 
the region of the heat-affected,zone in which localized (segregated) 
graphite is encountered when it occurs, and clearly show the ab- 
sence of graphite. Some spheroidization may be detected as 
well as the occurrence of a fine precipitate characteristic of plain 
molybdenum and low-chromium-molybdenum steels. The 
photomicrographs of Fig. 5 are for the steel of fine-grained de- 
oxidation practice, initially air-cooled from 1650 F, and not post- 
treated after welding, but except for differences attributable to 
initial or postheat-treatment (i.e. in size of ferrite-carbide 
patches. etc.), they are characteristic of all samples. 
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Control specimens of plain molybdenum steel of fine-grained 
deoxidation practice field-normalized after welding were included 
in one of the two 1025 F furnaces and in the 1100 F furnace. 
In both instances considerable random graphitization occurred 
on exposure for 12,000 hr. 

Steam-Line Exposure. In addition to the sections from full-size 
welded joints described, a similar joint was made between a 
section of the fine-grained and one of the coarse-grained heat, 


each in the as-rolled and stress-relieved condition, and this joint 


welded into a regular sttam line operating at 900 F and 1250 psi 
steam temperature and pressure. This joint has now been in 
service for 10,000 hr, but in view of the results of the longer time 
exposure at 1025 F, has not yet been examined. It is planned to 
continue this joint in service indefinitely and to make periodic 
examination for graphite. 

Single-Bead Weld Tests. Since it has often been observed that 
the severity of localized or segregated graphite is inversely pro- 
portional to the width of the weld-heat-affected region and, in 
fact, that graphite may sometimes occur in a narrow heat-affected 
region and not at all in a wide heat-affected zone, single-bead 
welds with a rather narrow heat-affected region were made on 
sections of pipe approximately 4 X 3 X 1'/s in. of both the fine- 
grained and coarse-grained chromium-molybdenum steel] in the 
same five initial conditions described earlier. On the opposite 
faces, of each section a weld bead with a somewhat wider heat- 
affected region was laid down. Fig. 4b shows the appearance of a 
transverse section through one of the specimens. 

The specific weld conditions employed in this series of tests 
are summarized as follows: 


Test Conditions for Single-Bead Weld Tests 
Preheat, none 
Postheat, none 
Electrode, Type E7020 
Weld type, bead weld deposited in flat position 


Narrow bead Wide bead 
Current, amp 200 285 
Are voltage 28 30 
Speed, in./min 9 3 
Heat input, Btu/in. 35 162 


These specimens were exposed for a total of 10,000 hr, with 
microscopic examination at intervals of 2000, 5000, and 10,000 
hr. In no case did graphite form. The microstructures ob- 
served before and after exposure are similar to those shown in 
Fig. 5. 2 

Unwelded Bars. The bars of coarse and fine-grained steels 
exposed for 10,000 hr at 900, 1050, and 1200 F for the hardness, 
notch-impact, and scaling geterminations summarized in Table 3 
were also examined for graphite. None was observed. 


CREEP STRENGTH OF 0.50 Cr—0.50 Mo STEEL 
Preparep By A. E. 


Creep tests were made at 950 and 1000 F on samples cut from 
the as-rolled and stress-relieved pipe from both heats. Nor- 
malized and drawn samples were also tested at 950 F. The 
tests were of approximately 1000 hr duration and were selected to 
establish the stress for a creep rate of 0.01 per cent per 1000 hr 
or 1 per cent per 100,000 hr. 

In view of the unexpected results from the tests on the as-rolled 
samples, verifying tests were conducted at two other laboratories. 
The major portion of the testing was concentrated on samples 
cut from as-rolled and stress-relieved pipe because that is the 
condition in which it is most widely used. Most of the tests 
were made at 950 F as that was, in general, the upper operating 
temperature for which this particular composition was intended. 
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1000 Arter Exposure 


Fic. 5 Structure Heat-AFFECTED ZONE Berore AND AFTER 15,000 Hk Exposure at 1025 F or Fine-GraiNep STee INITIALLY 
Air-CooLep From 1650 F anp Not PostrreATeD AFTER WeLbING; Etcu 


MarTerRIAL 


The material tested was classified as first, second, and third 
samples, as follows: 


1 Test bars cut from the as-rolled and stress-relieved pipes 
from heats X11647 and X11648 described by Mr. Wilder in the 
first section of the paper. (Designated as first samples.) 

2 Similar test bars cut at random from another section of the 
as-rolled and stress-relieved pipe from heat X11648 and sub- 
mitted at alater date. (Designated as second samples. ) 

3 Bars from the first samples normalized at 1650 F for one 
hour and air-cooled and then stress relieved at 1200 F for 
onehour. These heat-treatments were carried out in small labora- 
tory furnaces. 


The as-rolled and stress-relieved samples wére tested at both 
950 and 1000 F. The normalized and stress-relieved samples 
were tested only at 950 F. A duplicate test on an as-rolled and 
stress-relieved sample from heat X11647 was conducted at 1000 
F by Crane Company. Duplicate tests on the second lot of 


samples from heat X11648 were made at 950 F at both the 
United States Steel Research Laboratory and the University of 
Michigan. An additional test was conducted on this material 
at 1000 F by the University. All creep tests were of approxi- 
mately 1000 hr duration. 

The effect of creep testing on the properties of the steel was 
checked by means of tensile, impact, and hardness tests, and by 
metallographic examination of the specimens after completion of 
the creep tests. 

RESULTS 


The results from the creep tests are shown by logarithmic curves 
of stress versus creep rate in Figs. 6 and 7. The creep strengths 
shown by these curves are summarized in Table 4. The signif- 
icant results from these tests were as follows: 


1 Both heats of the 0.50 Cr—0.50 Mo steel had excellent 
creep strength. The stress for a rate of 0.01 per cent per 1000 
hr (1 per cent per 100,000 hr) at 950 F ranged from 10,500 to 
25,500 psi. The as-rolled and stress-relieved samples gave 
strengths of 15,000 and 20,000 psi at 1000 F. 
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Creep Rare — Percent Per 1000 Hours Creep Rate- Percent Per 1000 Hours 
Fic. 6 Crerep-Trest Resvutts Fic. 7 Creep-Test Resu.ts 
TABLE 4 CREEP STRENGTHS AT 950 AND 1000 F FOR 0.50 Cr—0.50 Mo STEEL 
Stress for a 
Aluminum creep rate of 
adde: Brinell Test temp. 0.01%/1000 hr Testing 
Heat no. (lb/ton) Sample Treatment hardness (deg F (psi) laboratory 
X11647 1.25 Ist As-rolled pipe stress relieved at 1200 F 131 950 25,500 U of M 
X11648 None Ist As-rolled pipe stress relieved at 1200 F 124 950 13,500 U of M 
X11648 None 2nd As-rolled pipe stress relieved at 1200 F ca 950 18,000 U of M 
X11648 None 2nd As-rolled pipe stress relieved at 1200 F as 950 18,000 U. S. Steel 
X11647 1.25 [st Bars cut from pipe, then normalized 1 hr at 
1650 F and stress relieved 1 hr at 1200 F 121 950 10,500 U of M 
X11648 None [st Bars cut from pipe, then normalized 1 hr at 
1650 F and stress relieved 1 hr at 1200 F 156 950 20, U of M 
X11647 1.25 1st As-rolled pipe stress relieved at 1200 F 131 1000 20, U of M 
X11647 1.25 Ist As-rolled pipe stress relieved at 1200 F 131 1000 20,000 Crane Co. 
X11648 None Ist As-rolled pipe stress relieved at 1200 F 124 1000 15,000 U of M 
X11648 None 2nd As-rolled pipe stress relieved at 1200 F * 1000 15,000 U of M 


2 In the as-rolled and stress-relieved condition, the heat to 
which aluminum was added (heat X11647) had the higher creep 
strength at both 950 and 1000 F. 

3 In the normalized and drawn condition, the silicon-de- 
oxidized heat (heat X 11648) had the higher creep strength. 

4 The agreement between duplicate tests at different labora- 
tories leads one to believe that testing techniques were not re- 
sponsible for the unusual creep characteristics observed. 

5 Creep testing at 950 and 1000 F had no appreciable effect 
on the physical properties of 0.50 Cr—0.50 Mo steel at room tem- 
perature, as is shown by the datain Tables 5 and 6. Microscopic 
examination did not show any detectable structural alteration as a 
result of creep testing. 

6 The tests show that these steels appear to have creep 

_ Strengths comparable to some of the low-chromium, low-molyb- 
denum types of steel. 


DIscussIoN OF CREEP PROPERTIES 


The creep strengths observed for the 0.50 Cr-0.50 Mo steels 
in this investigation indicate that they have good high-tempera- 
ture properties. Like all steels, however, they may have a wide 
range in creep strengths, depending on the steelmaking practice, 
the conditions of fabrication, heat-treatment, and other possible 
factors. The work reported by no means covers all of the pos- 
sible variables. 

The results of the tests on the normalized and drawn samples 
were in the usually accepted order. That is, the steel to which 
no aluminum was added had a higher creep strength than the 
steel with the aluminum addition. 

In the tests at 950 F on the pipe steel in the as-rolled and stress- 
relieved condition, the steel with the aluminum addition had a 
higher creep strength than the steel to which no aluminum was 
added. The creep strength of the steel with no aluminum addi- 
tion appeared to be lower than would normally be expected. 
However, since the three tests that were run to obtain the stress 
for a creep rate of 1 per cent per 100,000 hr all fell on the same 


straight line,the test procedure is therefore assumed to be accurate. 

This feeling is confirmed by the close agreement resulting from 
check tests with the U. 8S. Steel Corporation, though in this case 
higher stress values resulted, and with Crane Company, though 
in this latter case the test was made at 1000 F. 

Whether the value should be 13,500 or 18,000 psi, or some other 
value, is left to the reader’s judgment. 

Again, it is interesting to note that at 1000 F in the as-rolled 
and stress-relieved condition the steel with the aluminum addition 
had a higher creep strength than the steel to which no aluminum 
was added. 

Attention is also called to the similarity in creep strength at 
950 and 1000 F for the first lot of as-rolled and stress-relieved 
samples from heat X11648 (no aluminum added). What is 
surprising is that the test at 1000 F showed a higher creep strength 
than the test at 950 F. The check tests showed results which are 
believed to be in the normal order, i.e., the creep strength at 
950 F is higher than the creep strength at 1000 F. Had the first 
set of tests at 950 F been run for a longer time period than 1000 
hr, the results might have been different, though all of these tests 
were run for 1000 hr as that is the normally accepted time period 
to determine the creep rate for a given stress. 

A further interesting matter is the widely differing creep 
strengths from the two heats, with apparently identical micro- 
structures as shown in Figs. 2a and 3f when in the as-rolled 
and stress-relieved condition. The explanation must be that 
there are other factors than grain size and carbide structure con- 
tributing to creep strength. 

It is important to note, however, that both heats had very 
good creep strengths, even though the results did not follow the 
expected trends when the tests were made on samples in the as- 
rolled and stress-relieved condition. 


CONCLUSIONS 


The 0.50 Cr-0.50 Mo steels were found to have excellent 
creep strengths at 950 and 1000 F. No evidence of detrimental 
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TABLE'5 COMPARATIVE TENSILE PROPERTIES AT noo ena FOR 0.50 Cr + 0.50 Mo STEELS BEFORE AND AFTER 


Creep-testing conditions Elon 
Time of Tensile Offset yield stress Propor- tion in Reduction 
: Temp. Stress test strength psi tional limit 2 in. of area 
Material Treatment (deg F) (psi) (hr) - (psi) (0.1%) (0.2%) (psi) (%) (%) 
Heat no. X11647  As-rolled pipe stress relieved at Original . 66,200° 43,500 45,500 25,000 32.0 63.0 
1.25 lb per ton of 1200 F ' 
, aluminum added 950 15,000 1025 68,000 43,500 46,800 27,500 30.0 68.3 
25,000 1025 67,500 45,800 47,300 30,000 32.5 68.5 
1000 20,000 1295 67,200 44,700 47,000 30,000 32.5 67.0 
Bars cut from pipe then normal- Original 65,125 43,500 45,000 25,000 37 78.5 
ized 1 hr at 1650 F and 950 11,500 1107 63,000 42,000 43,500 25,000 36.5 78.5 
stress relieved 1 hr at 1200 F 15,000 1105 63,750 42,800 44,800 28,500 38 78.5 
Heat no. X11648  As-rolled pipe stress relieved at Original 66,800 43,000 43,800 27,500 33.—Ci«w 66.5 
No aluminum 1200 F 950 15,000 1025 67,750 40,000 43,000 27,500 35 69.7 
added 20,000 1005 67,700 44,500 46,500 27,500 34.5 68.5 
1000 14,000 1295 y 42,800 45,700 22,500 32.0 66.0 
17,500 1105 69,200 43,500 46,500 22,500 31.0 65.3 
Bars cut from pipe then normal- Original 72,500 52,500 54,000 47,500 30.0 70.0 
ized 1 hr at 1650 F and stress 950 20,000 1007 75,000 53,000 55,000 37,000 32.5 69.0 
relieved 1 hr at 1200 F 
TABLE 6 COMPARATIVE IMPACT AND HARDNESS PROPERTIES AT ROOM TEMPERATURE 
FOR 0.50 Cr + 0.50 Mo STEELS BEFORE AND AFTER CREEP TESTING 
Creep-test conditions Modified 
Time Izod impact Vickers 
Benny Stress of test strength hardness 
Material Treatment (deg F) (psi) (hr) (ft-lb)@ number 
Heat no. As-rolled pipe stress relieved at 1200 F Original 86 156 
X11647 950 32,500 1005 86, 91 162 be 
1.25 lb per ton Bars cut from pipe then normalized 1 1000 25,000 1012 93, 92 159 
of aluminum hour at 1650 F and stress relieved 1 Original 82,91 136 
added hour at 1200 F 950 20,000 1005 90, 95 136 
Heat no. As-rolled pipe stress relieved at 1200 F Original 20 147 
X11648 950 25,000 1005 13,10 155 
1000 22,500 1205 14, 20 156 
No aluminum Bars cut from pipe then normalized 1 Original 56, 61 162 
added hour at 1650 F and stress relieved 1 950 30,000 1105 60, 78 165 
hour at 1200 F 
a 6.3 365-in-sq specimens with 0.050-in-deep V-notch. 
changes in physical properties or structural alteration was ob- When normalized and stress relieved, heat X11648, to which 
served during creep testing. no aluminum was added, had the higher creep strength. 
In the as-rolled and stress-relieved condition, heat X11647, ACKNOWLEDGMENT 


to which 1.25 lb per ton of aluminum were added during de- The author wishes to express his appreciation for the assistance 


oxidization, had the higher creep strength. of Dr. J. W. Freeman in preparing this section of the paper. 
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The Structural Stability of Several Cast Low- 
Alloy Steels at Elevated Temperatures 


By V. T. MALCOLM! anv S. LOW,? INDIAN ORCHARD, MASS. 


The effect of temperature on several cast low-alloy 
steels has been investigated in the laboratories of The 
Chapman Valve Manufacturing Company. ASTM A217- 
46T Grade WC1, and modifications of this composition, 
were surveyed thoroughly. The following variables were 
investigated with respect to structural stability: (1) The 
effect of aluminum on a cast carbon-molybdenum steel; 
(2) the effect of furnace practice on a cast carbon-molyb- 
denum vanadium steel; (3) the effect of chromium on a 
cast carbon-molybdenum steel; (4) the effect of vanadium 
ona cast carbon-molybdenum steel; (5) the effect of var- 
ious combinations of chromium, vanadium, and titanium 
on a cast carbon-molybdenum steel; and (6) the effect of 
chromium, nickel, and high molybdenum on a cast 
carbon-molybdenum, steel. 

The physical properties of the alloys investigated are 
given in detail. Data are presented on the results of Mc- 
Quaid-Ehn, tensile, Jominy hardenability, creep, and welda- 
bility tests. Photomicrographs are used to illustrate 
structural stability after various aging cycles. New work 
is presented to illustrate the effect of aging at elevated 
temperature on static bend bars and V-notch Charpy bars. 


HE discovery of a most deleterious type of segregated 

graphite in the carbon-molybdenum steel steam lines in 

the Springdale Station of the West Penn Power Company 
early in 1943, instituted numerous investigations as to the cause, 
effect, and prevention of similar occurrences in steam lines in 
operation and others in the process of construction and désign. 

Since the company with which the authors are associated pro- 
duces steel valves for high-temperature steam service, it became 
necessary to carry out extensive co-operative and independent 
research programs in its laboratory to investigate graphitiza- 
tion in alloy-steel castings. A careful study of the available 
literature, together with the results of our investigations, has led 
us to believe that graphitization of the segregated chain type, as 
observed in Springdale piping, does not occur in castings. Graph- 
ite in cast-alloy steels is generally found to be of the nodular 
type, rather randomly distributed, even in the low-temperature 
heat-affected zones of weldments. 

At the time of the Springdale failure, manufacturers were fur- 
nishing valves to ASTM A217-46T Grade WC1 specifications for 
high-temperature steam service. As a general rule,’ most of these 
castings were poured in green-sand molds, and the steel “‘killed”’ 
with 1'/: to 3 lb of aluminum per ton. It has been our practice, 


since 1937, to furnish castings for this service to the chemical - 


specifications of ASTM A217-46T Grade WC1 with the following 
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additions: Cr, 0.25 to 0.30 per cent; V, 0.06 to 0.10 per cent; 
Ti, 0.02 to 0.04 per cent. This steel, known as CMCVT, meets 
the chemistry of A217-46T WC1, and possesses superior creep 
properties and greater stability at elevated temperatures. 

In order to investigate the problem logically, with respect to 
castings, the following types of cast alloy steels were investigated: 


1 ASTM A217-46T Grade WC1. (a) Killed with 0.35 to 
to 0.45 per cent Si, (6) killed with 2 Ib Al per ton. 

2 ASTM A217-46T Grade WC1 + 0.08 to 0.12 per cent. 
(a) Induction furnace heat, (6) basic electric-are furnace heat. 

3 ASTM A217-46T Grade WC3. 

4 ASTM A217-46T Grade WC3 + 0.08 to 0.12 per cent V + 
0.05 to 0.07 per cent Ti (Chapman CMCVT). 

5 ASTM A217-46T Grade WC1 + 0.90 to 1.10 per cent Cr + 
0.08 to 0.12 per cent V. 

6 ASTM A217-46T Grade WC1 + 1.25 to 1.50 per cent Cr + 
0.20 to 0.25 per cent V + 0.70 to 0.90 per cent Mo (total). 

7 ASTM A217-46T Grade WC4 + 1.00 per cent Mo (total). 


The chemistry, heat-treatment, tensile properties, and McQuaid- 
Ehn test results for the various heats investigated are shown in 
Table 1. 

Weld beads were laid on sample coupons utilizing the method 
proposed by Battelle Memorial Institute (1). All specimens 
were stress-relieved after welding at temperatures shown in 
Table 1. 

At the beginning of the investigation it was felt that micro- 
scopic examination of samples alone, while showing conclusive 
evidence of the graphitization resistance of a steel, nevertheless 
left much in doubt. Chain-type graphite, when segregated in a 
manner similar to the Springdale findings, undoubtedly markedly 
affects the physical properties of the steel; but how deleterious is 
one nodule of graphite viewed in a 100 X microscope field? 

Careful consideration of the problem seemed to indicate that a 
physical test for static ductility, coupled with a physical test 
for impact resistance before and after aging at 1025 F, might 
indicate the effect of temperature on the alloy steels tested. It 
was decided to use a bend-test°and a V-notch Charpy impact 
bar as test specimens. Fig. 1 illustrates an etched cross section 
of a welded test coupon with the location of the test bars shown. 
A standard-size Charpy bar and a !/s X #/i. X 3-in. bend bar 
were used. The V-notch on the Charpy bar was located so that 
the low-temperature heat-affected zone in the base metal was at 
the root of the notch. The bend bar was located (and subse- 
quently bent) in such a manner that the low-temperature heat- 
affected zone of the base metal was in tension. Table 2 contains 
the results of the bend and impact tests before and after aging. 

At the time of the instigation of this investigation, it was felt 
that the optimum aging temperature was 1025 F; since that time, 
however, Hoyt, Williams, and Hall (2) have shown the maximum 
rate of graphitization occurs at a somewhat higher temperature. 
Test results reported in this paper were obtained from specimens 
aged at 1025 F. Fig. 2 illustrates the muffle furnaces in The 
Chapman Valve Manufacturing Co. laboratory used for aging. 


3’ Numbers in parentheses refer to the Bibliography at the end of 
the paper. 
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MALCOLM, LOW—STRUCTURAL STABILITY OF CAST LOW-ALLOY STEELS 


steel S-1 is relatively coarse-grained and of Type I and II nor- 
mality, nevertheless, it graphitized, although not so severely as 
steel S-2. The aluminum reported in the chemical composition 
of steel S-1 is of the order of magnitude usually encountered in 
straight silicon-killed cast steels. Unfortunately, or fortunately, 


aluminum is not altogether without its good points. It is im- 
4 


r-- 


Fic. 3 Street 8-1, Low-Temperature Heat-Arrectep ZONE; 
Nirat-Picrat Ercu, Acep 20,000 Hr at 1025 F 
Fie. 4 Street S-2, Low-Temperature Heat-AFrectep ZONE; 


X500, Nrvau-Picrat Ercu, Acep 20,000 Hr at 1025 F 


perative that steel be deoxidized with aluminum if sound ductile 
castings are to be secured from green-sand molds. 

The deleterious effects of aluminum may be mitigated by using 
1'/, to 13/, lb of aluminum per ton added in the form of shot. In 
our practice, we add the aluminum shot in small quantities to the 
ladle as the furnace is being tapped. This practice insures that 
the major portion of the aluminum will combine with the oxygen 
in the steel and be brought to the surface because of the violent 
agitation in the ladle during tapping. The acid-soluble aluminum 
remaining in the steel is then a minimum and the steel is more 
normal as shown by the McQuaid-Ehn test than a steel deoxidized 
with aluminum ingot. 

Since there have been some thoughts advanced that graphitiza- 
tion may be controlled by manipulation of the initial rate of aus- 
tenite transformation when a casting cools in the sand mold, a 
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heat of ASTM A217-46T Grade WC1 steel was cast to investigate 
this theory. One set of test bars were removed from the sand at 
2000 F and water-quenched, the second set were allowed to cool 
in the sand mold to room temperature. Both sets were subse- 
quently heat-treated in accordance with Table 1. If the theory 
that graphitization proceeds at a higher rate in castings cooled 


Fic. 5 Stree. S-3a, Low-Temperature Heat-AFFecTeD ZONE; 


500, Ercx, Acrep 9000 Hr at 1025 F 


Fic. 6 Sree. S-3b, Low-Temperature Heat-Arrectep ZONE; 
X 500, Nirat-Picrat Ercu, Acep 9000 Hr at 1025 F 


slowly, because of a concentration of carbon in regions high in 
alloy content, thereby producing relatively stable lakes of aus- 
tenite which will ultimately transform to an unstable carbide 
and hence to graphite, is correct, it would be reasonable to as- 
sume that steel S-3a would be more stable than steef S-3b. Ex- 
perimental results to date do not tend to conclusively substantiate 
or refute the theory. Figs. 5 and 6 illustrate these steels. 

A rather important variable in the production of cast alloy 
steels is the method of melting. Steels S-4 and S-5 were made 
almost identical in chemical composition. S-4 was melted in an 
induction furnace while S-5 was melted in a basic electric-arc 
furnace. Approximately 0.10 per cent vanadium was added to 
the base chemical composition of ASTM A217-46T Grade WC1 
(S-4 and S-5) in an effort to increase the stability of the carbides. 
Figs. 7 and 8 illustrate the aged structure of the low-temperature 
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Fic. 7 Street S-4, Low-TeMPERATURE Heat-ArrecTep ZONE; 
X500, Nrrat-Picrau AcEp 20,000 Hr at 1025 F 


Fic. 8 Street 8-5, Low-Temperature HeEaAt-AFFECTED ZONE; 
X500, Nrrat-Prcrat Ercu, Acep 20,000 Hr ar 1025 F 


heat-affected zone. The difference in the rate at which graphi- 
tization occurs may be readily noted. It is also obvious that 
the addition of 0.10 per cent vanadium alone to ASTM A217-46T 
Grade WC1 is not sufficient to insure carbide stability. 

Fig. 9 illustrates the structure of the low-temperature heat- 
affected zone of steel S-6. Steels S-7 (CMCVT), 8-8, and S-9 


are modifications of S-6 containing more alloy content. Steel - 


8-7 (CMCVT), as previously noted, was originally developed in 
1937 to increase the creep strength on Grade WC1. At the time 
this steel was developed, the alloy content of WC1 was increased 
judiciously so that superior creep properties could be obtained 
at a low cost, the chromium content being 0.25 to 0.30 per cent, 
vanadium 0.06 to 0.10 per cent, and titanium 0.02 to 0.04 per cent. 
Power plants using this particular steel for valves have run up 
to 10 years at temperatures as high as 930 F without any evidence 
of graphitization. Fig. 10 illustrates the structure of the low- 
temperature heat-affected zone of this steel after aging. 

In the light of the knowledge gained in the last four years, the 
alloy content has been increased in this steel so that the chro- 
mium is now 0.60 to 0.80 per cent, vanadium 0.10 to 0.15 per cent, 
titanium 0.02 to 0.05 per cent. This steel is basically a welding 
grade and experimental work has shown its suitability for both 
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Fic. 9 Sree. S-6, Low-Temperature Heat-AFFECTED ZONE; 
500, Nrrat-Picrat Ercu, Acep 20,000 Hr at 1025 F 


Fic. 10 Steer 8-7, Low-Temperature Heat-Arrectep Zone; 
Nrrat-Picrat Ercu, Acep 20,000 Hr ar 1025 F 


field and shop welding including the weld-joining to higher-chro- 
mium-content steel piping. 

Steels S-8, S-9, and S-10 were made to investigate the properties 
of materials containing more alloy content than ASTM A217-46T 
Grades WC3 and WC4. Figs. 11, 12, and 13 illustrate the strue- 
ture of the low-temperature heat-affected zones after aging. 

Since all of the steels are intended for welding in both the shop 
and.field, Jominy hardenability tests and Battelle weldability 
tests (4) were conducted. The Jominy bars were quenched from 
2100 F to insure complete carbide solubility and to simulate 
welding temperature. Table 3 shows the results of these tests. 

The creep strengths of the various alloys have been determined 
and are shown in Table 4. 

In conclusion it may be stated that a sufficiently high chromium 
content, or the proper combination of chromium, vanadium, 
and titanium added to ASTM A217-46T Grade WC1 cast alloy 
steel will insure carbide stability as shown by laboratory tests 
extending to a total of 20,000 hr at 1025 F. The Chapman Valve 
Manufacturing Co. cast alloy, known as CMCVT, has been 
proved stable in installations operating up to 930 F for times 
extending to 10 years. All the steels investigated are readily 
weldable, providing certain proper precautions are taken. 
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MALCOLM, LOW—STRUCTURAL STABILITY OF CAST LOW-ALLOY STEELS 883 
TABLE 3 HARDENABILITY AND WELDABILITY TEST RESULTS Battelle 
weldability 
8-3 Crack 
8-1 8-2 a and b S-5 8-6 7 S-7 9 length 
D@ RCo D RC D R D Ré€ D RC D RC D RC RC D RC D RC Mark in mm 
1 46 1 45 1 46 1 27 1 40 1 35 1 43.5 1 45 1 48 1 50 S-1 0 
4 42.5 4 43 4 39 4 22 4 37 4 25 4 40 4 42 4 46 4 50 8-2 0 
8 30.5 8 32.5 8 32 8 18 8 26 8 24 8 31 8 36 8 41.5 8 50 S-3a 0 
°12 26 12 28 i2 2 12 17 12 25 12 22 12 26 12 33.5 12 39.5 12 49 S-36 0 
16 24 16 24 16 23.5 16 15 16 22.5 16 21 16 23 16 32 16 38 16 46 8-4 0 
20 22 20 23 20 21.5 20 #15 20 22 20 19.5 20 20 20 31 20 36.5 20 43 8-5 0 
24 21.5 24 21 24 20 24 #15 24 20 24 #18 24 19.5 24 30 24 35.5 24 40 8-6 0 
28 19.5 28 20 28 20 28 12.5 28 19.5 28 17 28 18.5 28 29.5 28 34.5 28 37.5 8-7 0 
32 #18 32. #19 32. (19.5 32 10 32 16 32 15 32 #18 32 29 2 33.5 32 35.5 = 
8-10 0.20 


ae Distance from quenched end of specimen. 1/16 in.; 
Note: Jominy tests are reported in this form to conserve space. 


+» Rockwell hardness, C-scale. 


Fic. 11 Sree. S-8, Low-Temperature Heat-Arrectep ZONE 


X 500, Nrrav-Picran Ercu, Acep 9000 Hr at 1025 F 


Experiments, not reported in this paper, have proved that 
heat-treatment is related to the graphitization rate and steels 
should be ‘‘drawn” at as high a temperature as commensurate 
with the required physical properties, if maximum carbide sta- 
bility is desired. 

Aluminum must be used to deoxidize steel castings, but it is 
preferable to use silicon as a killing agent prior to the aluminum 
deoxidation. Alloys such as vanadium and titanium should 
be added in a manner that insures they will combine with carbon 
rather than oxygen. 


TABLE 4 CREEP STRENGTHS OF VARIOUS ALLOYS 


Temperature Creep strengths, psi, 
Mark (deg F) 1%/10,000 hr 1% / 100,000 hr 
S-1, 8-2, S-3a, 8-36 900 27,000 16,000 
1000 12,000 8,000 
8-4, 8-5 900 29,000 17,800 
1000 14,200 9,200 
8-6 950 30,000 18,000 
1000 6,000 10,000 
8-7 900 33,000 20,000 
1000 27,000 13,200 
8-8 950 ,000 18,200 
1000 17,500 12,000 
8-9 950 ,000 19,600 
1000 13,400 
8-10 950 15,300 
1000 x 7,200 
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Discussion 
A. B. Wi_per.* The authors have presented interesting and 
worth-while information concerning the properties of low-alloy 


4 Chief Metallurgist, National Tube Company, U. 8. Steel Cor- 
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cast steels for power-plant service. Reference is made to the use 
of aluminum in the deoxidation of steels for sound castings. The 
practice used in the deoxidation of '/, Cr, '/2 Mo and 1 Cr, !/2 
Mo steel for seamless pipe results in a coarse carburized austenitic 
grain size of 1-5 while most of the castings examined were fine- 
grain steel. In the melting of coarse-grain steel for seamless pipe 
less than '/2 lb per ton of aluminum is used, and this practice 
should not be overlooked in a comparison of the properties of 
seamless pipe with steel castings. 

An appreciable amount of chromium and nickel was present 
in the cast steels investigated. Although it is recognized that 
chromium inhibits graphitization, experimental data have indi- 
cated that nickel, when present in a sufficient amount, will in- 
crease the rate of graphitization. Graphitization was observed 
in some of the cast steels with '/, per cent chromium. This has 
also been observed in seamless pipe and technical information to 
date indicates that at least '/2 per cent chromium should be pre- 
sent in '/, per cent molybdenum steels for resistance to graphi- 
tization. 

The occurrence of graphitization in cast vanadium bearing 
steels should be noted. Graphite has also been observed in 
several Mo-V induction-furnace heats with and without the use 
of aluminum in the deoxidation practice. However, the be- 
havior of small induction-furnace heats may differ from steel 
melted under commercial conditions in an electric-are furnace. 
This is illustrated in the hardenability data reported in Table 3 
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of steel S-4 which appears to be low compared to the other steels 
investigated. The behavior of small induction-furnace heats 
may frequently be associated with the cleanliness of the steel. 

The stabilizing influence of titanium with reference to graphi- 
tization is under investigation in the laboratories of National 
Tube Company. A steel of this type should be compared with 
chromium bearing steels. Additional data will be required before 
the stabilizing influence of titanium will be generally recognized 
in the manufacture of seamless pipe. Further, the piercing 
properties of such a steel would require evaluation. 

Although graphitization of the segregated chain type has sel- 
dom been observed in castings and seamless pipe, the occurrence 
of nodular graphite is not desirable. All types of graphitization 
should be avoided in the development of steels for power-plant 
use as carbide stability is one of the desired objectives. 
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dation practice and the tramp elements present in the steels 
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The authors agree with Dr. Wilder that the behavior of an 
electric-arc-furnace heat cannot be predicated on the behavior 
of a small induction-furnace heat; although an ‘“‘ored” induction 
heat will behave somewhat similiar to an electric-arc-furnace 
heat. 
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Theory and Practice of the Crush-Dressing 
Operation on Grinding Wheels ___. 


By E. C. HELFRICH,! CINCINNATI, OHIO 


This paper presents a qualitative analysis of the crush- 
dressing process based upon experimental evidence. The 
theory developed herein accounts for the forces involved, 
power requirements, rate of wheel removal, the effect of 
wheel and crushér diameters, and surface speed on the 
crushing process. The equations and data presented will 
enable the designer to engineer crush-dressing applica- 
tions more intelligently, and will contribute to a clearer 
understanding of the process by all who may be interested 
in applying it. The advantages and disadvantages of 
crush-dressing versus diamond-truing are discussed with 
reference to the physical properties of crystals. 


NOMENCLATURE 
The following nomenclature is used in the paper: 


R = radius of grinding wheel 


r = radius of crush dresser 

L = length of are of contact, BD in Fig. 1 

6 = angle subtended by are of contact at center of crush 
dresser 

F = resultant force between grinding wheel and crush 
dresser 


6/2 = angle between F, and center line of wheel. 

h = penetration of crusher into grinding wheel. It will 
also be referred to as penetration per revolution, or 
thickness of ring of material removed each time 
acrush dresser traverses the circumference of wheel 

b = width of contact between crusher and wheel 

A = bL = Or sin @ = projected area of contact between 
crusher and wheel 

p = F/A = pressure (stress) existing at the area of contact 
between crush dresser and grinding wheel 

T = torque necessary to crush-dress 

W = rate of wheel removal 


INTRODUCTION 


Within the past decade the ancient art of crush-dressing grind- 
ing wheels has been improved and applied to a variety of pre- 
cision-grinding operations in the modern machine shop. At 
present crush-dressing is rapidly finding its place as a valuable 
tool in industry; however, diamond-truing has not been replaced 
by any means. Most authors on this subject agree that, while 
diamond-dressing may produce a more accurate surface of revolu- 
tion, and a somewhat better finish on the work, crush-dressing 
has often proved itself to be the most economical process. Crush- 
dressing, moreover, has the advantages of providing cooler 
grinding and less normal force, plus its adaptability to the 
process of dressing intricate forms in the wheel surface. Vitri- 


1 Research Engineer, Research Department, The Cincinnati Mill- 
ing Machine Company.+ Jun. ASME. 

Contributed by the Special Research Committee on Metal Cutting 
Data and Bibliography, and Production Engineering Division, and 
presented at the Semi-Annual Meeting, Milwaukee, Wis., May 30- 
June 5, 1948, of Tam AMERICAN Society OF MECHANICAL ENGINEERS. 

Notr: Statements and opinions advanced in papers are to be 
understood as individual expressions of their authors and not those 
of the Society. Paper No. 48—SA-42. 


Grinding Wheel 


Crush Dresser 


Fig. 1 


GEOMETRY OF CRUSH DRESSING 


fied grinding wheels lend themselves most readily to crush- 
dressing, and are, in fact, the only type to which this process 
has yet been applied successfully in commercial practice. 


THEORY OF CrusH-DRESSING 


The abrasive grains in a grinding wheel are arranged in much 
the same manner as the atoms in a crystalline material. These 
grains are held in place by the bond which may be compared to 
the forces holding the atoms in place in a crystalline solid. Be- 
tween the grains are voids which might be compared to the empty 
space existing between atoms in a crystal. 

In the manufacture of grinding wheels, the grains (excluding 
special mixtures) are maintained approximately equal in size by 
screening. The strength of the bond between grains is deter- 
mined by the ratio of bond material to grit material, and ‘is 
maintained as uniform as possible by a thorough mixing of in- 
gredients. The voids are produced by putting particles of an 
organic material into the mix which burns out when the wheel 
is fired. The extent to which a grinding wheel measures up to 
the ideal, i.e., grains uniform, bonds of equal strength, and uni- 
form spacing, depends upon the excellence of the manufacturing 
process. 

In view 6f this analogy, one might suspect that the material 
of which a vitrified grinding wheel is composed will have many 
of -the properties of a crystalline solid. This leads at once to 
the fundamental assumption of the theory of crush-dressing, 
namely, that a definite pressure (force per unit area) must be 
applied to the. grinding wheel by the crush dresser to overcome 
the resistance to penetration, i.e., the grinding-wheel structure 
exhibits a definite ‘crushing pressure.’”’ In other words, if the 
voids have sufficient volume to accommodate the grains as they 
are pushed inward, and the average force to dislodge each indi- 
vidual grain is constant throughout a given grinding wheel, the 
ultimate pressure that the wheel will support is equal to the prod- 
uct of that force times the number of grains per unit area. 
Assuming the structure to be uniform throughout, this ultimate 
crushing pressure may be considered to be a constant for a given 
wheel. Actually, this has been found by experiment to be the 
case; the pressure (force per unit area of contact) between crush 
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dresser and wheel has been found to be essentially a constant for 
a given wheel. 

In crush-dressing, the force is normal to the wheel surface and 
consequently the grains are pushed inward as they are detached 
from the wheel. As they are pushed inward they must have 
some place to go, that is, the voids must be large enough to 
accommodate the grains until the crusher passes by, at which time 
the coolant should wash the detached grains from the wheel sur- 
face. If the voids are too small, many grains undoubtedly will 
be wedged tightly into the wheel structure. Experiment in- 
dicates that this is the case, particularly for larger values of pene- 
tration of the crush dresser into the wheel, which causes the 
grains to be pushed inward greater distances. If the voids are 
filled in the manner described, the crushing pressure will be in- 
creased because the individual grains encounter greater resistance 
to movement when detached from the wheel structure. 

The way in which the system adjusts itself to this constant 
pressure is readily appreciated if it is borne in mind that the 
arc of contact increases as the penetration of the crush dresser into 
the grinding wheel increases. When a certain force is applied 
to the dresser, the penetration increases until the area of contact 
is large enough so that the pressure is equal to the “crushing 
pressure,” i.e., the maximum pressure that the wheel will support 
without further penetration. Therefore, during crush-dressing, 
the stress existing between the crush dresser and grinding wheel 
remains equal to the crushing pressure of the given grinding 
wheel. 

In order to make use of this principle, it is of course necessary 
to know the area of contact A, between crush dresser and wheel. 
Referring to Fig. 1, we see that the arc of contact L, of the crush 
dresser with the wheel extends from B to D. Since the angle 
subtended by the are of contact is small, (generally from 0 to 
2 deg), BD and BG are approximately equal to the half-chord 
whose length is denoted by y. The penetration h, of the crusher 
into the wheel may be divided into sagittal distances, h; and he, 
such that 


h=h+h 


Then by the sagittal theorem of geometry (see Appendix), since 
h is small compared with R and r, and L is approximately equal 


to y 


where r is the radius of the crush dresser, and FR is the radius 
ef the grinding wheel. Hence 


2hRr 
and 
2hRr 


where b is the linear width of contact, and A is the projected area 
of contact. The projected area of contact is defined to be the 
actual area of contact projected on a plane perpendicular to the 
center line of the grinding wheel and crush dresser, i.e., perpen- 
dicular to the line of action of the normal crushing force. Since 
we are interested in the normal crushing force, it is necessary to 
use the projected area of contact. If an element of area A, on 
the crush dresser be inclined at an angle ¢, to the axis 
of the crush dresser, then the element of normal force F, corre- 
sponding to this area is 


F = pAA cos ¢ 
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where A cos ¢ is the projected area of contact. If the crush 
dresser is a right circular cylinder, the projected area of contact 
is very nearly the same as the actual contact area, whereas in 
form dressing it is not. 

As already pointed out, the pressure on the projected area 
of contact in crush-dressing has been found to be a constant 
for a given wheel.. Thus the resultant force F, between crush 
dresser and grinding wheel is equal to this pressure times the 
projected area of contact. Therefore we may write 


where F denotes the resultant crush-dressing force, and p denotes 
the crushing pressure. Since this force is assumed to be equally 
distributed over the area of contact, the line of action of the 
force F, will bisect the are of contact, and consequently will 
be inclined to the center line of the wheel at a very small angle 
(0/2 in Fig. 1). Because this angle is small, (from 0 to 1 deg) 
F is approximately equal to the radial or normal crushing force. 
However, because 0/2 is not zero, F has a tangential component 
and therefore the torque necessary to drive the grinding wheel 
in crush dressing is equal to the product of this component and 
the radius R. This is the same, however, as the product of the 
force F, and the moment arm EC, in Fig. 1. By using the 
sagittal-arc theorem, similar triangles, and simplifying, we get 


(r + R) 
2r 


and using Equation [3] and simplifying 
[4] 


where 7' denotes the torque required. 
The penetration h, of the crush dresser into the wheel may be 
thought of as the radial feed per revolution, therefore 


where, if h is in inches, W will be the rate of wheel removal in 
inches off the radius per minute. 

Having selected a rate of wheel removal and a satisfactory 
surface speed, the penetration h, is thereby determined, Equation 
[5]. Given also the crushing pressure p, for a given wheel, the 
radii (R and r) of grinding wheel and crush dresser, and the width 
of wheel b, to be crush-dressed; then the radial force F, and the 
torque 7’, necessary to crush-dress may be computed by means 
of Equations [3] and [4]. Thus the quantities which are of 
greatest importance from an engineering standpoint can be cal- 
culated from the crushing pressure p, and the readily obtainable 
quantities h, R, r, and b. 


METHOD OF OBTAINING Data 


The theory presented in this paper was arrived at as a result 
of an attempt to explain a considerable quantity of data taken 
with a crush-dressing setup in the research laboratories of the 
author’s company. Data are presented herein to demonstrate 
that the theory is valid if certain limitations are kept in mind. 

The apparatus used, Fig. 2, consisted of a 2-in-diam solid cylin- 
drical crush dresser made of high-strength steel hardened to 
Rockwell C-64. The dresser was mounted on the outside of 
sealed precison ball bearings which in turn, were fitted on a shaft. 
The dresser and assembly were mounted as an integral part of a 
hydraulic piston. A mating cylinder and mounting fixture 
were securely fixed to the table of a cylindrical grinder in such a 
manner that the.center line of the crusher roll and piston were 
at the same height as the center line of the grinding wheel. Force 
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Fig. 2. Crush MouNntTED ON TABLE OF 
CENTER-TyPE GRINDER 


was applied to the crusher roll hydraulically by means of the 
cylinder and piston. <A hydraulic circuit was provided con- 
taining a special pressure-reducing valve, which made it possible 
to control the pressure over wide limits, and therefore vary the 
radial force on the dresser over rather wide limits. This valve 
also served to maintain the pressure at a constant value through- 
out a test. A square-shouldered throttle valve built into the 
cylindrical surface of the piston and the cylinder wall was used to 
position the piston and crush dresser very accurately (to + 
0.0001 in.). High-pressure oil was applied to the intake port on 
the throttle, while the exhaust port was connected to the reser- 
voir. The incoming and outgoing resistances (square shoulders 
on piston and ports on cylinder) were functions of the relative 
position of the piston in the cylinder. Thus the hydraulic 
pressure in the central chamber of the valve was a function of the 
position of the piston in the cylinder. 

The object of the test was to measure the penetration per 
revolution of a given grinding wheel over a wide range of normal 
crushing forces. The force was mamtained at a constant value 
during a determination, and the time necessary for the crush 
dresser to penetrate 0.005. in. was measured with a stop watch. 
The grinding wheel was powered with a direct-current motor 
and control unit which maintained the speed of the wheel con- 
stant at 25 rpm (92 fpm). The crushing pressure for the wheel 
was then computed by means of Equation [3] (solving for p). 

A big problem in earlier tests was the elimination of the effect 
of machine deflection in measuring the penetration of the dresser 
into the wheel. This was overcome by the use of the throttle 
valve on the piston. The load was adjusted to that used in the 
test (wheel stationary) and the piston and dresser position ad- 
justed by means of the grinder infeed until the pressure between 
the ports of the throttle valve was zeroed at about one-half pump 
pressure. The wheel was then moved in 0.005 in. by means of a 
0.0001 dial indicator. With the piston and wheel in this position 
at the start of a test run, the dresser had penetrated 0.005 in. 
when the piston and valve returned to the zero position. 

After a penetration of 0.005 in. was reached, the wheel surface 
was found to contain slight hills and valleys arising from non- 
uniformity of wheel structure. The throttle valve served to 
integrate this unevenness and give an average value for the final 
penetration. 
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Fic. 3 CrusHinc PressurE Versus RapiAt Force on CrusHER 
ror THREE GRINDING WHEELS, GRADED H6, 
K6, and M6 


Discussion Or Data 


Fig. 3 is a plot of the crushing pressure versus the normal 
force on the crush dresser for three 80-grit wheels, graded H, 
K, and M by the manufacturer. Superimposed on these curves 
are the dotted constant-penetration lines, showing the variation 
in the penetration per revolution. It can be seen at a glance 
that the crushing pressure fulfills the theoretical assumption in 
that it appears to have a constant value between a range in 
penetration of from 0.0001 in. to 0.0003 in. per revolution of the 
grinding wheel. It develops that for values of the penetration 
less than 0.0001 in. per revolution, the length of the are of contact 
is equal to or less than the average spacing between the grains 
in these wheels. In view of this, the fact that the crushing pres- 
sure is somewhat erratic in this range is not hard to understand. 
It would undoubtedly be advantageous to control the penetration 
or the crushing force during a crush-dressing operation so as to 


‘remain in the range where the crushing pressure is constant. 


We might conclude, therefore, that for the purpose of engineering 
calculations, the crushing pressure is constant in the useful range 
for these wheels. 

Since wheels of fine grain size are usually recommended for 
crush-dressing applications, a 120-K and a 180-I wheel were 
tested. These data are presented in Fig. 4. The value of the 
crushing pressure appears to increase gradually throughout a 
range of penetration of from 0.000025 to 0.00015 in. per revolu- 
tion for the 120-K wheel. For the 180-I wheel, the pressure 
appears to increase slowly from 0.000025 to 0.0001 in. penetration 
per revolution. If an average value is taken for the crushing 
pressure between these ranges and for these wheels, we could 
assume it to be a constant without introducing an error larger 
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than 5 per cent. For penetrations larger than 0.00015 in. for the 
120 wheel, and 0.0001 in. per revolution for the 180 wheel, the 
crushing pressure increases at a greater rate. Thus it appears 
that if we exceed a certain rate of crush-dressing for a given 
wheel, the voids are too small to accommodate the material 
removed until it has a chance to be washed away by the coolant. 
It also would be expected that, as the penetration and the 
amount of material removed increase, a portion of the crushed 
material is wedged into the voids so tightly that it is not removed 
by the coolant after the crusher has passed by. This would be 
undesirable from the standpoint of grinding practice, and there- 
fore it would be advisable not to exceed those rates of penetration 
for which the crushing pressure approximates a constant. When 
a Brinell hardness test is performed on the side of one of these 
grinding wheels, the mean pressure supporting the ball is found 
to be from 1.5 to 3 times the crushing pressure as determined 
in these tests. Examining the spherical seat it is found that the 
crushed material has been pushed ahead of the ball, and pressed 
into the voids, thus forming a solid supporting surface. How- 
ever, when crush-dressing, the penetration per revolution of the 
crusher into the wheel is of the order of 0.0001 in., whereas in a 
Brinell hardness test (500 kg load), the total penetration is in 
the neighborhood of 0.030 in., 300 times that incurred in crush- 
dressing. In removing 0.030 in. off the radius of the grinding 
wheel by crush-dressing, the wheel wculd make 300 revolutions 
and the crushed bond and grit material would be removed between 
each successive pass of the dresser over the same portion of the 
grinding-wheel surface. 

It is not surprising to find that consistent values of the crushing 
pressure are obtained at smaller rates of penetration for the 120- 
and 180-grit wheels than for the 80-grit wheels, since the number 
of grains per unit area has been increased, and the distances 
between grains and size of voids have been correspondingly de- 
creased in going from the larger to the smaller grain sizes. 


Resutts oF Tests AS APPLIED TO CRUSH-DRESSING PRACTICE | 


A number of grinding-wheel faults were observed during the 
author’s experience with crush-dressing. Wheels are often 
found to be harder and stronger in some parts than in others. 
For example, a wheel may be harder on one side than on the 
other, resulting in an unequal force distribution across the face 
of the crush dresser and an unwanted taper in the crush-dressed 
surface due to deflection. A more general fault is the variation 
in hardness from point to point around the periphery of the 
wheel. All wheels tested seemed to have this fault to some ex- 
tent, although, in general, the finer-grit wheels seem to be of a more 
uniform structure than the coarse wheels. This fault produces 
an out-of-roundness which is objectionable as it will cause chatter 
and poor finish. Thus the general application of the crush- 
dressing process for precision grinding would seem to be limited 
in part by lack of homogeneity in grinding-wheel structure. 
These results may be due in part to the author*s use of resilient 
loading of the crush dresser (in order to permit measurements 
of force and penetration) plus a low wheel speed, which allowed 
the dresser to ‘‘follow’ the wheel surface. A more rigid dresser 
mounting should minimize the effects resulting from nonuniform- 
ity of wheel structure. ‘ 

The structure of a crush-dressed wheel is more open than a 
diamond-trued wheel, with larger voids (and consequently a 
smaller number of grains) in prominence (see Figs. 5and 6). This 
can be observed by eye or by making Faxfilm impressions of the 
wheel surface, which can be studied with a microscope. A 
special technique was employed in making the Faxfilm (plastic) 
impressions illustrated in Figs. 5 and 6. Instead of the usual 
procedure of applying the solvent to the surface which is to be 
studied, and pressing the Faxfilm down with thumb or roller, 
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Fic. 5 OF TypicaL Faxritm Repwica or 180-I 
GRINDING-WHEEL SuRFACE WHEN Di\monp-TrUED; X64 


hic. 6 PHoromicroGRaPH oF Typical Faxritm Repuica oF 180-1 
GRINDING-WHEEL SuRFACE WHEN CrusH-DrREssED; X64 


the solvent in this case was placed on the plastic ribbon which 
was held against the wheel surface with’‘a flexible strip. This 
procedure was used so that only the high spots in the wheel 
surface (grains that would normally contact the work when 
grinding) would contribute to the impression. Microscopic 
examination of the Faxfilm impressions also showed that a con- 
siderable number of grains were loosened (without being re- 
moved) by the crush-dressing process, whereas in diamond- 
dressing very few grains were loosened without being completely 
removed. 

There is considerable evidence that crush-dressing pro- 
duces sharp edges on the grains whereas diamond-truing produces 
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many flats parallel to the wheel surface. These conclusions can 
be interpreted scientifically if we think of the grains being split 
along cleavage planes, just as in the “cutting” of gems. For 
example, the ruby has the same composition and crystal struc- 
ture as aluminum-oxide abrasive grains, with the exception of 
impurities which determine the color. Aluminum oxide (corun- 
dum) crystals are hexagonal and are described as having almost 
perfect cleavage parallel to the base and faces of the unit rhom- 
bohedron. Thus there are eight directions in which aluminum- 
oxide crystals may cleave or split. Therefore, if a thrust is ap- 
plied to the tip of an abrasive grain embedded in a grinding wheel, 
a portion of the grain may be split off along that cleavage plane 
which is subjected to the maximum unit stress. Since the 
thrust is approximately normal to the surface im crush-dressing, 
the new surfaces produced on the grains will be inclined at a 
considerable angle to the wheel surface. 

In diamond-truing, the force that the diamond exerts on the 
abrasive grains at impact is approximately tangential; thus the 
new surfaces produced when the grains are cut will be along that 
cleavage plane which is most nearly parallel to the wheel surface, 
thereby producing a ‘‘duller’’ wheel. These considerations lead 
us to the conclusion that diamond-truing tends to produce rela- 
tively dull grains, whereas crush-dressing tends to produce 
sharper grains. 

Two advantages of crush-dressing that can be demonstrated 
are cooler grinding and less normal force for a given rate of metal 
removal. Cooler grinding depends on the larger voids, increased 
chip clearance, and better application of the coolant; plus the 
elimination of rubbing between work and flank of tool (abrasive 
grain), which undoubtedly would be present with tangential 
flats on the tips of the grains. Therefore crush-dressing may be 
used as a means for eliminating overheating of the work surface 
during grinding. Less normal force is understandable because of 
the sharper grains which, by virtue of their sharpness, require 
less force to penetrate the workpiece. Therefore crush dressing 
is helpful when grinding a fragile workpiece between centers; 
normally in such a case the deflection produced by a dull wheel 
may result in chatter and lack of straightness. Previous tests 
made by the author, in which the ratio of tangential to normal 
grinding force was studied, revealed that, in general, higher ratios 
of tangential to normal force were obtained (during grinding) 
with a crush-dressed wheel as compared to a wheel that had been 
trued with a diamond. A high ratio of tangential to normal 
grinding force was found to be indicative of more efficient metal 
removal and less heating of the work during grinding. 

Recommendations made in recent articles (1, 2, 3, 4)? 
on crush-dressing, differ in detail, but, in general, agree on many 
recommended practices. Regular-grain grinding wheels are 
preferred to those containing special mixtures. Grinding-wheel 
surface speeds up to 300-350 fpm are recommended for crush- 
dressing. Where the machine is equipped for the use of a cutting 
fluid this is generally used during crush-dressing, whereas com- 
pressed air is used on machines, such as surface grinders, when no 
cutting-fluid system is provided. The principal function of the 
fluid is the removal of detached grits, although certain other 
factors also appear to be involved. Helical gashes, unequally 
spaced, are sometimes machined into the crusher roll to facilitate 
the removal of detached grits when a deep form is being dressed 
into the wheel. 

Crusher rolls are usually made of hardened high-speed steel, 
although other materials are frequently used. In the author’s 
experience crusher-roll wear was not appreciable when the 
grinding wheel was allowed to drive the roll; however, noticeable 


2 Numbers in parentheses refer to the Bibliography at the end of 
the paper. 
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wear was encountered (especially in starting) when the crusher 
roll was made to drive the grinding wheel. 


CONCLUSIONS 


In developing the theory presented in this paper, only the most 
general case of crush-dressing was cgnsidered, i.e., external grind- 
ing, vitrified wheels, and crusher rolls with solid surfaces of 
revolution. No special cases, such as the use of star wheels, 
Ross dressers, conical cutters, and the like, were considered. 

Some power readings were taken during this investigation of 
crush-dressing, and after proper elimination of frictional and 
electrical losses, the measurements were in close agreement with 
the theory. These data, however, have not been presented in 
this paper for the sake of brevity. All of the readings were taken 
with a grinding-wheel surface speed of approximately 100 fpm, 
and no attempt was made to investigate the accuracy of the 
theory at higher speeds. 

At present the process of crush-dressing is an art. To do 
satisfactory work the machine operator must be thoroughily 
familiar with the limitations of his machine, and also have an 
insight into the nature of crush-dressing. To the author’s 
knowledge, very little information has been published concerning 
the basic principles of the crush-dressing process. It is hoped 
that this paper will serve to stimulate interest in crush-dressing 
and serve as a basis for further development of the subject. 
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Appendix 
Sacitrat-Arc THEOREM 


In Fig. 7, R is the radius of curvature of the are AC, BC is the 
A sagitta, and AB is the half-chord. 
Let BC = s, and AB = y; then 
from the right triangle AOB it fol- 
lows that 


R? = y? + (R—s)? 
y? = 2Rs — s* 


If R is much larger than s, we may 
neglect s* and obtain the sagittal 
theorem 


Fie. 7 Saarrrart-Arc 
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Discussion 
E. V. FLaNpDERs.* This paper presents a clear analysis of the 


* Chief Engineer, Thread Grinder Division, Jones & Lamson 
Machine Company, Springfield, Vt. 
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theory of crush-dressing, and the work done by the author in de- 
veloping formulas for determining the various quantities which 
are of importance in the art, should be of help in the design of 
crush-dressing equipment. 

Because of the long experience we have had in thread and 
form-grinding, it was natural that we should have made a careful 
study of crush-dressing as applied to our equipment. As a result 
of these studies, we became convinced that the crushing of grind- 
ing wheels was best accomplished by hydraulic rather than by 
manual or more conventional forms of power-feed devices. As a 
result we now have hydraulic crusher devices at work both in 
our own plant and in the field. A simple description of the opera- 
tion of this device is as follows: 


The operator must stop rotation of grinding wheel (manually). 

Pull lever which feeds crusher roll required amount for crushing 
of wheel (manually). This lever also actuates the limit switch 
which starts the hydraulic pump in the truing device. 

Oil is forced under pressure against piston which pushes roll- 
carrying ram forward until it engages wheel. 

Once contact between roll and wheel is positive, wheel auto- 
matically starts rotating at crushing speed of approximately 130 
sfpm, driving the crusher roll. 

Crusher roll advances into the wheel until stopped positively 
by predetermined adjustment on truing device. This actuates a 
synchronized timer which allows a predetermined ‘crush out’’ of 
wheel to smooth out irregularities. This interval may be any- 
where from 10 to 40 sec, after which the wheel stops automatic- 
ally. 

The crusher roll is withdrawn and the grinding wheel starts ro- 
tating at grinding speed, both automatically. 

Wheel wear is compensated for automatically in this design. 

The author states, “the process of crush-dressing is an art.” 
We agree with that statement. We know of no way to tell just 
how a wheel is going to respond to the crushing action if we have 
had no previous experience with it or the form to be crushed. An 
intelligent guess can be made, however, which can then be 
changed to improve the action as observed by the operator, thanks 
to the flexibility of hydraulic control. Once satisfactory condi- 
tions have been established, a record can be made of crusher pres- 
sure, crush-out time, and the like, which will enable the operator 
to repeat crushing performance as long as the same conditions are 
maintained. We believe that the automatic control of crushing 
increases crusher life and the number of pieces which can be 
ground per roll. é 

We were much interested in checking penetration per revolu- 
tion on our dresser against figures given by the author. In making 
this comparison, it should be borne in mind that examples given 
are not laboratory tests but records of jobs which are or have been 
running in production. We find, for instance, that in some cases 
we show a higher rate of penetration for somewhat similar wheel 
ratings. We have learned also that the shape of the form to be 


TABLE 1 
Diam 
of Crushing ————Wheel specifications 
crusher speed, Struc- 
Job roll fpm Grain Grade ture 
40-deg incl. 2 rib lead 
0 q 130 150 N 
40-deg incl. 2 rib lead 
0.2244 . 4 130 120 J 7 
40-deg incl. 2 rib lead 
0.2244 d 4 130 220 M 10 
40-deg incl. 12 rib lea 
0.0797. P 4 130 120 K 5 
27 P. pipe */4 Tpr. lea 
3.875 130 320 I 13 
27 P. pipe */« Tpr. lea 
— 3.875 130 320 K 13 
Seaming roll 3.687 118 220 K 9 
Seaming roll 3.687 115 220 K 
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crushed affects the rate of crushing. Great care, for instance, 
must be exercised where there are wide diameter variations in 
the crusher-roll form. 

Table 1 of this discussion shows that in many cases it is possible 
successfully to form the wheel with feed per revolution which ex- 
ceeds the 0.0002 or 0.0003 which has been set up as a tentative 
penetration figure by the paper under discussion. Tests Nos. 1, 2, 
and 3 show a record of the crushing of 40-deg-included-angle form 
with three different wheels. The first was a 150-hard fine-grain 
wheel. This was crushed at the rate of 0.0005 in. per revolution. 
The second time the job was run, a 120-J wheel was used with a 
No.7 structure. Here again we had the same rate of penetration, 
even though the grit size was somewhat coarser, with the proba- 
bility of greater space area for the loosened grains. A third test 
was made on the same form using a 220 wheel. This wheel though 
harder was less dense than the others, so we were still able fo 
crush at the rate of 0.0006 in. per revolution. On the other hand, 
on some of the fine-pitch forms which were crushed we found it 
necessary to drop the feed back to about 0.0003 in. per revolu- 
tion in order to obtain the best form with the very fine-grit wheel 
which worked best on that particular job. 

As the author states, it is important that the loose particles be 
washed away as rapidly as they are separated from the main body 
of the wheel. Although we have not proved this point, we have 
the feeling that where oil is used as a cooling agent, there is less 
tendency for the particles to become permanently embedded in 
the body of the wheel. 

One of the effects of extreme pressure between crusher roll and 
wheel is to upset the wheel structure so thoroughly as to loosen or 
break off portions of the wheel as much as 0.010 to 0.015 in. below 
the contact point of the roll with the wheel. This is most easily 
observed when crushing acme or worm forms where a fairly wide 
flat root makes the flushing action of the coolant a little more dif- 
ficult. However, it should be kept clearly in mind that the condi- 
tion mentioned is obtained only when too great crusher pressure 
has been used. 

We have listed in the few examples given the diameter of the 
crusher roll and radial thrust on the crusher, with such other items 
of information as seem of interest. 


R. 8S. Moore.‘ In view of the author's statement that all of his 
work was done with a so-called ‘‘water-soluble oil,” it is suggested 
that he investigate the use of other fundamentally different media 
in order to establish more completely the limits of performance in 
crush-dressing. For example, the use of a homogeneous medium 
such as a solution of suitable additives in a light-petroleum-oil 
base or a solution in water of suitable wetting agents, detergents, 
film strength additives, and rust preventives, often shows an im- 
provement in crushing over the use of an heterogeneous medium 
such as a water emulsion of an oil, fat, or wax, ete. This homo- 


4 Quaker Chemical Products Corporation, Detroit, Mich. 


WHEEL-CRUSHING DATA 


Crush 

Total out Radial 
time or Feed thrust 

—— Crushing for recrush Depth per on 

Width pressure, crushing, cycle, crush, rev, crusher, 

in. persqin. min-sec sec in. in. Ib 
.240 60 7-0 30 .090 .00051 376.8 
.240 60 7-0 20 .090 00051 376.8 
.240 75 5-30 25 087 .00063 471.0 
2.000 150 10-0 25 100 0004 942.0 
.964 100 4-0 20 .030 .0003 628.0 
964 120 4-40 20 033 .00028 753.6 
3125 4-35 20 070 .0006 314.0 
3125 50 4-10 20 070 .00067 314.0 
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geneity of the medium plays an important part in reducing the 
loading of the wheel and, possibly, by this means, crushing pres- 
sures. 


H. W. Wacner.’ The writer is in general agreement with the 
statements made in this paper, after comparison of those state- 
ments with findings in the laboratory of his company. The au- 
thor has been wise in employing the device of geometrical analy- 
sis to correlate theory with experiment, which leads to substantial 
guidance for practice. 

Discussion involves the temptation of offering amplifications, 
and an excursion into crush-dress-grinding which is not included 
in the subject. A few thoughts kre offered in brief form. 

One of the author’s reasons for the success of grinding after the 
wheel face is crush-dressed should be emphasized. That reason is 
sharpness. Crush-dressing shatters the face, leaving it armed 
with sharp jagged abrasive points, which penetrate and grind the 
work with generation of less heat and with less pressure built up 
between wheel and work than exist when the wheel is diamond- 
trued as in average practice. The lower pressure permits the 
wheel face to hold its accurate form for a longer duration of grind- 
ing. 

Another important reason for success in grinding is that a 
grinding oil is generally used. The abrasive points remain sharp 
much longer with oil than with a mixture of water and compound. 

In a laboratory comparison an experimental form, 2 in. wide 
and of a maximum depth of '/, in., was ground cylindrically in 
2-in-diameter hard steel with a crush-dressed wheel face. With 
grinding oil, 10 cuts per dressing were made without serious loss of 
form. With a 1:50 mixture of soluble oil and water, the form was 
lost after 3 cuts per dressing. The power required to drive the 
wheel was much higher, and the Profilometer reading was much 
higher under the second condition. The wheel and time per 
cut were the same for both grinding fluids. ° 

Ratio of “tangential to normal grinding force” is mentioned in 
the paper. It is believed this ratio is what is called “coefficient 
of grinding friction.” A high ratio (or coefficient) is desirable 


5 Research Engineer, Research Laboratories, Mechanical Section, 
Norton Company, Worcester, Mass. 
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(provided a very fine finish is not required) when it is due to sharp- 
ness, as from crush-dressing, and as pointed out by the author. 
However, a high coefficient may also be caused by a loaded wheel 
face; in which case it is not desirable and results in more heat gene- 
rated per unit of stock removal. The safe criterion is to main- 
tain sharpness of wheel face. 

The paper mentions a method of producing voids in the grind- 
ing-wheel structure, which method is employed for a compara- 
tively new type of wheel called “open structure.”’ In the long- 
established type of vitrified structure, the voids are natural. A 
volume of sand, even under heavy compression, contains a ma- 
terial percentage of voids. Abrasive, being less rounded, contains 
a still higher percentage of natural voids. 


AuTHOR’s CLOSURE 


The author appreciates the very informative discussion pre- 
sented by Mr. Flanders and finds the remarks in good agreement 
with the author’s findings. The data presented by Mr. Flanders 
show higher values for the penetration per revolution in some 
cases than those investigated by the author. Crushing pressures 
computed from these data give values less than the upward trend 
of the curves,given in the paper for a 120 and a 180 grit wheel 
would indicate. It appears that the wheels tested by Mr. Flanders 
were of a more open structure than those covered in the paper. 
Recent data taken by the author indicate that the more open 
the structure the smaller the crushing pressure becomes—all 
other factors remaining the same. In view of the ideas presented 
in the paper it seems reasonable to expect that a more open 
structure would minimize the tendency for the crushing pressure 
to increase for higher values of the penetration per revolution. 

Mr. Moore suggests the use of a light petroleum oil or a solu- 
tion in water of suitable wetting agents, detergents, film strength 
additives, and rust preventatives. The author feels that a test 
comparing the crushing process under the action of various 
coolants such as air, oil, and various types of soluble coolants 
would be timely, and give much valuable information. 

The author agrees with the points contained in the discussion 
of Mr. Wagner and appreciates the clarification of points and 
additional information contaned therein. 
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An Evaluation of Cylindrical-Grinding 
Performance 


By R. E. McKEE,' R. S. MOORE,’ ann O. W. BOSTON?’ 


This paper, the third in a series on cylindrical grinding,‘ 
presents some of the results of an investigation of the 
grinding process with particular reference to the influence 
of certain variables, such as, wheel grain, grade, and ve- 
locity, table-traverse feed, depth of cut, and type of ma- 
terial. 


TESTING CONDITIONS 


HE machine used in this investigation was a standard 
Cincinnati No. 2 cylindrical grinder powered with direct- 
current motors driving the wheel spindle, work spindle, and, 
table-traverse mechanism. Each of the direct-current motors 
was controlled with a field-type rheostat, so that conditions of 
machine operation for each test might be kept constant. Details 
of the machine operating conditions and motor controls were 
given in the first paper of the series.§ 
The results given in this paper were obtained when grinding the 
following materials, 


SAE 1020 steel (hot-rolled), 131 Bhn. 
SAE 1045 steel (heat-treated), 260 Bhn. 
SAE 52100 steel (heat-treated), 653 Bhn. 
Cast iron, 187 Bhn, 20,000 psi. 

Cast iron, 229 Bhn, 40,000 psi. 


In determining the influence of any variable of the grinding 
process, all other operating conditions were kept constant for each 
of several values of the variable. The conditions of testing were 
described in the first paper,® and are listed on each figure. The 
type, volume, and temperature of the grinding compound were 
kept constant in all tests. It was a clear water-soluble synthetic 
grinding compound of the emulsion type containing no mineral oil 
or fat. It was mixed with water at a 5 per cent by volume con- 
centration. It is one of the best compounds used in former evalua- 
tion tests. 

All of the wheels used in this investigation were produced in the 
laboratory of the Carborundum Company, Niagara Falls, N. Y. 


DEFINITION OF TERMS 


The terms used in this paper were defined in the first two 
papers'> with the exception of the following. 


! Assistant Professor of Metal Processing, University of Michigan, 
Ann Arbor, Mich. 

2 Manager, Detroit Branch, Quaker Chemical Products Corpora- 
tion, Conshohocken, Pa. 

3 Professor of Metal Processing and Chairman of the Department 
of Metal Processing, University of Michigan, Ann Arbor, Mich. 
Fellow ASME. 

4 “Experimental Study of Cylindrical Grinding,”’ by R. E. McKee, 
R. S. Moore, and O. W. Boston, Trans. ASME, vol. 69, 1947, pp. 
891-896. 

5 ‘An Investigation of the Removal of Metal by the Process of 
Grinding,” by R. E. McKee, R. S. Moore, and O. W. Boston, Trans. 
ASME, vol. 69, 1947, pp. 125-129. 

Contributed by the Special Research Committee on Metal Cutting 
Data and Bibliography and presented at the Semi-Annual Meeting, 
Milwaukee, Wis., May 30—June 5, 1948, of Tae AMERICAN Society 
or MECHANICAL ENGINEERS. 

Note: Statements and opinions advanced in papers are to be 
understood as individual expressions of their authors and not those of 
the Society. Paper No. 48—SA-9. 


“Grinding rating,” by which is meant the quotient of the vol- 
ume of metal removed per unit of wheel wear, all in cubic inches, 
divided by the product of the unit net horsepower (hpa per cu 
in. per. min), and the surface finish (microinches, rms). This 
quantity serves to summarize the performance of given condi- 
tions of grinding in terms of volume ratio, unit horsepower, and 
surface finish; thus 


(hp,/cu in. per min) X (surface finish) 


Grinding rating 


hp, X sf 


Production in industry demands a high value of metal removal in 
a given unit of time, the best surface finish, a low rms value, con- 
sistent with a given practice, and a low unit net horsepower. 
Hence this rating value should be high and should aid in the 
evaluation of the grinding process by the analysis of a given 
grinding performance. 


SPECIFICATIONS OF MATERIALS 


The specifications and heat-treatment of the SAE 52100 steel 
specimens were given in the first paper.§ 

SAE 1020 Steel. This material was obtained in 2-in-diam 
round bars in a hot-rolled condition and machined to our stand- 
ard size and shape specifications.’ The analysis indicates a car- 
bon range of 0.18-0.23 per cent, manganese 0.30-0.60 per cent, 
maximum phosphorus 0.040 per cent, and maximum sulphur 
0.050 per cent. It is highly ductile and generally used in low- 
stressed parts. 

SAE 1045 Steel. This material represents a medium-carbon 
class of steel, used extensively for highly stressed working parts 
of machinery, such as spindles, piston rods, gear blanks, crank- 
shafts, etc. It has a carbon range of 0.43-0.50 per cent, 
manganese 0.60-0.90 per cent, maximum phosphorus 0.040 per 
cent, and maximum sulphur 0.050 per cent. This material, also 
purchased in 2-in-diam round hot-rolled bars, was machined to 
proper specifications,’ and heat-treated by quenching in water 
from 1500 F, and tempering at 950 F, to a hardness of 260 Bhn. 

20,000-Psi Cast Iron. This material represents a commonly 
used, relatively soft grade of gray iron which has free-machining 
characteristics and general damping capacity. It might be used 
in such parts as machine-tool bases, etc. The analysis 
of this material gives 3.50 per cent total carbon, 2.50 per cent 
silicon, 0.70 per cent manganese, 0.010 per cent sulphur, and 
0.30 per cent phosphorus. The structure of this material consists 
of a coarse graphite with a matrix of pearlite and ferrite. 

40,000-Psi Cast Iron. This high-nickel cast iron is a type of 
material used commonly in cylinder blocks, machine housings, 
Diesel crankshafts, refrigerator crankshafts, etc. The analy- 
sis gives °3.25 per cent total carbon, 2.25 per cent silicon, 
0.70 per cent manganese, 0.08 per cent sulphur, 0.18 per cent 
phosphorus, 1.50 per cent nickel, and 0.50 per cent chromium. 
The structure of this material is a fine graphite with a pearlite 
matrix. 


893 


: 
+, 4 
ber 
e 


894 TRANSACTIONS OF THE ASME 


ErFect OF WHEEL VELOCITY ON GRINDING PERFORMANCE 


Fig. 1 indicates the effect of change in wheel velocity on the 
evaluative criteria volume ratio, net horsepower, grinding char- 
acteristic, and unit horsepower (hpn per cu in. per min). Three 
velocities for each of several grades of wheels are used as abscissas. 

The wheels used in these tests were type A-abrasive, No. 6- 
structure, and vitrified bonded. The grain-size and grade speci- 
fications of each wheel are indicated on each curve. 

At 4500 and 5500 surface ft per min (sfpm), the volume ratios 

metal removal per unit of wheel wear) follows a similar pattern. 
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In each case the 150-P and 150-Q wheels seem to be more effi- 
cient than the 150-O wheel. At 6500 sfpm, the volume ratios,of 
the 150-M, P, and Q wheels remain the same as at the lower 
speeds, but the 150-O wheel shows much better performance with 
a volume ratio of 70. Net-horsepower requirements show little 
variation with a change in peripheral velocity, but there is an 
indication of an increase in power with an increase in grade of 
hardness. This indicates that the actual tangential grinding force 
is reduced as the grinding speed is increased. 

In terms of grinding characteristic (volume ratio divided by net 
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power) the 150-O, P, and Q wheels seem to function as well at 
4500 sfpm asthey doat 6500. The 150-O wheel shows an outstand- 
ing performance of 6500 sfpm due to the high volume ratio and 
low power shown in the lower half of the figure. The net horse- 
power per cubic inch per minute remains practically constant 
at 13 for all conditions. 

In Fig. 2 the value of surface finish in microinches, rms, is 
plotted as ordinate over the wheel grade and velocity. These 
readings were made longitudinally on the periphery of the work 
specimens. There is a definite indication of an improvement in 
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surface finish (lower rms value) as a result of an increase in wheel 
velocity and a change in grade from O to Q at each velocity. The 
poorest finish is 36 for the 150-O wheel at 4500 sfpm, and best at 
26 for the 150-Q whee] ~* 4500 sfpm. 

Fig. 3 provides a summary of the data given in the preceding 
figures. The units used as ordinates range from 0.083 (poorest 
performance) to 0.194 (highest performance). This rating pro- 
vides an index to high volume ratio, low unit horsepower, and best 
surface finish. 

The peripheral velocity of 6500 sfpm, is better for all grades of 
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wheels shown than the lower velocities. Thus for the conditions 
of grinding shown in this figure, the 150-O wheel operating at 6500 
sfpm gives the outstanding performance with the rating of 0.194. 


EFrects OF VARIANCE IN GRAIN SIZE AND GRADE OF GRINDING 
WHEELS AS APPLIED TO FIVE DIFFERENT MATERIALS 


The effect of variance in grain size and grade of grinding wheels 
on the grinding characteristic (Vz/hp,) as applied to the grinding 
of five materials is shown in Fig. 4. The data points on the 
figure are connected by lines to show relative performances 
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and trends rather than to show the development of curves. 

At the table feed and depth of cut shown in the heading, the 46- 
grain wheels are poor in all cases, the 60-grain wheels give fair 
performance (except when grinding the 20,000-psi cast iron), the 
80-grain wheels are relatively high for all materials, and the 150- 
grain wheels show good performance on the hard materials, but 
relatively poor performance on the soft ductile steel (SAE 1020). 

In Fig. 5 there is an indication that unit horsepower (hp,/cu 
in. per min) may be reduced by a decrease in the grain size of the 
grinding wheel. This applies to the set of conditions shown in 
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the heading and would not be representative of more severe 
conditions of testing with higher table feed or greater depth of 
cut. 

Except for the 20,000-psi cast iron, the unit-horsepower pat- 
terns are quite similar for all metals as the wheels are varied. 
The values increase slightly as the grade becomes harder, but it 
decreases as the grain size is reduced. 

Fig. 6 represents the final “rating” for eight wheels used on 
five materials with a given table feed and depth of cut. The 
highest rating indicates the best performance in terms of high 
volume ratio, low unit horsepower, and low value of surface 
finish. 

For good general grinding conditions, it seems desirable to 
maintain a volume ratio of at least 50.0 (50 times as much metal 
removal as wheel wear), a unit horsepower factor of not more than 
13.0, and a surface finish of not more than 25 microinches, rms, 
with no sparkout. For these desirable conditions a “rating” of 
0.154 is obtained. In Fig. 6 about 50 per cent of the ratings are 
above this 0.15 level. Those below seem to be unsatisfactory. 


ErFecT OF VARIATION IN TABLE AND/OR or Cut 


In Figs. 7 to 12, inclusive, various combinations of table feed 
and depth of cut are used as abscissas when grinding the two steels 
and two cast irons with the A80-M6-V10 wheel. This is done, 
primarily, to show the effect of change in either one or both of 
the factors used as ordinates and to compare the performances 
for these various combinations. Assuming the depth of cut of 
0.001 in. as unity, the data are plotted for 1,3, 6, and 10X. 
Again, assuming the table feed 0.081 in. per revolution (ipr) to 
be unity, the data are plotted 1 and 2X. 

In Fig. 7 the SAE 1020 and 1045 steels show similar patterns 
in the decrease in volume ratio with a 2X table feed and/or a 3X 
depth of cut. The volume ratio falls off sharply as the size of 
cut is increased and approaches 0 for the heaviest cut of 2X feed 
and 3X depth. 

The performance of the 80-M grinding wheel on the 20,000-psi 
cast iron shows a decrease in volume ratio with a 2X table feed, 
but a sharp increase with a 3X depth of cut. This material also 
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shows excellent performance at 2X table feed and 3X depth of 
cut. 

The 40,000-psi cast iron shows an improvement in performance 
with the 2X table feed and the 3X depth of cut. 

Fig. 8 indicates the sharp increase in net horsepower consump- 
tion with an increase of feed, depth, or both. The SAE 1020 and 
1045 steels could not be tested satisfactorily beyond 3X depth of 
cut and 2X table feed as the heavy cuts overloaded the motor. 
The heavier cuts are more efficient, however, than the light cuts. 

The power requirements for the 20,000- and 40,000-psi cast 
irons level off at the 3X depth of cut and 2X table feed, due to 
the rapid breakdown of the grinding wheel, with the resultant 
loss in performance because of lowered speeds at overloaded 
power. 

Fig. 9 is similar to Fig. 7 in the general pattern. It may be 
noted, in comparing the two figures, that the results on the 
40,000-psi cast iron show the severity of increase in power con- 
sumption at the 2X table feed with a resultant decrease in grind- 
ing characteristic, since net horsepower is placed in the denomina- 
tor of this quantity. 

The unit-horsepower factor is reduced sharply as a result of 
variation in table feed and/or depth of cut, as shown in Fig. 10. 
This results from an increase in the volume of metal removed per 
minute without a proportional increase in the net-horsepower 
requirement. An increase in table feed or depth of cut will pro- 
portionally increase the volume of metal removal per minute 
and thus increase the mechanical efficiency of the operation, pro- 
vided that other conditions such as surface finish have not been 
affected. 

A range of 16.5 for the light cuts to 4.0 hp per cu in per min for 
the heaviest cut is shown in this figure. 

Fig. 11 shows the effect of varying the table feed and/or depth 
of cut on surface finish in microinches, rms. These surface- 
finish readings represent actual cut conditions with no allowance 
forsparkout. Readings of 100 microinches and above would not be 
satisfactory for cylindrical grinding and thus certain condi- 
tions and materials (such as the SAE 1020 steel) are completely 
eliminated when used with the A80-M6-V10 wheel. Surface 
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WORK MATERIAL 
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finishes of 20 microinches may be considered excellent for this 
type of grinding with no allowance for sparkout. 

Fig. 12 gives the final ratings of the four materials ground 
with the A80-M6-V10 wheel under each of several conditions of 
table feed and depth of cut. 

A rating of less than 0.15 might be considered poor for steel, 
and those above this rating generally acceptable. The SAE 1020 
and 1045 steels are eliminated on the basis of poor performance, 
with the exception of the latter steel at 0.001 depth of cut and 
0.081 ipr table feed. 

A higher minimum rating of 0.20 for cast iron might be accept- 
able, as most of the points for cast iron are above 0.20 on this 
figure. The 20,000 and 40,000-psi cast irons give excellent per- 
formance with the 80-M wheel at a 3X depth of cut and a 2X 
table feed. 

The greater depths of cut, i.e., 6X and 10X, are eliminated for 
all materials ground with the 80-M wheel. 


SuMMARY 


1 A change in the peripheral velocity of a grinding wheel will 
affect its relative performance in terms of (1) volume ratio (metal 
removal per unit wheel wear), (2) unit net horsepower, and (3) 
surface finish. The data submitted in this paper support the use 
of 6500 sfpm as the proper peripheral velocity for a grinding wheel 
used in external cylindrical grinding. 

2 With a set of conditions of 0.001 in. depth of cut and 
0.081 ipr table feed, the unit net-horsepower requirement 
may be reduced appreciably by a decrease in grain size, but 
slightly increased with the use of harder grades for a given grain 
size. 

3 A grinding rating of at least 0.154 might indicate favora- 
ble conditions, such as, a volume ratio of 50.0, a unit net horse- 
power of 13.0, and asurface finish of 25 microincheé. 

4 Anincrease in table feed and/or depth of cut will reduce the 
volume ratio, increase the net power requirement, and give a 
poorer surface finish as applied to the grinding of steel. 

5 An increase in table feed and/or depth of cut may increase 
the volume ratio, decrease the unit net power requirement, and 


give a poorer surface finish in the grinding of the cast irons. 

6 Cast irén may be ground satisfactorily with aluminous- 
oxide grinding wheels, and a volume ratio up to 192 times as 
much metal removal as wheel wear has been recorded in this 
operation. 
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Discussion 


J. S. Kozacxa.* This paper, together with other papers pre- 
sented by the authors on this subject, isa step forward in taking 
the art of removal of metal by grinding into the field of science. 
Test results obtained so far are of value to the users of grinding 
wheels as well as to the manufacturers who are striving to develop 
better products. 

Of general value are the terms volume ratio, horsepower, char- 
acteristic, horsepower per cubic inch per minute, and percent- 
age increase in horsepower, as they give methods of evaluat- 
ing the qualities of the grinding wheels, in general, and the self- 
dressing qualities in particular. 

The wheels used in the tests, were of uniform grit size, and uni- 
formity in performance may be expected from such wheels. On 
the other hand, had the tests been run long enough, over the entire 
life of the grinding wheels, the results presented by the investiga- 
tors might have been somewhat different, for as the wheel wears, 
even at, constant speed, other conditions remaining the same, the 
wear may become a function of the size of the wheel. 

It would be of general interest if a standardized procedure of 
testing grinding wheels for hardness was developed in connection 
with the performance tests. This hardness-testing procedure 
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should be applicable to wheels of different density structure and to 
the wheels possessing porous structure. Uniformity of wheel 
hardness over its entire surface might be indicative of its ability 
to perform consistently. Standardized marking of grinding 
wheels is a great help in their selection. ° However, the hardness 
of grinding wheels so designated varies quite widely, so much so, 
that a grinding wheel marked A 150 J 6V10 by one maker, may be 
harder than a grinding wheel made and marked the same way by 
another maker. 

In surface-grinding tests of grinding wheels on tungsten-carbide 
cutting tools conducted under the writer’s direction at Vascoloy- 
Ramet Corporation, for the purpose of determining the best sili- 
con-carbide grinding wheels for the job, it has been found that 
the self-dressing qualities of the wheels vary from wheel to wheel, 
and even within the wheel itself when it is run at a constant 
peripheral speed, other conditions remaining the same. One 
hundred commercial-type silicon-carbide wheels of different make, 
hardness, density, porosity, and grit sizes 80, 100, and 120 were 
tested under actual shop operating conditions over the entire 
life of the wheels. Results obtained indicated lower tempera- 
ture for the finer-grit-size wheels, resulting in less loss of 
carbide tools because of cracks, and more cubic inches of carbide 
removed per wheel life, that is, higher volume ratio. All wheels 
were soft enough to possess the self-dressing feature so necessary 
in the economical production of tungsten-carbide tools. In 
these tests it was found that some grinding wheels, identified 
with the same marking, used by the same operator, on the same 
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machine, and all conditions of grinding remaining constant, gave a 
volume ratio which varied up to 100 per cent. 

Of interest too would be the data on grinding-wheel perform- 
ance running at cutting speeds 3000, 4000, 5000, and 6000 fpm. 


AutTHors’ CLOSURE 


We appreciate Professor Kozacka’s discussion of this paper 
and agree wholeheartedly with his comments regarding the avail- 
ability of wheels of a specific grade of hardness which are uni- 
form throughout. This has been the desire of industry for years 
to obtain exact duplications of wheels uniform throughout and 
meeting the same specifications of wheels formerly used. 

We, too, found that as the wheels wear, their hardness or grade 
varies along the radius but perhaps of greater significance is the 
variation found along the face of the wheel, or on opposite 
diameters. This caused differences in grinding between the two 
sides of the wheel, as the work traversed from right to left and 
from left to right. In our work to overcome the variation in 
grade along the radius, we first found it necessary to dress off some 
of the periphery, after which the* wheel wear was kept small. 
That is, in any single series of tests, we wore the wheel from ap- 
proximately 13!/2 inches to not less than 12 inches in diameter. 

The authors have developed and used a test of their own for 
selecting wheels for each series of tests to eliminate the variations 
in wheels. This, we believe, is in accordance with the suggestion 
of Professor Kozacka. The variation in wheels, however, is the 
greatest uncontrolled variable in the grinding process. 
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Heat Transfer Through Thick Insulation 


on Cylindrical Enclosures 


By T. S. NICKERSON! anp G. M. DUSINBERRE? 


A graph is presented for finding the heat transfer 
through relatively thick insulation applied to an enclosure 
having the form of a short cylinder such as a tank. In- 
correct treatment of the corner effect in this case may lead 
to seriouserror. The “‘relaxation’’ method of calculation 
was used. 


NOMENCLATURE 
The following nomenclature is used in the paper: 


L = length of uninsulated cylinder 

D = diameter of uninsulated cylinder 

xz = thickness of insulation 

A, = inner area of insulation 

A, = outer area of insulation 
A,, = effective area for heat transfer 
At = temperature difference 

k = thermal conductivity 

q = heat transfer per unit time 

f = area ratio 


Any consistent units may be used. 


MeErTuHop OF EsTIMATING 


It is often required to estimate the heat transfer through insula- 
tion applied to an enclosure of specified shape. The — 
assumptions are frequently justified: 


(a) The insulation is homogeneous and the variation of its 
conductivity with temperature is negligible. 

(b) The insulation is applied in slabs or shapes so as to have a 
constant thickness. 

(c) The inner surface of the insulation is isothermal at a given 
temperature, and the outer surface is isothermal at another 
given temperature. 


Under these conditions it is convenient to take the thickness of 
the insulation as an effective length of path for heat flow, and to 
find an effective area of path such that the heat transfer can be 
calculated by the usual equation for a flat slab 


In general, A,, will have some mean value between the inside and 
outside areas, A; and A,; A, will generally be fixed, while A, will 


depend upon the selected thickness of insulation. It will be con- 
venient to set up an area ratio 


1 Engineer, E. I. du Pont de Nemours and Company, Belle, W. Va. 
Jun. ASME. 

? Department of Mechanical Engineering, University of Delaware, 
Newark, Del. Mem. ASME. 

Contributed by the Heat Transfer Division and presented at the 
Annual Meeting, Atlantic City, N.J., December 1—5, 1947, of Tur 
AMERICAN Society oF MECHANICAL ENGINEERS. 

Note: Statements and opinions advanced in papers are to be 


understood as individual expressions of their authors and not those of 
the Society. Paper No. 47—A-63. 


so that 


and f will depend only upon the geometry of the system. 

For enclosures of any shape, provided z is small in comparison 
with any other dimension of the system, it is most convenient and 
quite satisfactory to take the effective area as the arithmetic mean 
of the inner and outer areas, or 


2A; 


This is because the special effect of curvature and of corners will 
become negligible. This calculation may properly be used for 
walls of buildings, large furnaces or ovens, and the like. There 
may even be no great error in assuming f = 1. 

When the enclosure is a long cylinder, such as a pipe, with 
axial heat flow negligible, it is readily shown that the effective 
area is the logarithmic mean of the inner and outer areas, and 


A, A; 
For a spherical enclosure the geometric mean is appropriate. In 
these cases if the insulation is thick the use of the arithmetic 
mean would cause appreciable error. 

When the enclosure is rectangular the analytical solution is 
extremely difficult and, to the authors’ knowledge, has not been 
accomplished. However, for this case we have the studies and 
experiments of Langmuir* and others, expressed in the form of 
equations, and found most readily in the text by McAdams.‘ 

A common form of enclosure in engineering practice is the tank, 
which may be approximated as a short cylinder with flat ends. 
The analytical solution of this case is also not known to have been 
obtained. However, a numerical solution is possible, has been 
undertaken, and the results are presented in Fig. 1.5 

The shape of any right circular cylinder can be expressed as the 
ratio of diameter to length, D/L. The shape of the insulation 
can be expressed in terms of this ratio and the ratio of insula- 
tion thickness to cylinder diameter, z/D. Fig. 1 gives the area 
ratio f in terms of these parameters for a range of values com- 
monly encountered. The method of determining these curves 
is outlined in the Appendix. 

As the work reported here is purely mathematical, the question 
of accuracy pertains to the relation between the initial assump- 
tions and the final conclusions. Just as the accuracy of a series 
solution depends upon the number of terms calculated, so the 
accuracy of a numerical solution depends upon the scale of sub- 
division used. In simpler cases where a comparison is possible 


3’ “Flow of Heat Through Furnace Walls; the Shape Factor,” by 
Irving Langmuir, E. Q. Adams, and G. 8. Meikle, Trans. American 
Electrochemical Sdciety, vol. 24, 1913, p. 53. 

4“Heat Transmission,’ by W. H. McAdams, second edition, 
McGraw-Hill Book Company, Inc., New York, N.Y., 1942, p. 13 

5 The details of this work constitute a thesis submitted by T. S 
Nickerson in partial fulfillment of the requirements for the degree of 
master of science at Virginia Polytechnic Institute. 
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the authors find that a numerical solution on the present scale 
will agree with the analytical solution within 3 per cent, and that 
may be taken as an estimate of the accuracy of the present work. 


EXAMPLE 

A tank 2 ft in diameter and 4 ft long is insulated with 1 ft of 
cork having a conductivity of 0.025 Btu/(hr)(sq ft)(deg F/ft). 
The temperature of the inner surface of the insulation will be 
—30 F and of the outer surface, 70 F. Estimate the heat flow. 

Solution: 

At = 70 — (—30) = 100 F 
D/L = 2/4 = 0.5 
z/D = 1/2 = 0.5 
From Fig. 1 

f = 1.65 


2X = ft 
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TABLE 1 TEMPERATURE RUTION CORRESPONDING 


0 30 63 101 * 146 see 

0 30 63 101 146 200 

0 29 62 100 145 200 oe sce 

0 28 60 97 143 200... eee 

0 26 56 92 139 200 

0 23 50 83 128 200 200 200 200 200 200 
0 19 41 67 98 132 146 152 5 156 156 
0 14 31 50 70 89 101 108 112 114 = 114 
0 10 21 33 45 56 64 70 7 74 
0 5 10 16 22 27 31 34 36 37 37 
0 0 0 0 0 0 0 


TABLE 2 AREA RATIOS CALCULATED BY RELAXATION 
z/D D/L F 2/D D/L ff 2/D D/L f D/L f 


1/4 8/5 1.43 1/2 1 1.79 3/4 4/9 1.92 1 1/3 2.15 
2 1.46 5/3 1.90 4/5 2.08 1 2.59 
8/3 1.49 5/2 2.00 4/3 2.26 3 3.19 
4 1.53 5 2.13 4 2.68 ene 


By Equation [3] 


q = 1.65 X 31.4 X 


100 = 129.6 Btu 


per hr 


The use of Equation [4] 
for thissystem, would give 
f = 2.10, an error over 27 
per cent. Equation [5] 
would give f = 1.89, an 
error over 14 per cent. If 
conduction had been as- 

Fie. 3 sumed negligible in the 
corners between flat and 
cylindrical surfaces, then f = 1.36, an error over 17 per cent. 


Appendix 


The method of calculation is that outlined by Emmons.* By 
considerations of symmetry the problem is reduced to the two- 
dimensional treatment of an L-shaped portion of the cylinder and 
its base. A uniform rectangular spacing of reference points was 
chosen and the conductance between points was made propor- 
tional to the radius. . 

A typical system (for D/L = 1 and z/D = 0.5) is shown in 
Fig. 2. A point such as z has the “relaxation pattern’” shown 
in Fig. 3. The calculated temperature distribution for this system 
is shown in Table 1. Temperatures were assumed 0 deg F at the 
outer surface and 200 F at the inner surface. Calculations were 
carried out to the nearest unit, and were continued until the re- 
siduals were small and evenly distributed, and the heat transfer 
at the outer and inner surfaces agreed within 4 per cent or better. 
The average of these was used to calculate f. Values found by 
relaxation of such systems are shown in Table 2. 

As L becomes very large, the system degenerates to that of the 
infinite cylinder, and values can be calculated by Equation [5] 
for D/L = 0. These values were also used to interpolate beyond 
the point where temperatures at the mid-plane were found to 
differ negligibly from those in the infinite cylinder. 

Points obtained in all these ways were plotted and the curves 
of Fig 1 were drawn through them. 


6 “The Numerical Solution of Heat-Conduction Problems,” by 
H. W. Emmons, Trans. ASME, vol. 65, 1943, p. 607. 

7 The term “relaxation pattern” is used here in the same sense as by 
Emmons‘ and should not be confused with temperature distribution 
as shown in Table 1. 
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Discussion 


H. G. Etrop, Jr. By means of fifteen calculations with the 
numerical method, the authors have provided solutions for a 
triply infinite class of heat-conduction problems. Their success 
points the way to further applications of the same method and 
warrants the following consideration of the conditions under 
which the method will be useful: 

The authors’ method (numerical solution plus two-dimensional 
graph) is applicable to a series of solids describable by two shape 
parameters, composed of a single isotropic substance, and 
bounded by (A) surfaces at constant source temperature 7’;, (b) 
surfaces at constant sink temperature 7'y, and (C) surfaces across 
which no heat transfer occurs (07'/0n = 0). The conductivity of 
the solid material may be any physically possible function of tem- 
perature. The heat transfer is found by computing the flow 
appropriate to an assumed constant conductivity K,and multi- 
plying by the factor 


Although well known to mathematicians, the following proof of 
the foregoing statements does not appear in standard heat- 
transfer texts: 

The exact differential equation for steady-state heat transfer in 
isotropic solidsds 


Since 

K>0, KaT 
has a one-to-one correspondence with temperature. Hence 
Equation [6] becomes 


L — In 


=0 = (L; — Lh) V? (Z == (L; — Ly) .[7] 
The function y has the value unity on surfaces (A), the value 
zero on surfaces (B), and its normal derivative vanishes on sur- 
faces (C). Hence y is unique. 


The heat transfer across surfaces (A) is given by 


For constant conductivity 
L,— Ly 
T,—T, 
so that 
S4 | 
“But 
ve T.—T. 


by the preceding uniqueness requirement. 


Hence 
1 Sr Kat 


Q 1/L,—L 
Q Q. Q. Q. K, (T;—T) Q. [10] 


8’ Student. Harvard University, Cambridge, Mass. Jun. ASME. 


Now if D is some characteristic length of a series of solids of the 
same shape, then we may define 
y= x. Y 1 


Hence if Q, is the heat flow corresponding to D = 


@ OA.......: [12] 


Thus a single point on a chart such as the authors’ Fig. 1 can 
provide the solution for all solids of a given shape and of widely 
different conductivity properties. Since the chart has two de-— 
grees of freedom, results for two shape parameters can conven-— 
iently be represented. 


C. M. Fowuer.’ The authors of this paper have brought for- 
ward a point in favor of numerical solutions to heat-flow prob- 
lems that is frequently overlooked. 7 - 

Most people working in this field concede the utility of numeri- 
cal methods for working specific problems, but are apt to criticize 
the method for its lack of parameterization when compared to 
analytic solutions when they can be found. 

The authors, however, have furnished a very convincing coun- 
ter-example to this criticism by obtaining a relatively small 
number of solutions to the finite, insulated, enclosed cylinder, and 
parameterizing their data to treat the general case for this 
cylinder. 

The writer’s only question concerns the accuracy of their tabu- 
lated data. Although the function f, approaches the correct limit 
as D/L — 0, the writer would like to know if the authors checked 
some of their data using finer space increments than those shown 
in Fig. 2, for larger values of f. 

To the writer’s knowledge, the only exact solution by perfect 
relaxation is that for the one-dimensional slab. For example, the 
cylinder with negligible end effects when the relaxation has been 
carried to the limit, has the solution 


T.—T, Tw(a) 
@—v@) 
with 
k=n 
(r) 
k=0 


Here, 7, and 7, are the temperatures on the inner and outer 
walls. 

On the other hand the analytical solution has the ¥(r) function 
replaced by the logarithm of the same arguments in the foregoing 
equation. 

If the number of subdivisions is very small, the two solutions 
may be considerably different, although it is possible that the 
numerical solution may give engineering accuracy, in spite of 
this. : 


Victor Pascukis.” The problem dealt with by the authors is 
one of considerable interest and importance, and the development 
of charts for the solution of the problem is desirable. Therefore 
the authors have earned the thanks of people having to solve such 
problems continuously. 

However, the value of the chart, Fig. 1, is greatly reduced by 
the assumption (C), of an isothermal aunfae of theinsulation. In 


® Physics Department, University of Michigan, Ann Arbor, Mich. 
10 Technical Division, Heat and Mass Flow Analyzer Laboratory, 
Columbia University, New York, N. Y. Mem. ASME. 
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most practical cases the boundary conductance A, at least on the 
cold surface, cannot be neglected, and it would be desirable to 
have charts including different h values. Moreover, the curves in 
Fig. 1 are too widely spaced for comfortable interpolation. 


In the example, the authors try to show the necessity of a more ~ 


accurate calculation than hitherto customary by comparing their 
result with those obtained by using Equation [4] or [5], respec- 
tively. 

The writer has always contended that the geometric mean gives 
a better approximation than the arithmetic mean. In the case 
of the present example, the geometric mean would lead to a value 
of f = 1.79 or an error of only 8.5 per cent. 

The magnitude of error in the example is very large and larger 
than for most practical cases for two reasons: (a) the authors 
selected an unusual value of z/D; and (b) they neglect the A 
value, as just stated. Insulation of more practical thickness 
(resulting in a smaller z/D), and the introduction of the h value 
would reduce materially the error; for most practical cases it is 
sufficiently accurate to base work on the geometric mean. 


AutTHOoRS’ CLOSURE 


The authors wish to thank Messrs. Elrod, Fowler, and Paschkis 
for the interest shown in this paper. Mr. Elrod’s extension of 
the applicability of the results is a valuable contribution. In 
answer to Mr. Fowler’s question pertaining to the accuracy of 
the results, the case of D/L = 3, x/D = 1, with f = 3.19 was 
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relaxed using a network half again as fine as the one originally 
used. The change of the factor f was less than one per cent. 

The purpose of this paper is to present a convenient method 
of solving the heat transferred through unusually thick insulation 
applied to cylindrical enclosures having a high D/L ratio. The 
authors have calculated the error resulting from the use of the 
geometric-mean area for each of the networks reported in Table 2. 
Curves have been drawn of per cent error against D/L ratio for 
the ranges covered by Fig. 1. The work is too long to be re- 
ported here; however, for the 13 networks reported in Table 2 
the minimum error is 10.5 per cent and the maximum is 17.9 
per cent. In general, the error increases with both z/D and 
D/L. The authors feel that the curves offer an appreciable 
advantage over the use of the geometric-mean area. 

The paper is limited to the case of infinite surface coefficients. 
The magnitude of the error introduced by this assumption may 
be calculated in the case of infinitely long cylinders by the 
equation 
fithyAy + + 

thjh,A, 


where h; and h, are inside and outside surface coefficients, re- 
spectively. It is suggested that this equation be used to indicate 
the order of magnitude of the error in the case of cylinders of 
finite length. The error will always be negative. If the indi- 
cated error is too large it becomes necessary to solve the problem 
by relaxation. 


Per cent error = 1 — 
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Condensation on Six Finned Tubes in a 
Vertical Row 


BY D. L. KATZ! ano J. M. GEIST,? ANN ARBOR, MICH. 


Condensing heat-transfer coefficients for Freon-12, 
n-butane, acetone,and water were obtained for six horizon- 
tal finned tubes in a vertical row. The over-all heat- 
transfer coefficients were measured for each tube at a series 
of water velocities and were plotted by the method of Wil- 
son to obtain the condensing coefficients. The differences 
between experimental and predicted coefficients for the 
top tube were less than 14 per cent, and the average con- 
densing coefficient for the six tubes was less than 10 per 
cent below that for the top tube. The finned surface was 
entirely effective for condensation even for organic liquids 
having a tendency to be retained by the fins under static 
conditions. 


NOMENCLATURE 


The following nomenclature is used in the paper: 
A,, = total effective outside surface finned tubes, sq ft 
= horizontal surface finned tubes, sq ft 
A, = area of fins, sq ft 
= equivalent diameter of finned tube for use in Nusselt’s 
equation, in. or ft 


D, = diameter over fins, in. or em 
D = root diameter finned tubes, in. or em 
g = acceleration due to gravity, ft/hr? 
h = condensing film coefficient, calculated from Nusselt’s 
equation for single tube, Btu/(hr)(deg F)(sq ft) 
k = thermal conductivity of condensing vapor at average 
film temperature, Btu/(hr) (deg F) (ft) 
L = equivalent Vertical height of finned tube, in. 
n 


= number of tubes in vertical row 
= heat transferred, Btu per hr 
deg F 
T, = average cooling-water temperature for runs with other 
material, deg F 
U> = over-all heat-transfer coefficient based upon outside sur- 
faces, Btu/(hr)(deg. F)(sq ft) ’ 
AT = mean temperature difference between cooling water and 
condensing vapor, deg F 
V = cooling water velocity, fps 
At = mean temperature difference between metal and con- 
densing vapor, deg F 
» = latent heat of vaporization of condensate, Btu per lb 
p = density of condensate at average film temperature, lb per 
cu ft 
viscosity of condensate at average film temperature, |b 
per ft per hr 
b = factor to be supplied to (n) for finned tubes in a vertical 
row 


= 


1 Professor. Chemical Engineering, University of Michigan. Mem. 
ASME. 

2 Graduate Student, University of Michigan. 

Contributed by the Heat Transfer Division and presented at the 
Annual Meeting, Atlantic City, N. J., December 1-5, 1947, of Tue 
AMERICAN SocieTY OF MECHANICAL ENGINEERS. 

Nore: Statements and opinions advanced in papers are to be 


understood as individual expressions of their authors and not those 
of the Society. Paper No. 47—-A-96. 


average cooling-water temperature for runs with Freon-12,. 


y = surface tension of liquid adhering to fins, dynes/cem 
8 = spacing between fins, em 


INTRODUCTION 


This research was conducted to determine if heat-transfer coef- 
ficients for liquids of high surface tension would follow the pre- 
diction of Nusselt (1)* when condensing on a vertical row of hori- 
zontal finned tubes. 

Condensation coefficients for heat transfer depend on the thick- 
ness and properties of the liquid film on the surface. Increases 
in the rate of condensation increase the film thickness and 
hence the condensation coefficients are diminished. The drip- 
ping of liquid from one tube to lower tubes in a multitube con- 
denser increases the film thickness on the lower tubes, and re- 
duces the coefficients for the lower tubes, as compared with the 
top tube. Measurements on a bank of plain tubes (2) indicated 
that the effect of the number of tubes in a vertical row is less 
than that predicted by Nusselt’s theory (1). 

For film-type condensation of a saturated vapor outside a ver- 
tical row of n horizontal tubes, Equation [1] has been derived by 
assuming viscous flow of liquid from the tubes, transfer of heat 
through the liquid film by conduction, and idealized boundary 
conditions (1) 


352 wh 
Rmean = 0.725 (Hee) = 
nD Sty 


This equation, modified for single finned tubes (3, 4), has been 
shown to apply to the vertical surface of the fins and the hori- 
zontal tube surface. Measurements on a commercial condenser, 
having an average of 3.2 finned tubes per row (5), indicated that 
Equation [1] would apply to Freon-12 for multitube condens- 
ers. ‘ 

In translating data for condensing refrigerants on finned tubes 
into expected performance for petroleum or organic chemicals, 
differences in physical properties should be considered. Static 
tests to determine the liquid retention on finned tubes indicated 
that liquids of high surface tension and low density adhered to 
the bottom of the finned tubes and increased the film thickness 
(see Appendix 1). Any retention of liquid under dynamic con- 


Reingie tube 


- ditions would be most significant for the lower tubes in a vertical 


row. 
EQUIPMENT AND PROCEDURE 


The experimental work was conducted on a condenser having 
six horizontal finned tubes in a vertical row. A reboiler supplied 
the vapors to be condensed. Fig. 1 shows the equipment, and 
Fig. 2 is a line diagram of material flow. 

The condenser shell was constructed from a 10-in. pipe, 3 ft 
long, with tube sheets 1'/, in. thick welded on each end. Fig. 3 
gives the tube-sheet layout. Three sight glasses were installed 
in the shell of the condenser for visual observation of the conden- 
sation. The condenser, reboiler, and lines were insulated. 

Copper integral finned tubes with 5/s in. root diam were used. 
The tubes had 15 actual fins per in., but are listed as nominal 16 


fins per in. The dimensions of the tubes are given in Table 1, 
3 Numbers in parentheses refer to the Bibliography at the end of 
the paper. 
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KATZ, GEIST—CONDENSATION ON SIX FINNED TUBES IN A VERTICAL ROW 


TABLE 1 


PHYSICAL DIMENSIONS OF TUBES FOR CONDENSER 


Distance between tube sheets = 357/s in. 
Integral, spiral-finned, copper tubes, nominal 16 fins per in. 


Root Dia. Dia. of Length of Actual Equivalent Ratio of 
Dia. Over Plain Nominal Actual Finned Outside Dia. for Outside Area to 
Tube D Fins Ends Inside Number Section Area Nusselt Eq. Outside Area of 
No. Do Dia. Fins/in. eq 3/4-inch 
ins. ins. ins. ins. ins. eq.ft. ins. Plain Tube 
1 0.621 0.746 0.750 0.553 15.0 34-3/8 1.452 0.116 2.46 
2 0.621 0.747 0.750 0.555 15.0 34 1/4 1.457 0.116 2.46 
3 0.621 0.745 0.750 0°555 15.0 34-3/8 1.bbh 0.116 2.46 
4 0.621 0.747 0.750 0.555 15.0 34-3/8 1.462 0.116 2.46 
5 0.621 0.745 0.750 0.595 15.0 34-1/4 1.440 0.116 2.46 
6 0.621 0.746 0.750 0.55 15.0 34-1/% 1.449 0.116 2.46 


Fic. 3. View or ConDENSER, INDICATING SPACING OF FINNED 


TUBES 


and a typical fin profile, as measured with an optical micrometer, 
is given in Fig. 4. The tubes were rolled into the tube sheets. 
The tubes were smooth on the inside. 


004" 


16 FINS PER INCH 


Fig. 4 Prorite or Fin Cross Section aS Measurep WITH AN 
Optica MicROMETER 
(Copper tubes, integral fins, §/s in. root diam.) 


A heat exchanger was used for preheating the cooling water to 
the desired temperatures before the water entered the manifold 
which fed the tubes. Approximate water rates were measured 
with an orifice manometer; a weigh tank was used for measuring 


actual water rates. Before obtaining the heat-transfer data, the 
relative rates of flow between tube 3 and the remainder of the 
tubes were determined by simultaneous measurements in two 
weigh tanks at a series of water rates. When taking the heat- 
transfer data, only the water from tube 3 was collected and 
weighed. The rates of water flow for the other tubes were ob- 
tained from the calibration curves, and the maximum variation 
between tubes was 5 per cent. 

Calibrated thermometers with 0.1 deg F graduations were in- 
stalled for measuring the entering cooling-water temperature and 
the temperature of the cooling water leaving each tube. For 
measuring the temperatures of the vapor line and the saturated 
vapor, thermometers with 0.5-deg F graduations were installed. 
A calibrated pressure gage gave the pressure in the condenser. A 
calibrated condensate receiver for the steam from the reboiler was 
used to obtain data for heat balances. 

Before charging the heat-transfer fluid, the condenser and re- 
boiler were evacuated to less than 1 mm Hg abs pressure. After 
the materials were charged, the system was purged to a vent line 
several times. Because the pressure of the system during the 
water runs was below atmospheric, it was necessary to purge from 
the system into an evacuated tank. 

Since the condensing film coefficients were to be determined 
from modified ‘‘Wilson”’ plots (3, 6), measurements for each ma- 
terial were made at five condenser water rates. Preliminary 
observations were made with cooling-water velocities of 4.5 and 
12.5 fps to determine the range of temperatures and pressure over 
which satisfactory measurements were possible. The tempera- 
ture and pressure of the system were then set at values which 
could be maintained over the range of velocities. 

For the fi®st run, the cooling-water rate was set at about 4.5 
fps and kept constant by reducing the fluctuations of the water- 
orifice manometer to a minimum. The rate was measured by 
recording the time necessary for collecting 300 to 400 lb of cooling 
water. The temperature of the condensing vapor was maintained 
constant by manual control of the steam to the reboiler. The 
temperatures of the entering and leaving cooling water, the tem- 
perature and pressure of the condensing vapor, and the tempera- 
ture of the vapor in the transfer line were recorded at about !/;- 
min intervals. The temperature and pressure of the steam to 
the reboiler, the temperature of the condensate, and the rate of 
accumulation of the steam condensate were also recorded. 

Subsequent runs at higher water rates were similarly performed 
with one exception. The cooling water was preheated so that the 
average cooling-water temperature in the top tube, and the mean 
temperature difference between the condensing vapor and the 
cooling water in the top tube were maintained at a constant value 
for all the runs with the same material. Duplicate runs were 
made at each water velocity, after purging for 1 min, to determine 
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if noncondensable gases were affecting the measurements. Be- 
cause of the limitations of the reboiler, condensing-steam coef- 


ficients were*measured at only the three highest cooling-water 


rates. 

Freon-12, n-butane, acetone, and water were selected as test 
fluids to give a wide range of ratios of surface tension to density 
(see Appendix 1). Satisfactory performances for Freon-12, n- 
butane, and acetone on a vertical bank of finned tubes should 
indicate that finned-tube condensers would be effective for most 
organic materials. , 

The Freon-12 was the commercially available refrigerant pur- 


chased from Kinetic Chemicals, Inc., the n-butane was purchased — 


as 99 per cent pure from the Phillips Petroleum Company, the 
acetone was purchased as C.P. from the Commercial Solvents 
Corporation, and the water was laboratory distilled. 


“VisvaL OBSERVATIONS 


Visual observations were made (through the sight glasses) of 
the condensate dripping from the tubes. The description of 
condensate flow applies to the runs for Freon-12, n-butane, and 
acetone. The rate of condensation of water vapor was so small 
that the amount of condensate flowing from tube to tube was 
‘ also very small. Despite prolonged periods of operation, the 
condensation of water appeared to be predominantly dropwise 
rather than filmwise. 

At low cooling-water rates, the amount of condensate drip- 
ping from tube 2 appeared to be about twice the amount dripping 
from tube 1. Tube 3 was slightly bowed as a result of the rolling 
operation, and a portion of the liquid from tube 2 did not appear 
to drip on tube 3. Equal amounts of condensate appeared to be 
dripping from tubes 3, 4, 5, and 6. Some of the condensate did 
not fall to the tubes below but splashed to the sides owing to the 
motions imparted in draining from the fins. At increasing rates 
of condensation (higher cooling-water rates), the fraction of con- 
densate splashing to the sides, rather than impinging on the tubes 
below, increased. 

At low rates of condensation, the condensate fell from the 
tubes in drops; at high rates of condensation, continuous streams 
of condensate flowed from the tubes at intervals of about 3 in. 
The points from which the dripping or streaming took place 
seemed to oscillate. This was probably due to the spiral motion 
imparted by the fins. 


CALCULATION OF RESULTS 


From the observed data, the over-all coefficients of heat trans- 
fer in Btu per hour per degree F per square foot outside surface, 
and the water velocities in feet per second, were calculated as 
given in Table 2, and indicated in Fig. 6. A modified Wilson 
plot (6) was made in order to obtain the condensing film coef- 
ficients at infinite water velocity. The Wilson plot consists 
of the reciprocal of the over-all coefficient versus the reciprocal 
of the 0.8 power of the water rate. The intercept is equal to the 
resistance of the condensing vapor, the metal wall, and any foul- 
ing. The slope depends upon the physical properties of the 
cooling water and the condenser tubing. One modification con- 
sisted of a correction factor to include the effect of temperature 
on the physical properties of cooling water (3). By the use of the 
correction factor (1 + 0.0117;)/(1 + 0.01172) on the velocity 
term, the same slope was used for a given tube, independent of 
the material. Because of slight variations in the dimensiong of 
the tubing, there were variations in the slopes of the Wilson 
plots for a given material, for each of the six tubes. 

It has been shown that although the original Wilson plot 
requires a constant temperature difference between the tube wall 
and the condensing vapor, a satisfactory plot will result if a con- 
stant temperature difference between cooling water and con- 
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densing vapor is maintained (3). Fig. 5 is the Wilson plot for 
acetone condensing on the copper tubes with 16 (nominal) fins 
per in. An example calculation required to obtain condensing 
coefficients is given in Appendix 2. 

Tables 3 and 4 list the experimentally determined condensing 
film coefficients and compare the coefficients with those calcu- 
lated from the Nusselt equation. Rather than applying the 
equations for the horizontal and vertical surfaces to relative areas 
represented, Equation [1] is used with the following definitions 
of the equivalent diameter (3) based upon the fraction horizontal 
and the fraction vertical surface 
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TABLE 3 CONDENSING FILM COEFFICIENTS 
Copper tubes, 16 fins per in., 5/s in. root diam 
Freon - 12 n - Butane Acetone Water 
Conaensing Temp. 107.7°F Condensing Temp. 148.5°F Condensing ae 154-0°F Condensing Temp. 145.0°F 

40°F aT 80°F aT 80°F 77°F AT 

(overall) (overall) (overall) (overall) 
° se ov de ow de B20 Se 895 
§ aos ° ° sug On ° cos 
1 (top) 0.00304 332 387 0.86 0.00256 395 420 0.94 0.00167 610 581 1.05 0.00070 1490 1920 0.78 
2 0.00330 306 264 1.16 0.00262 386 286 1.35 0.00180 505 397 1.42 0.00070 1490 1310 1.14 
3 0.00317 318 232 -37 0.00246 411 251 1.64 0.00171 595 348 a Q.U0U070 1490 1148 1.30 
4 0.00326 309 212 1.46 0.00256 395 230 1.72 0Q.v00176 578 318 1.82 0.00070 1052 1.42 
5 0.00338 299 200 1.50 0.00262 386 §=217 1.78 0.00190 535 301 1.78 0.00u70° 1490 993 1.50 
6 0.00346 292 189 1.55 0.00273 370 204 1.82 0.00194 523 283 1.85 0.0070 1490 935 1.60 
Averecge 309 1.25 390 268 1.46 568 371 1.53 1490 1226 1.21 


#Condensing film Coefficients in Btu/(hr.)(°F)(sq. ft. outside surface) 


TABLE 4 COMPARISON OF CONDENSING FILM COEFFICIENTS 
FOR TOP TUBE AND AVERAGE OF SIX TUBES 


Copper tubes, 16 fins per ina 5/sin. root diam 


Ratio of 
Average coefficient 
Experimental experimental for tube 1 
coefficient coefficient to average 
for tube 1, for six tubes, coefficient, 
Material hi hm (hi/hm) b* 
Nusselt’s 
Theory hy hm 1.565 1.0 
Freon-12 332 309 1.073 0.22 
Butane 395 391 1.010 0.017 
Acetone 610 568 1.073 0.22 
Water 1490 1490 1.000 0.0 


*} in equation hm = =" 


Coefficients in Btu/(hr) (deg F) (sq ft outside surface). 


where 


D,, = equivalent diameter of horizontal finned tube, ft 
A, = area of fins, sq ft 
A, = area of horizontal tube having diameter equal to root 
diameter, sq ft 
og = A, + Ay X fin efficiency, sq ft 
D = root diameter, ft 
L = average height of finned area, ft 


The fin efficiency was greater than 0.95 for all conditions and 
was used as 100 per cent in this paper, as indicated in the ex- 
ample calculation in Appendix 3. 

The coefficient calculated by Nusselt’s equation for tube 2 was 
obtained from the coefficient for tube 1 by the following relation, 

- as derived from Equation [1] 


he = — (n — 1)%-)h, = 0.6838h......... [3] 


A similar calculation was made for the lower tubes. 

’ The deviation between the experimental and predicted coef- 
ficients for the top tube (tube 1) for organic liquids is less than 14 
per cent and is as close as that previously found (3,4). The data 
indicate that the decrease in condensing coefficients for tubes 
below the top tube is much less than that predicted by Nusselt. 
This is not surprising since the liquid dripping from one tube 
may not strike the tube below, nor does it necessarily increase 
the film thickness over the entire heat-transfer area. Also, the 
effect of turbulent flow of the liquid would tend to increase the co- 
efficients over the calculated values for the lower tubes in the 


row. The values of b, given in Table 4, multiplied by n give an 
indication of the effective number of finned tubes in a vertical row 
when following the Nusselt theory. 


CONCLUSIONS 


The 5 per cent difference between the experimental and pre- 
dicted coefficient for acetone condensing on the top tube of a 
bank of copper finned tubes indicates that high static liquid re- 
tention does not decrease condensing coefficients under dynamic 
heat-transfer conditions. Organic liquids, having a ratio of sur- 
face tension to density, high as compared with refrigerants, may 
be condensed on the outside of copper integral-finned tubes with 
all the fin surface effective and without interference by liquid re- 
tention between the fins. The experiments also indicate that the 
decrease in condensing film coefficients with the number of tubes 
in a vertical row is much less for finned tubes than would be pre- 
dicted by the application of Nusselt’s theory. For a bank of six 
tubes in a vertical row, the average condensing heat-transfer 
coefficient was only 10 per cent below that of the top tube. For 
design purposes Nusselt’s theory, applied to a bank of horizontal 
finned tubes, may be expected to give condensing heat-transfer 
coefficients below the experimental values. 
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static conditions as measured on ten different finned-tube sections 
using acetone, carbon tetrachloride, aniline, and water as liquids. 


5 “Condensation of Freon-12 With Finned Tubes, Part 2— 
The liquid retained was weighed, and the angle subtended by 


Multi-Tube Condensers,”’ by D. L. Katz, R. E. Hope, S. C. Datsko, 
and D. B. Robinson, Refrigerating Engineering, vol. 33, April, 1947, 


pp. 315-319 and 352-354. hed 
6 “Basis for Rational Design of Heat-Transfer Apparatus,” by this quantity of liquid was computed. 
Because of the simplified mechanism for liquid retention by 


E. E. Wilson, Trans. ASME, vol. 37, 1915, pp. 47-70 and 70-82. 
te fins, postulated in deriving the foregoing formula, agreement be- 
tween the formula and experimental data would be fortuitous. 
However, the formula does indicate that the dimensions of the 
Appendix l finned tube and the properties of the retained liquid given in the 
formula provide suitable variables for correlating the data. 
Rerention OF Liquips By Fins Unper Static Conpirions Fig. 7 for static conditions indicates that liquids having surface 
The retention of liquids by finned tubes was investigated under tensions considerably above that of refrigerants might be re- 
static conditions. A formula was derived to give the liquid re- _ tained to an extent that they would interfere with the condensa- 
tained between the fins in terms of the properties of the fluid and The heat-transfer experiments on 
the dimensions of the tube. This formula shows that the angle 
subtended by the liquid retained between the fins is a function of (dynes) (ec) 
the ratio of the surface tension to the density of the liquid Acetone 2 - (em) (g) | 


¢/360 vy | (4D, — 2D + 2s) Y 
sin¢/2 gp (D.? — ge Butane |- = 14 


h 


¢@ = angle subtended by liquid retained in space between 


tion process. 


indicate that the increased liquid retained by acetone under static 


fins, deg 

¢/360 = fraction of heat-transfer surface covered by retained 
liquid conditions is not reflected in any decrease in heat transfer. Ex- 
y = surface tension of liquid, dynes per cm perimental data on acetone compare as favorably with calculated 
p = density of liquid, g per cc heat-transfer coefficients as the experimental data on Freon-12 
compare with its calculated data. From this it is concluded 


D = root diameter, em that static liquid retention is no criterion for judging performace 
$s = spacing between fins, cm under condensing conditions and therefore the details of the 
g = local acceleration due to gravity, approximately 980 static-liquid-retention research are omitted. This brief note 

and Fig. 7 have been included to dispel any apprehensions which 
others may have as to the performance of finned surfaces when 
condensing liquids which are retained on finned tubes under static 


D, = diameter over fins, em 


cm/sec? 
Cy = constant for given finned tube 


Fig. 7 is a plot of the surface covered by retained liquid under _ conditions. 
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Appendix 2 
EXAMPLE CALCULATION OF DATA FOR WILSON PLOT 


Run No. 48—Acetone 

Tube No. 1-1.452 sq ft outside area 

Cooling-water rate = 1709 lb per hr 

Cooling-water temperature rise = 17.28 F 

Average cooling-water temperature = 74.01 F 

Average cooling-water temperature for Freon-12 = 67.7 F 
Average condensing-vapor temperature = 153.92 F 

Heat transfer = (1709)(1)(17.28) = 29,530 Btu per hr 


29,530 
AwAT  (1.452)(153.92 — 74.01) 
254.5 Btu/(hr) (deg F) (sq ft) 


Us 


] 44 
(0.01605 —\ = 4.54 fps 
(0.555)? ft? 

+ 1 9.003029 (ordinate) 

1 + 0.011 _ /1.+0.011 x 67.7 
1+ 0.011 7,/ V8 1 + 0.011 X 74.0 

1 
45408 = 0.287 (abscissa) 


Appendix 3 


EXAMPLE CALCULATION OF EQuIVALENT DIAMETER FOR FINNED 
For UsE IN NussELT EQUATION 
1 0.943 Ay A, 
(D,.)'/* 0.723A,,LY* A,,D* 
For tubes with nominal 16 fins per inch—actual 15 fins per inch: 


Root diameter = 0.621 in. 
Fin diameter = 0.746 in. 


TRANSACTIONS OF THE ASME 


NOVEMBER, 1948 
x (0.746)? — (0.621)? 


4 0.746 


= 0.180 in. 


(0.746)? — (0.621)? 
A, per foot of tube = ~ 
7 per foot of tube 4 144 


xX 2xX 15 X 
12 = 0.3356 sq ft 
0.621 
A, 0.1626 sq ft per ft of tube 


A,, = 0.3356 X 1.00 + 0.1626 = 0.4982sq ft per ft of tube 


1 0.943 
(D,,)'/* 0.725 


0.3356 1 


0.4982 (0.180) 


0.1626 1 
0.4982 (0.621)'/* 


D,, = 0.1163 in., assuming 100 per cent efficiency for the low 
fin copper tube. 


Discussion 


D.S. Cryper.* No explanation is offered for the discrepancy 
between the experimental average coefficient and the average 
coefficient predicted by Nusselt. Accordihg to the data, the 
former is about 46 per cent greater (for freon and acetone) than 
the Nusselt coefficient. Deviations from ideal streamline flow, 
due to splashing, diversion of condensate to side walls of enclos- 
ure, etc., may account for the difference but at least these dif- 
ferences should be pointed out. 

It would also have been interesting to have extended the work 
to cover more viscous liquids such as light petroleum fractions. 
It is conceivable that such liquids might conform more closely to 
the Nusselt theory. 

The writer would like to see this work continued to cover vari- 
ous finned dimensions and a wider range of fluids so that we have 
a sound basis for changing the Nusselt exponent, if necessary. 


4 Professor, Chemical Engineering, The Pennsylvania State Col- 
lege, State College, Pa. 
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Stability of SR-4 Electric Strain Gages 
and Methods for Their Waterproofing — 


and Protection in Field Service 


By A. BOODBERG', E. D. HOWE,? ano B. YORK# 


Tests were conducted to determine the effects of time in 
service, changes in temperature, humidity, methods of 
mounting, and of several waterproofing agents upon the 
stability of SR-4 electric strain gages, and also to determine 
the protecting qualities and durability of waterproofing 
agents and coverings that could be conveniently applied 
under field conditions. Most tests were conducted on steel 
blocks not subjected to loads, but a few tests were also 
made on gages applied to bars and plates which were sub- 
jected to repeated loadings. The results have been re- 
assuring and demonstrate that the gages are reliable if 
properly used. 


INTRODUCTION 


ESTS of stability of SR-4 electric strain gages at the Uni- 
versity of California were undertaken as preliminary and 
supplementary studies to an investigation instituted by 
the Office of Scientific Research and Development into the 
history of residual stresses in welded ships in February, 1944.‘ 
The tests were started to determine the protective qualities and 


durability of waterproofing agents that could be applied con- . 


veniently to SR-4 gages which were to be installed on the decks 
of the ships used in the investigation. The effects of changes in 
temperature, humidity, and methods of mounting were also 
studied and, as the test progressed, it was decided to check the 
stability of certain SR-4 gages for a longer period of time. 

Most of the tests were conducted under static conditions on 
ship-plate blocks that were not subjected to loads, readings on 
the gages being taken daily during the first months of the in- 
vestigation and at less frequent intervals later. Some results were 
obtained from bars equipped with SR-4 gages and subjected 
to various tensile and compressive loads at different times 
throughout the test period of over 30 months. The results have 
demonstrated that the SR-4 electric strain gages, if properly 
waterproofed and well protected from mechanical damage, are 
reliable for a considerable length of time even under the most 
severe type of usage. 


Score or TEsts 


SR-4 gages of the following types were used in the tests: A-1, 
A-5, AX-5, A-7, A-11, and AR-1. The gages used in static sta- 


1 Associate Professor of Mechanical Engineering, University of 
California, Berkeley, Calif. 

? Assistant Dean, College of Engineering, University of California. 
Mem. ASME. 

3 Assistant Professor of Mining, University of California. 

‘ “History of Residual Stresses in Welded Ships,’” OSRD Report 
No. 6359, Serial No. N-586, Nov. 28, 1945. 

Contributed by the Industrial Instruments and Regulators Divi- 
sion and presented at the Annual Meeting, Atlantic City, N. J., 
December 1-5, 1947, of Tae American Society or MECHANICAL 
ENGINEERS. 

Nors: Statements and opinions advanted in papers are to be 
understood as individual expressions of their authors and not those 
of the Society. Paper No. 47—A-120. 


bility tests were mounted on small pieces of ship plate (about 
5/s in. X 2 in. X 6 in.), some of which were carefully annealed 
to prevent creep within the test specimen from affecting the 
readings of the gages; as an extra precaution a few of the gages 
were mounted,on the sides of a 4-in. Hoke gage block. Readings 
were taken daily on Baldwin-Southwark SR-4 portable strain 
indicators for the first few months; later the readings were taken 
at less frequent intervals. To test the effectiveness of water- 
proofing, specimens covered with several waterproofing agents 
were given prolonged exposure in various environments. These 
waterproofing tests were conducted as a guide in the selection of 
a waterproofing.agent, or combination of agents, which would 
provide adequate protection and also would be easy to apply 
under field conditions. No attempt was made to test all availa- 
ble agents nor to exhaust the possible conditions or methods of 
application of those that were tested. 

Gages used in the dynamic tests were mounted on several pieces 
of steel which were subjected to several loading cycles within the 
elastic limit of the material during a period of about 30 months. 

Compensators or “dummies” used in this series of tests, as 
well as those used in the main investigation of residual stresses 
in ships, were made by mounting various gages on small pieces 
of annealed ship plate. The stability of these dummy gages was 
carefully checked by obtaining readings on an SR-4 strain meter 
using one leg of a rosette gage of the dummies as the active 
gage and the other leg of the same rosette gage as the dummy 
gage, as well as by reading one dummy gage against another 
dummy at frequent intervals during the period of test which 
lasted well over 3 years. 


PROCEDURE 


Gages were mounted on test pieces of ship plate of convenient 
dimensions. These were prepared by wire-brushing the surface 
of the plate free of scale and rust, then smoothing with emery 
cloth. Oil and dirt weré removed by washing with acetone. The 
gages were cemented in place with quick-drying celluloid cement 
(made by dissolving 25 grams of celluloid in 1 lb of ethyl acetate) 
and were held in place by pressing lightly until set. Some gages 
were allowed to dry at room temperature and others were heated 
by infrared lamps to as high as 140 F to accelerate and facilitate 
the drying. Insulated single-strand wires were soldered to the gage 
lead wires and then stapled securely to the small wood blocks 
that were bolted to the specimen plate. Waterproofing agents, 
listed in Table 1, were applied after allowing at least 24-hr drying 
time, except in the case of one set of gages which was prepared 
especially to determine the effect of applying waterproofing to 
gages that had dried for short periods. The waterproofing agents 
were applied in copious quantities to both the gage and the plate 
and extended !/; in. or more beyond the edge of the gage. When 
one agent was applied over another, the second was extended 
1/, in. or more beyond the edge of the first. The lead wires of the 
gages were coated with the waterproofing agent up to the insula- 
tion of the connecting wires. Specimens were then subjected 
to varying degrees of humidity and different temperatures and 
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some were placed in glass vessels containing fresh or salt water, 
and Diesel or fuel oils. A wax-protected gage on a test block and 
one undergoing an immersion testyare shown in Fig. 1. 


Fic. 1 Mersop or Securinc Leap Wires To GaGeE BLocK AND 


SPECIMEN UNDERGOING IMMERSION TEST 


The tests were conducted under controlled conditions, wherever 
practicable, in order to determine the effect of each influencing 
factor separately. Care was taken to assure good connections 
at the indicator and to have the indicator, specimens, and dummy 
at equal temperature, except when testing for the effect of a cold 
indicator. Cross-comparisons of gages and dummies were made 
regularly so that the deviation of individual specimens would be 
apparent. Electrical resistance between the gage wire and plate 
was carefully checked throughout the test period. . 

Tests in which the gages were subjected to tensile and com- 
pressive loads were made by mounting gages on a piece of spring 
steel, '/, in. X 2 in. X 20 in., a piece of hot-rolled mild steel, 
lin. X lin. X 60 in., and a piece of ship plate #/,in. X 8 in. X 
30 in. The spring steel and the square hot-rolled stock bars 
were used as cantilever beams during the test period and the 
ship-plate specimen was stressed in a universal testing machine. 
Stresses as high as 25,000 psi in tension and compression were 
reached in the test pieces several times during the test period of 
2'/. years, and accurate records of the gage readings at various 
load levels were kept. 

Several means of mechanical protection were devised for guard- 
ing gages on board ship from damage. The sturdy cover shown 
in Fig. 2 was used on the decks of two ships that were equipped 
with strain gages and were in regular service for a period of about 
6 months. Fig. 3 shows the installation on the underside of the 
deck. Some of the other types of covers shown in Fig. 4 were 
used to protect SR-4 gages on ships that were tested during the 
construction period. 
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Heavy-Duty Srrain-Gace Cover INSTALLED ON Main 
Deck or Liserty-Type 


Fic. 2 


Fic. 3) Srrain-Gace Cover Usep oN UNDERSIDE OF DecK 
(Wires connect individual gage stations to central panel.) 


or TEstTs 


Comparison of Gages by Type. The tests disclosed no appar- 
ent difference in stability of gages by types. When well pro- 
tected, all types of gages showed good stability both in the static 
time tests and the tests where loads were applied to specimens. 
The multiple layers of wire and paper in the AR-1 rosette and 
AX-5 type gages had no measurable effect on stability. 

Effect of Time. Some specimens were under observation for 
over 40 months, others for a shorter period, with good results 
when adequately protected from moisture. Though it is diffi- 
cult to isolate the effect of time from that of temperature, mois- 
ture, etc., it is apparent that time alone causes only minor de- 
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Fic. 4 Various Types or Srrain-Gace Covers Usep ABoarD 


viations, or drift, if any, from the original reading. Table 2 shows 
the deviations for some of the pairs chosen as representative 
from among adequately waterproofed specimens. It also shows de- 
viations of gages used in the dynamic tests. Table 3 shows 
dummy check readings with differences from their median for 
a period of 43 months. .These dummies were used as compen- 
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sating gages in obtaining most of the strain readings taken by 
Project NRC-74 in study of stresses in welded ship hulls,* and 
during the test period were often subjected to temperatures rang- 
ing from 30 F to 100 F as weil as rain, fog, and salt-water spray. 
These dummy check readings show only minor fluctuations, but 
no drift trend during the period of these observations. 

Effect of Temperature. Variations in temperature within a 
moderate range, as they were in these tests, have no appreciable 
effect on the rate of drift. This is shown by a comparison of the 
drift rates of specimens kept in a controlled-temperature room 
with those that were subjected to temperature variations be- 
tween 55 and 85 F. 

Temperature apparently has no effect on constancy and ac- 
curacy of reading, provided the gage and dummy are selected 
from the same wire lot and that the temperatures of the gage 
and dummy are equal, as has been demonstrated by the dummy 
check readings taken at various temperatures (see Table 3). 

Varying the temperature of the indicator while that of the 
gage and dummy femained constant gave fluctuations of small 
magnitude (+10 microinches). 

Effect of Humidity. Ordinary room humidity has no appar- 
ent effect on stability of SR-4 gages, even unprotected ones. 
However, gages that are to serve in damp conditions must be 
waterproofed to avoid damage. This need is shown by the curves 
in Fig. 6. It was not apparent on visual examination that the 
gages were damaged by moisture, but it was at once apparent 
from the decrease in electrical resistance between the gage wires 
and the plate (a drop from nearly infinity to below 5 megohms 
for some of the specimens). 

Effect of Time of Drying of Mounting Cement Before Water- 
proofing. Gages that were dried for only 13 min prior to heating 
in preparation for waterproofing showed as good a stability under 


TABLE 1 EFFECT ON STABILITY OF SR-4 GAGES OF DRYING TIME ALLOWED BEFORE 
@VATERPROOFING 
Total Temperature Maximum 
: drying at application Length of deviation from 
: Gage Protection time of waterproofing, observation, original reading, 
Specimen type used eg F mont microinches per in. 
20D A-11 Petrosene A 90 min 125 24 +10 
wax applied —15 
to hot plate 
21D A-11 Petrosene A 24hr 65 24 0 
wax applied —25 
to cold plate 
22D A-11 Petrosene A 13 min 125 24 +10 
wax applied —15 
to hot plate 
23D A-1l Petrosene A 85 min 105 24 +10 
wax applied —20 
to hot plate 
Star AR-1 Ozite B over 45 min 125 30 +20 
below Petrosene A -—20 
dummy Wax applied 
to hot plate 
Star AR-1l Ozite B over 45 min 125 30 +20 
top Petrosene A —15 
dummy wax applied 
to hot plate 
Port AR-1 Ozite B over 45 min 125 30 +15 
below Petrosene A —10 
dummy wax applied 
to hot plate 
Port AR-1 zite B over 45 min 125 30 +20 
top Petrogene A —15 
dummy wax applied 
to hot plate 
Star AX-5 Ozite B over 30 min 140 20 +10 
dummy Petfosene A —10 
wax applied 
to hot plate 
Dumm AR-1 Ozite B over 20 min 140 18 +15 
No. 1 Petrosene A —20 
wax applied 
7 to hot plate 


List oF WATERPROOFING AGENTS USED IN TESTS 
Sauereisen Nos. 30 and 78... .Saureisen Cement Company, Pittsburgh, Pa. 


G 


eneral,.Electric Company, Schenectady, N. Y 


Bakelite Varnish, B#61........ Bakelite Corporation, Bound Brook, N. J. 


Americoat No. 33............ 


....American Pipe and Construction Company, South Gate, Calif. 
Petrosene A wax...... General Petroleum Corporation, San Francisco, Calif. 


Ozite B 


General Cable Corporation, San Francisco, Calif. 
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static conditions as gages that were dried for a period of 24 hr. 

The deviation of-each as read against a wax-covered dummy 

gage is shown in Table 1. None of the waterproofing agents used 

in the tests and listed in Table 1 showed detrimental effects on 
gage stability. 

Results of Tests of Waterproofing Agents. Results of readings 
taken on specimens variously waterproofed while immersed in 
fresh or sea water are shown in Fig. 5. The covering found most 
suitable in protective quality and ease of application was a com- 
bination of Ozite B over Petrosene A wax applied to a heated 
plate. Each of these applied alone to the heated plate, and a 
combination of them applied to the cold plate failed to give 
adequate protection against prolonged immersion. Other agents 
and combination of agents tested failed after a relatively short 
time. 

Petrosene A wax applied to heated plate provided adequate 
protection for specimens exposed to a moisture-saturated at- 
mosphere. However, dynamic tests of gages mounted on bars 
used as cantilever beams showed that the wax*had a tendency 
to crack when the bars were stressed at temperatures below 40 
F. QOzite B surface did not show any such cracks at 30 F, and 
it may be assumed that it would retain its waterproof qualities 
down to that temperature. 

None of the waterproofing agents tested witheteod prolonged 
immersion in Diesel or heavy fuel oil. 

Petrosene A wax and Ozite B each provided some degree of 
mechanical protection, particularly against tearing out of the 
slender lead wires of the SR-4 gages. 

Detailed data of the behavior of SR-4 gages subjected to vari- 
ous conditions can be found in the OSRD report mentioned.‘ 
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CONCLUSIONS 


1 SR-4 gages showed no indication of drift with time when 
well protected from moisture. : 

2 Of the several waterproofing agents tested, a combination 
of Petrosene A wax and Ozite B applied on the heated plate per- 
formed best over a long period of fime. 
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Discussion 


D. M. Nievsen.§ This paper offers much data on the actual 
performance of SR-4 strain gages under adverse installation con- 


ditions. Information in this field has previously existed only in 
5 Vice-President, Nielsen & Fryer, Inc., Chicago, Ill. Jun. 
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scattered form in various publications, and has been based on far 
less complete investigations. This paper now gives the structural 
designer and stress analyst a valuable guide to desirable practice 
in installing strain gages, and the order of measuring accuracy 
possible to obtain. 

The general experimental method is the cross-comparison of 
gages installed on sample specimens against dummy gages. No 
reference is made to any checks against resistance standards. 
This appears to be a valid technique for studying the effect of 
temperature, humidity, moistureproofing, and other ambient 
conditions under no-load conditions. 

Much of the data in the tables given show deviations con- 
siderably smaller in magnitude than the error reasonably to be 
expected in the SR-4 indicator readings over a period of months 
under field operating conditions. The first reaction is to question 
the accuracy of the deviation figures given. However, if the 
Same instrument were used on all tests, then the random nature 
of deviation values given in Figs. 5 and 6, and the absence of any 
consistent drift in all gages for readings on the same date indi- 
cate that the instrument introduced no significant error. Analy- 
sis of the detailed data behind these tables should provide further 
light on this point. 

It does seem doubtful that accuracies of the order given in this 
paper will be generally obtainable. A more reasonable order of 
accuracy to expect is the instrument error guaranteed by the 


anp 65 To 75 F 


manufacturer plus gage errors of the magnitude given in this 
paper. 

The purpose of the general investigation, of which this paper is 
a part, was the study of residual stresses in welded ships. For 
such applications a basic question is the stability of gage zero 
and strain-sensitivity factor over a long period of maintained 
stress, during which there is no chance to remove the strain and 
check gage zero. There must be some question as to whether 
the tests given in this work of stability at zero stress are valid 
for maintained stress conditions. 

Some work was done using gages on loaded specimens, as men- 
tioned in the text, and in the data on the last 6 gages in Table 2 
It would be helpful to give in more detail the readings on the 
dynamic tests, including the stress values, lengths of time over 
which the load was maintained, gage deviations under constant 
maintained stress, and deviations of gage zero in successive re- 
turns to zero stress conditions. Such data would reveal the ex- 
istence and magnitude of any gage drift or hysteresis to be ex- 
pected in residual-stress measurements. 

Data of this same sort would have additional value for the 
applications where strain gages are used as conversion elements 
in sensitive units for the detection and measurement of fluid 
pressure, torque, weight, ete. For such applications the need for 
permanent stability of gage characteristics is obvious. General 
practice on applications of this type has been to use bakelite 
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gages rather than the paper-backed type used in the ship experi- 
ments. Also, in some cases the gages have been built in place 
to obtain a better bond between the gage and the mounting 
surface. Data of the type described in the preceding paragraph 
might indicate whether refinements are generally essential. 


S. B. Sprackien.* It is specifically stated in the abstract 
that both static and dynamic tests were made, but there is no 
statistical table in this report covering any of the dynamic tests. 
It is regrettable that a thorough coverage of dynamic tests on the 
SR-4 strain gages is not included in this report. While this omis- 


sion of data reduces the value of the report, the authors should . 


be commended for their thoroughness on that part of the report 
dealing with the waterproofing and protection of strain gages 
in service, and the static tests which were run for the verification 
of those waterproofing tests. 

If statistical information is available on the dynamic testing 


‘of strain gages, it is suggested that such data be included in the 


report. 
AutTHors’ CLOSURE 


Discussion brought out several points which require further 
elaboration of the test results. One such item has to do with the 
small tolerance on repeated readings over long periods of time. 
These tolerances are given in Tables 1 and 3, and refer to gages 
used as “dummies.” Therefore they are not comparable to 
service gages subjected to loads. The readings tabulated refer 
to the comparison of two strain gages mounted on the same piece 
of unstressed annealed plate, the whole assembly being carefully 
guarded from mechanical damage and thoroughly waterproofed. 
This is also true for the deviations shown in Figs. 5 and 6. 

The introduction of load had little effect on the stability as has 
been demonstrated by the consistency in readings of some gages 
which were repeatedly loaded to as high as 20,000 psi in tension 
and 20,000 psi in compression. Most of the gages used in load 
tests were mounted on pieces of steel which were used as canti- 


® Special Instrumentation Department, Instrument Division, 
Carbide and Carbon Chemicals Corporation, So. Charleston, W. Va. 
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lever beams. No drift was shown by any of the gages for a 
period of over 30 months, although in many cases the gages 
would not return exactly to zero after a cycle of loading, especially 
when loads were maintained for a considerable time. This 
deviation of gage zero due to loading was not included in the 
tabulated values as the deviations shown in the tables were 
limited only to the effect of time on the gage readings. Errors 
in the gage zero due to loading varied considerably from gage 
to gage but in no case did they exceed 35 microinches per in. 
throughout the test period. ‘ 

Additional checks on the performance of the SR-4 gages and 
their stability were obtained during a later phase of the NRC-74 
research program when plugs were trepanned from decks of Vic- 
tory ships and C-4 troop transports. Several gage spots on the 
decks of these ships were provided with SR-4 rosette gages and 
were also marked for 2'/,-in-gage-length mechanical gages. 
These gages were placed on the deck plates while the ships were 
under construction and were left on for the sea trials of the ves- 
sels. Thus they were subjected to various loads for a consider- 
able length of time. At the end of the sea trials the gages were 
trepanned from the decks and the relaxation stresses were thus 
measured. Total change of strains during construction as well 
as the relaxation strain, as measured by the mechanical and the 
SR-4 electrical gage, were in excellent agreement; a typical 
example is shown in Table 4 of this closure. 


TABLE 4 CHANGES OF STRAIN DURING CONSTRUCTION AND 
RELAXATION STRAINS 


Mechanical 

Side of gage,2'/2in. SR-4 

Gage no. plate gage length rosette 
Relaxation strain measured 1 fore and Top — 160 — 180 
in deck plate Hull No. 732 aft Bottom — 100 — 50 
Average — 130 — 115 

Relaxation strain measured lathwart- Top — 100 — 70 
in deck plate Hull No. 732 ship Bottom — 75 — 655 
Average — 87 — 63 
Relaxation strain measured 2 fore and Top — 300 — 270 
in deck plate Hull No. 732 aft Bottom 100 55 
Average — 100 108 

Relaxation strain measured 2athwart- Top — 300 — 250 
in deck plate Hull No. 732 ship Bottom 50 35 
; Average — 125 — 108 
Relaxation strains along weld 1 Top 1500 1485 
in deck plates Bottom 1175 1215 
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Oscillating-Piston Meters for Fuel 
Consumption in Aircraft 


By C. S. HAZARD,' NEW YORK, N. Y. 


The amount of fuel remaining in the tanks of an airplane 
in flight may be determined in two ways: (a) by measuring 
the liquid levels in the tanks; or (6) by measuring the fuel 
as it is consumed and subtracting from the amount on 
board at take-off. The oscillating-piston type of displace- 
ment meter has been used successfully in the latter sys- 
tem. This paper describes two such meters, and gives 
data on the accuracy of this method of fuel measurement. 


INTRODUCTION 


N, URGENT problem in aircraft instrumentation is the 

A apparently simple one of telling the pilot how much fuel 

is left in his tanks, since that determines how much longer 

he can remain aloft. The problem has become more urgent with 

the advent of jet propulsion, because of the comparatively high 
rate of fuel consumption in this type of power plant. 

For many years pilots have relied principally on float-operated 
liquid-level gages installed in the fuel tanks. The limitations of 
this type of gage were recently summarized by A. J. Snyder (1).? 
He reached the conclusion that, unless the accuracy of this 
method could be greatly increased, the commercial airlines would 
be forced to revert to the laborious method of computing the fuel 
consumed from periodic readings of the rate-of-flow meter. 

Since the early days of the war, several instrument manufac- 
turers, in order to overcome the mechanical difficulties of the 
float-type gage, have been developing tank gages which depend 
upon the difference in electrical capacitance between air and 
gasoline (2, 3, 4, 5). These gages respond to the change in ca- 
pacity of a two-plate condenser suspended in the fuel tank. While 
this system eliminates all moving parts from the tank, and has 
the valuable feature of measuring mass instead of volume, it is 
still subject to the following limitations: 


1 The depth of the liquid in the wing tank of an airplane is 
small compared to the horizontal cross-sectional area of the tank, 
so that a slight change in liquid level corresponds to a relatively 
large change in volume. This severely limits the accuracy of 
measurement, 

2 The gallonage corresponding to a particular liquid level 
may vary with the flight attitude of the airplane. 

3 The capacity of a fuel cell may be altered by temporary 
displacement of the walls of the cell. 

4 When a large number of wing fuel cells are used, each re- 
quiring its own gage, the installation becomes complicated. 


Another solution, along the lines proposed by Snyder (1), is 
described by D. W. Moore (6). He accurately measures the rate 


' Director of Research, Neptune Meter Company; formerly Com- 
mander, 8S (A), USNR. Mem. ASME. 

* Numbers in parentheses refer to the Bibliography at the end of 
the paper. 

Contributed by the ASME Research Committee on Fluid Meters 
and presented at the Annual Meeting, Atlantic City, N. J., Decem- 
ber 1-5, 1947, of Tue AMERICAN Sociery oF MECHANICAL ENGINEERS. 

Note: Statements and opinions advanced in papers are to be 
understood as individual expressions of their authors and not those 
of the Society. Paper No. 47—A-54. 


of fuel consumption, and then integrates this rate electronically 
to determine the total consumption. 

Working on this problem in 1937, the engineers of a major air- 
line reasoned that the best way to measure volume would be to 
use a volumetric meter, rather than to integrate the readings of a 
rate meter. In addition to using reciprocating-piston meters in 
regular service, they installed an oscillating-piston meter in the 
engine fuel line on one of their transoceanic flying boats, and ran 
extensive flight tests. The readings of this instrument proved 
considerably more accurate and reliable than their tank gages. 
On the basis of these and other tests, a meter of this type was 
developed during the war for the U. 8. Army Air Forces. Two 
versions of this meter have been cleared for publication by the 
Air Materiel Command. 


DESCRIPTION OF INSTRUMENT 


Fig. 1 shows a cutaway view of the AAF Class 30 fuel flow- 
meter, which is standard equipment on one of our jet-powéred 
fighters. Plan views of the measuring chamber, showing the 
operation of the piston, are given in Fig. 2. With the piston in 
the position shown in Fig. 2(a), liquid enters the space 2 through 
the inlet port 1, and leaves the space 6 through the outlet 
port 5, moving the piston 3 progressively through the positions 
shown in Fig. 2(b, c, d), and back to that shown in Fig. 2(a). 
A similar cycle occurs in the inner chamber formed between the 
piston and the center ring. 

The piston is guided in its motion by contact of its spindle 7 
with the center roller 8, which holds the piston continuously in 
contact with both the inner and outer walls of the chamber. 
The radial clearance between piston and cylinder wall is closely 
held at 0.0015 in., which allows for capillary seal. Vertical 
clearance is 0.0020 in., which allows for'two capillary seals, one 
above and one below. The result is a true piston action. 

The measuring element drives the transmitting cam through 
reduction gearing. This cam closes a switch once for each gallon, 
actuating a three-digit solenoid counter on the instrument panel. 
A knurled wheel is provided on the counter for setting the reading 
manually to the gallons on hand at take-off. Each impulse from 
the meter subtracts 1 gal from the reading of the counter and thus 
shows at all times the gallons remaining. The counter is wound 
for 24 volts direct current. 

The Class 30 fuel flowmeter has a maximum operating pressure 
of 35 psi, and is installed on the low-pressure side of the fuel sys- 
tem. The meter weighs 6.06 lb, the counter 0.48 Ib. 

Fig. 3 shows another meter of the same type, the AAF type H-1. 
This meter is designed for operation on the high-pressure side of 
the fuel system, at a maximum working pressure of 600 psi, and 
weighs 13.6 lb. The packed stuffing-box which was satisfactory 
for the low-pressure meter, is impractical at high pressure, and 
the magnetic clutch, shown in Figs. 3 and 4, accordingly is used. 
It consists of a pair of 6-pole rotating permanent magnets, of 
Alnico No. 2, separated by a bronze shell 0.051 in. thick, which 
retains the liquid pressure. The pull-out torque of this clutch is 
6.5 in.-oz, which is about 5 times the maximum torque imposed 
by the transmitting cam. 

In order to insure a supply of fuel to the engine, even if the 
measuring unit should jam, there is a spring-loaded by-pass valve 
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Fie. 1 Cutaway View or Low-Pressure FuEL METER 
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for any maximum rate of flow. This makes it possible to set the 
by-pass valve to relieve at a few pounds above this maximum, 
without by-passing any portion of the fuel during normal run- 
ning. This pressure relationship is shown in Fig. 5. As a result 
of the low by-passing pressure, the drop in fuel pressure, whether 
under normal or by-passing conditions, has a negligible effect 
upon the operation of the power plant. : 

The measuring unit used in the meters described is similar to 
that used in service-station gasoline pumps, and has a displace- 
ment of 5.3 cu in. per cycle. Since this displacement cannot be 
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Set oat 5 Outlet port altered in service, the gear ratio between the chamber and the 

2 Incoming liquid space 6 Outgoing liquid space transmitting cam is varied, in order to adjust the meter. This is 

3 Piston 7 Piston spindle J : 

4 Diaphragm 8 Control roller done by replacing the change gears, shown in Figs. 1 and 3, which 
Fic. 2. Action oF OsciLLaTING-Piston CHAMBER ‘are available in steps of 0.25 per cent. 

between the inlet'and the outlet of the meter. Since the measur- Accuracy 

ing unit contains but a single piston, without packing, the pres- These meters are suitable for rates of flow between 20 and 1200 


sure difference from inlet to outlet can be predicted accurately gph. Within this range, the meter will register the volumetric 
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5 Pressure Drop THrouGH Meter anp THrovuGcu By-Pass 
throughput within a tolerance of +0.2 per cent although the 
tolerance guaranteed is +1 per cent under normal temperatures 
and pressures. This wider limit makes allowance for the following 
factors: 


1 The difference in viscosity between the regular jet fuel (kero- 
sene) and gasoline, either of which may be used in jet power 
plants. The meter will register about 0.2 per cent higher with 
kerosene than with gasoline. This is due to better capillary seal, 
and to reduction in the net volume of the measuring chamber by 
greater adhesion of the liquid to the walls. 

2 Changes in viscosity of the fuel due to temperature changes, 
producing an effect similar to the foregoing. 

3 Compressibility of the liquid. As shown in (7), a change in 
pressure of 100 psi will change the volume of gasoline 0.1 per 
cent. 

4 The increments of adjustment of the calibrating means. 
Residual errors in calibration. 


The difficulties encountered in proving displacement meters to 
such close tolerances have been well analyzed by Jacobson (8), 
and by the ASME Fluid Meters Committee (9). In the present 
case, since the counter reads only to the nearest gallon, its read- 
ings are not a practical means for proving the meter. Instead, a 
removable pointer is installed on the cam spindle when proving. 
In other respects the proving procedure follows API-ASME 
Code 1101 (7). 

The meter will operate at temperatures between 130 F and 
minus 60 F, indicating the volume at operating temperature. 
Flight experience so far has not shown a need for correcting the 
meter readings automatically for changes in volume of the fuel 
resulting from changes in its temperature during flight. These 
changes occur slowly, even in wing tanks, and are retarded by 
self-sealing liners. At worst, a change of 50 F in fuel tempera- 
ture during flight would represent an average change of 25 F 
in the fuel as consumed, or an -rror of less than 2 per cent in the 
total. Errors due to extreme vibration, or to meter position, or to 
sudden accelerations of the flow are negligible, since the metering 
piston can move only as the liquid moves. 

A peculiar effect was discovered when a rate-of-flow indicator 
was applied to this meter. If the metal in the piston and the 
diaphragm could be of zero thickness, it is easy to demonstrate 
that the center of the piston would travel at a constant angular 
rate, for a constant rate of liquid flow. The actual thickness of 
these parts causes a slight cyclic variation in this relationship 
during each cycle of the piston. This has no detectable effeet on 
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the accuracy of measurement of the meter, being absorbed in the 
44:1 gear reduction; but it was found to produce a vibration of 
the pointer on a sensitive rate indicator. Fortunately, this can 
be corrected completely by the introduction of a compensating 
eccentricity in the connection between the piston and the gear 
train, resulting in an exactly linear relationship between liquid 
movement and piston displacement. 

It is of course quite true that this method of measurement 
does not take account of fuel lost by leakage. It is also a fact 
that operating personnel would prefer to know their fuel con- 
sumption in mass units, rather than in volume units, since 
engine thrust is more nearly proportional to the mass of fuel 
consumed. Nevertheless, against the small errors arising from 
the use of volumetric readings must be balanced the simplicity, 
reliability, and lightweight of the oscillating-piston meter. 


CONCLUSION 


The oscillating-piston displacement meter has proved accurate 
and dependable for the volumetric measurement of fuel consumed 
by an aircraft in flight, and hence for the determination of fuel 
remaining. 
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Discussion 


R. A. Brown.* Without question, there is a need for a rate 
meter, whether of the integrating or instantaneous type, to 
measure the fuel consumption in aircraft. It is the writer’s opin- 
ion, however, that such devices, although adding new informa- 
tion, cannot be thought of as eliminating the need for the mass 
measurement of available fuel. The following observations are 
presented for the author’s consideration. 


1 The designing engineers anticipate, in the case of certain 
ultra-high-speed jet aircraft, that from 10 to 15 per cent of the 
available fuel will be boiled out of the tanks during the initial 
climb and will be lost overboard through the vent lines. Because 


3 Aeronautical Division, Minneapolis-Honeywell Regulator Com- 
pany, Washington, D.C. 
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of the possibility of this eventuality, operating personnel will be 
doubly anxious to have available an accurate measurement of the 
remaining fuel. 

2 Because fuel consumption for a given set of power condi- 
tions is a function of the mass of fuel rather than of the volume 
of fuel, future flying under extreme hot or cold conditions will 
make it more than ever necessary that a knowledge be available 
of the remaining fuel rather than a volumetric portrayal of that. 
already used. 

3 The observation that because the depth of the liquid in 
the wing tanks of an airplane is sometimes small compared to the 
horizontal cross-sectional area, the accuracy of measurement is 
limited, does not necessarily conclude that the accuracy is 
thus limited beyond that needed for this application. In a certain 
type of capacitance device, it is possible to represent an 8-in. 
depth of fuel on a 2*/,-in. dial in 300 deg with a laboratory accu- 
racy on the order of 0.14 per cent. The use of multiple sensing 
elements will of course reduce in direct proportion the maxi- 
mum depth necessary to produce complete dial rotation. 

4 It should also be pointed out that the use of capacitance 
measuring devices provides considerable flexibility of installation, 
for which reason the sensing elements can be located in the center 
of rotation of the fuel. This either eliminates, or greatly re- 
duces, the error of indication resulting from variations of flight 
attitude of the aircraft. 


R. G. Jewe.u.t The flowmeter described in this paper is 
similar to cue in the development of which the writer participated 
between 1941 and 1943. This development was continued to the 
point of building and testing samples. A view of one of the 
samples with cover removed is shown in Fig. 6 of this comment. 

It is interesting to note the similarity of the performance of the 
two designs with respect to pressure drop and accuracy. The 


4 General Electric Company, Lynn, Mass. 
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pressure drop in the sample design illustrated in Fig. 6 is shown 
in Fig. 7. This was taken with gasoline and shows a pressure 
drop of 1 psi at 5 gpm compared to 0.7 for the same rate of flow 
given in Fig. 5 of the paper, which data were taken with kerosene. 

The accuracy of the sample illustrated is shown in Fig. 8 of 
this discussion at room temperature, and at high and low tem- 
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perature. The accuracy falls off at low rates of flow because of a 
higher percentage of leakage. The accuracy which the author 
gives is +0.2 per cent with a guaranteed accuracy of +1 per cent 
at normal temperature and pressure, and this is on the same 
order of magnitude as found in our work. 

The 0.0015-in. radial and 0.002-in. axial clearances which the 
author quotes are similar to those which our investigation showed 
to be necessary. This requirement presents two disadvantages, 
namely, difficulties in manufacturing and possible jamming due to 
dirt when in service. 

The manufacturing difficulty is in maintaining the clearances 
specified. Each individual part involved must be machined to a 
0.0005-in. tolerance, and while this can be done, it adds much to 
the cost. 

Jamming due to dirt is the main difficulty with this type of 
meter. The close clearances used cause the meter to jam even 
with comparatively small particles of dirt which are encountered 
in fuel systems. It was found necessary to use a 100-mesh screen 
at the inlet to the flowmeter to overcome this difficulty. This 
screen must have a large area to avoid an excessive pressure 
drop, and should be located so that the by-pass valve will shunt 
the fuel around both the screen and meter. In contrast to the 
by-pass valve shown in Fig. 3 of the paper, this valve should be 
snap-acting, and once opened should remain open, definitely stop- 
ping the meter until it can be serviced, thereby avoiding the pos- 
sibility of erroneous readings due to partial by-passing of the 
fuel. 

The rate-of-flow indicator, described in a paper by Mr. Ballard,’ 

was applied to this meter, and pulsation of the rate pointer was 
experienced as stated by the author. An eccentric coupling was 
also used and, while this compensated for most of the pulsation, 
it was necessary to increase the damping in the indicator to give 


‘Electrical System for Aircraft Flowméters,” by R. G. Ballard; 
presented at the Annual Meeting, Atlantic City, N. J., December 
1-5, 1947, of Tue American Socrety or MECHANICAL ENGINEERS. 
Paper No. 47—-A-67. 
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a steady reading. With this modification, the metering system 
performed satisfactorily. ° 


AuTHOR’s CLOSURE 


The data submitted by both Mr. Brown and Mr. Jewell are 
valuable ddditions to the published data on this subject. 

The author was especially interested to learn of the oscillating- 
piston meter developed by Mr. Jewell’s company. The manu- 
facturing difficulties in mass-producing a unit requiring such 
close clearances are considerable, as Mr. Jewell points out. 
Nevertheless, measuring units of this type have been manufac- 
tured commercially by the author’s company for 18 years, in 
capacities ranging from 15 to 600 gpm. This type of measuring 
unit is used for refined petroleum products at loading terminals, 
on tank trucks, and in retail gasoline pumps. Other types of 
positive-displacement meter, requiring similar close clearances, 
are also in widespread commercial use, and have been used in 
aircraft. 

In all ground installations, as well as in airplanes, the meter 
is protected by a strainer of 80 to 100 mesh, as was found neces- 
sary by Mr. Jewell. Such a strainer provides additional protec- 
tion for units downstream from the meter, such as valves, regu- 
lators, or nozzles. Apparently, the meter described by Mr. 
Jewell gave satisfactory results when so protected. 
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After this paper had gone to the printer, an article’ appeared 
describing an aircraft fuel meter developed in England. This 
meter is of the oscillating-piston type with a manually operated 
by-pass valve and a solenoid counter, reading in gallons and 
tenths. The unit is strikingly similar to the meters described in 
this paper, with the addition of a built-in strainer of 120 mesb. 
The article states that this meter ‘‘was used in large numbers 
during the war in aircraft of all commands.” 

With regard to the points raised by Mr. Brown, the advantages 
of grayimetric measurement of fuel are given in detail in a re- 
cent article by J. A. Townsend.’ 

It is the author's personal opinion that the various methods 
of fuel measurement herein discussed supplement and verify 
each other; and that it has not yet been finally established 
whether the electrostatic tank gage, the widely used vane type 
rate-of-flow meter, the positive-displacement meter, or some 
combination of these instruments should be carried by a given 
type of airplane. 


© ‘Keeping an Eye on the Fuel,”’ The Aeroplane, London, England, 
vol. 73, August 15, 1947, p. 202. 

7 “Adoption of Gravimetric Fuel Quantity Gauges and Fuel Flow- 
meters for Aircraft,"’ J. A. Townsend, U. S. Air Force, Air Technical 
Intelligence, Technical Data Digest, vol. 12, no. 7, October 1, 1947, 
pp. 7-12. 
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This investigation covers the use of the dimethyl 
silicone polymer fluids and methyl phenyl copolymers at 
elevated temperatures. A_ specially designed small- 
bearing machine was used at bearing temperatures of 325 
F to 500 F and at ambient or plate temperatures as high 
as 650 F. Hard chromium-plated journals were used in 
conjunction with bearings of 89 per cent copper, 4 per cent 
tin and 4 per cent lead, and 3 per cent zinc alloy. Loads 
up to 8500 psi were carried at 425 to 500 F, and loads up to 
13,000 psi at 180 to 200 F, using the dimethy] silicone fluid. 
Comparisons are made of the lubricating characteristics 
of the two classes of silicone fluids investigated. For 
satisfactory operation, either a long break-in or a silicone 
pretreatment of the bearings is desirable. Data on safe 
operating temperatures and rates of increase of viscosity 
are presented. 


INTRODUCTION 


HIS investigation is part of a larger program on the lubri- 

cating properties of silicones undertaken by the Naval 

Research Laboratory at the request of the Bureau of Ships. 
As previous experience was concerned with the dimethy!] silicone 
fluids, this investigation of high-temperature lubrication com- 
menced using the dimethy] fluid. Since the methyl phenyl co- 
polymers exhibited better stability in oxidation tests at elevated 
temperatures, the commercial fluid, DC 710, was also used in this 
investigation. 

The dimethyl and methyl pheny! silicone fluids are included 
among the various silicones manufactured by both the Dow 
Corning Corporation and the General Electric Company and are 
commercially available under each supplier’s trade name. At 
the start of this investigation only one manufacturer was in com- 
mercial production and able to supply large enough quantities of 
the desired fluids; hence all data given here relate to several 
large batches of well-reproduced fluids made by the Dow Corning 
Corporation. The dimethy] silicone fluid was stripped of vola- 
tiles and identified as Dow Corning fluid, DC 500, batch 369-62- 
69. The methyl phenyl silicone fluid was not stripped of vola- 
tiles and was identified as Dow Corning fluid, DC 710, batch 
406-1-118. The viscosity-temperature characteristics of these 
fluids are summarized in Table 1. 

Earlier reports from the manufacturers of the remarkable vis- 
cosity-temperature properties of the silicone fluids are well 
confirmed. A recent investigation by this laboratory of the high- 
temperature viscometric properties of the silicones had its origin 
in present interest in these fluids as high-temperature journal 


' Opinions or assertions contained in this paper are the authors’ 
and are not to be construed as official or reflecting the views of the 
Navy Department. 

* Mechanical Engineer, Lubrication Section, 
Laboratory, Washington, D. C. 

** Research Assistant, Lubrication Section, Naval Research Labo- 
ratory. 

* Mechanical Engineer, R. T. French Company, Rochester, N. Y. 

Contributed by the Research Committee on Lubrication and pre- 
sented at the Annual Meeting, Atlantic City, N. J., December 1-5, 
1947, of THe American Society oF MECHANICAL ENGINEERS. 
Paper No. 47—A-114. 
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TABLE 1 VISCOSITY-TEMPERATURE CHARACTERISTICS OF 


SILICONE FLUIDS USED 
-—-Kinematie viscosity, centistokes*——~ 
C 500 DC 710 


Temperature, deg F dimethyl fluid methyl phenyl fluid 


500 6.5 3.2 
400 10.2 5.2 
300 17.3 9.9 
210 29.8 21.9 
130 55.6 68.6 
100 73.5 131.0 

0 275.0 20400 
—20 390.0 ane 
—40 600.0 


@ The data at temperatures above 210 F are results of another investiga- 


* tion (6) to be reported later. 


lubricants. The early and widespread belief that the silicones 
are poor lubricants is gradually being qualified as more informa- 
tion on their properties becomes available. This laboratory’s 


‘i initial work (1)5 on journal bearings, followed by an investigation 


of various metal systems in silicones (2), have revealed new pos- 
sibilities for them as lubricants in journal bearings. 

It was also shown (1) that all the common nonferrous bearings 
were satisfactory when used with ground chromium-plated 
shafts. Even exercising the greatest possible care, the load- 
carrying capacity of steel on steel, or steel on cast iron, was very 
low in comparison with the nonferrous bearings. The necessary 
break-in was performed by either slowly increasing the load on 
the bearing during the run-in period or by suitable pretreatment 
of the bearings. Each method yielded satisfactory results, but 
the pretreating method greatly shortened the run-in period. 

Tests with hydraulic pumps revealed that the Vickers piston 
pumps required a very small change to render satisfactory service 
with the silicone fluid. This change (replacement of steel knuckles 
in the universal joint with bronze knuckles) was necessary to 
avoid the action of the steel knuckles sliding on a steel seat. 
Similarly, Pesco gear pumps failed rapidly when the bronze 
bushings were replaced with cast-iron bushings. The pretreat- 
ment or lacquering process developed (1) formed a very thin 
organic silicon-containing film on the treated surface. This was 
accomplished by immersing the surface in a bath of dimethyl] 
silicone fluid maintained at 300 F or higher. The duration of this 
treatment was dependent upon the temperature; however, 500 
F for 24 hr was sufficient to produce the desired film on all the 
copper-base alloys tried. Such a film permitted a load to be placed 
on a new bearing almost immediately after starting the machine. 
The break-in time for a bearing could be reduced from a period 
of 16 hr as low as a few seconds. Two hours were usually de- 
voted to the break-in when possible. 


EXPERIMENTAL METHODS 

A modification of the bearing machines used in the previous 
work (1) was made for this study. The principal changes were 
the addition of heating elements above the support bearing, the 
relocation of the drive unit, and the necessary remounting. 
Thus the physical appearance of the machine differs from that 
of the preceding machine, but the essential features have been 
unchanged. Two of these machines were built. In Fig. 1 the 
bearing machine is shown completely assembled and loaded. 


5 Numbers in parentheses refer to the Bibliography at the end 
of the paper. : 
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Test-bearing holder 
Drive motor 

Drain pan 

Sump 


Gear pump 
Filter 
Loading weight 


Fic. 1 HiGH-TeMPERATURE BEARING MACHINE, ASSEMBLED 


Support bearing block 
Test-bearing holder 
Journal 

Flinger 


E = Thrust collar 
F, G = Fluid supply to bearings 
H = Thermocouple hole 


Fic. 2. Test-BEARING COMPONENTS 


Fig. 2 shows the components of the test-bearing assembly. Fig. 3 
is an assembly drawing of the machine. 

Available Pesco 1P-349 gear pumps were used to supply the 
bearings with fluid. A small reservoir was mounted directly over 
the gear pump, while the output of this pump was reduced by 
driving it with a 36-rpm motor. 

The low surface tension of the DC 500 fluid, ca 20 dynes per 


em, and its remarkable creeping tendencies caused leakage 
difficulties. The solution was found in the proper shape for the 
flinger guarding the opening in the drip pan. 

To heat the system, a pair of concentric circular heating ele- 
ments were mounted above the support bearing and test bearing. 
The test-bearing temperature was measured at the outer sur- 
face of the bearing through the bottom of the test-bearing holder. 
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Fic. 3 


Temperatures were recorded continuously on a Tagliabue 
Celectray, a Leeds and Northrup Micromax, or a Brown elec- 
tronic potentiometer, all of 0 to 800 F range. The Tagliabue 
instrument was a multiple-point recorder; the other instru- 
ments were single-point recorders. With the single-point re- 
corder it was possible to follow the bearing-temperature changes 
more closely than with the multiple-point recorder. Incipient 
seizure was easily noted with the potentiometer as shown in Fig. 4. 
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Fic. Errects or Incipient Seizures ON BEARING TEMPERATURE 

Another recording potentiometer noted the temperature of the 
plate at the point where contact was made with the support 
bearing block. This ‘plate’ temperature corresponded to the 
hottest part of the system. Inasmuch as the fluid came in con- 
tact with the plate, its temperature had an effect on the resulting 
viscosity of the fluid. 

The drive motors on the two test machines were calibrated 
using a blocked-rotor test to determine the motor losses at varying 
loads. A polyphase wattmeter placed to read the input to the 


ASSEMBLY DRAWING OF BEARING MACHINE 


motor then was used to read the power demanded by the bear- 
ings. This arrangement was very sensitive to changes in the 
coefficient of friction in the bearing. Incipient seizures were 
easily noted and could be detected 2 or 3 sec before they were 
visible on the recording potentiometers. 

Plain bearings having a wall thickness of ‘/;2: in. were used in 
allruns. A bore of 0.687 in. and an L/D ratio of 0.73 were used. 
The diametral clearance (bore diameter minus journal diameter) 
was 0.0010 in. + 0.0001 in. at 68 F. 

Thin-wall bearings were pressed into the test-bearing holder 
and support block. The bearings were finish-bored in a lathe, 
using the special fixture previously described (1). This fixture 
was built to insure bearings that would be reproducible in size 
and finish. The analysis of the bearing used is as follows: Cu 
88.92 per cent, Pb 3.79 per cent, Sn 4.01 per cent, Zn 3.28 per 
cent, Sb less than 0.01 per cent, Fe less than 0.01 per cent. 
Bearings of this composition were used as they had been success- 
ful in previous work (1), were readily obtainable from Delco, 
and easily finished. The journals were made of hard chrome- 
plated high-carbon steel since the conventional hardened journals 
were annealed slowly at the elevated operating temperatures. 

The finish of the bearings and shafts was determined with a 
Brush analyzer, using a PA-2 pick-up. The finish was measured 
on the chrome-plated shafts before running and after running. 
The bearings were checked after boring, after treating with sili- 
cone fluid, and after running. Thus the visual examination of 
the oscillograph record from the surface analyzer and a micro- 
scopic examination could be carried out at the same time on any 
desired specimen. ‘‘Faxfilms’’ were also used to examine the 
bearing and journal surfaces to supplement the Brush analyzer 
record. 

The speed of the journal was 1780 rpm + 5 rpm, and a periph- 
eral speed of 320 fpm. The silicone fluid was fed into the bear- 
ing opposite the loaded area at 26 psi. During these experiments, 
the bearing temperatures were varied from 240 F to 505 F; the 
sump temperatures accordingly varied from 104 F to 240 F. 

The bearings were operated at no load for 2 hr, after which a 
3000-psi load was placed on the bearing. After running the 
machine for another 2 hr, the load was increased to 6000 psi, and 
the heaters were turned on to increase the bearing temperature. 
If the bearing temperature was raised before adding the 6000-psi 
load, erratic behavior was obtained; the bearing would not 
carry the load in some instances. This condition is more fully 
described later. To provide the most favorable loading condi- 
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tions for runs with the methyl-phenyl silicone, an automatic 
ball-loading mechanism was used to increase the bearing load 
1000 psi per hr. 

Viscosity measurements were made during the runs by drawing 
a sample of the fluid from the sump, measuring the viscosity at 
100 F, and returning the sample to the sump. At the end of the 
run, the viscosity of a fluid at various temperatures (300 F, 
350 F, 400 F, 450 F) was determined (6). These data were ob- 
tained by other members of the laboratory in connection with a 
concurrent investigation of the physical properties of the various 
silicone fluids at high temperatures. 

Before each run, all parts of the test setup were washed in un- 
leaded gasoline and blown dry with air. To eliminate the lengthy 
break in time normally required for bearings lubricated with 
silicone, both the test bearing and support bearings were im- 
mersed in dimethyl silicone fluid at 300 F for 48 hr or longer (1). 
The test bearing and support bearings were drained of fluid and 
washed again in unleaded gasoline. The chromium-plated shaft 
and the bearing surfaces were wet with fluid before assembly. 


ReEsutts WitH DIMETHYL SILICONES 


Operation at bearing temperatures up to 505 F and ambient 
temperatures up to 685 F has been successful using a plain journal 
bearing. Runs as long as 338 hr have been made at 325-425 F 
bearing temperature. Summarized data are given in Table 2. 

The effect of the bearing temperature on the viscosity of the 
dimethyl silicone is shown in Figs. 5 to 9, inclusive. The rate 
of increase of viscosity rises immediately upon raising the bearing 
temperature. This increase may be noted in runs A and C in Fig. 
5. In run A the bearing temperature was increased from 325 F to 
425 F after 207 hr. In run C, the bearing temperature was in- 
creased from 325 F to 400 F after 227 hr. Run K was made 
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with dimethyl] silicone of higher viscosity than the fluid used in 
any other runs shown in Table 2. The viscosity was increased 
from the original 73.5 to 86.7 centistokes by heating it in an open 
beaker approximately 300 hr before the run. For the first 60 
hr in the bearing, the viscosity-increase rate was approximately 
0.05 per cent per hr calculated as the ratio of the increment of 
increase to the original viscosity. 

Run M was stopped after 72.5 hr and the fluid-supply lines, 
test-bearing holder, and support-bearing block were blown free 
of accumulated gel which had been restricting the passage of the 
silicone to the bearings. The effect may be noted in Fig. 8 by the 
rise in the rate of increase. As the supply pressure was constant, 
the amount of fluid feeding the bearings was increased by freeing 
‘the lines of gel. An increase in the plate temperature (from 
570 F to 630 F) was then necessary to maintain the test-bearing 
temperature at 420 F. The higher plate temperature then caused 
a further permanent increase in the viscosity owing to oxidation. 
It is to be noted that both sections of run M can be superimposed 
on the second section of run A (plate temperature, 425 F). More- 
over the rate of increase of viscosity for both sections of run M 
was approximately 0.11 per cent per hr. The rate of increase 
at the same temperature in run A was approximately 0.11 per 
cent per hr. The influence of the plate temperature on runs may 
be noted in Figs. 5 to 7, inclusive. Runs A and C had the same 
bearing temperature but the plate temperature was higher for 
run A. Therefore the resulting viscosity of the fluid ‘was also 
higher. The same effect may be seen by comparing run D with 
runs E and F (Fig. 6), and G with H (Fig. 7). Hence among the 
factors influencing the increase of the viscosity of silicone fluid in 
a bearing are the increase of the ambient or plate temperature 
and the bearing temperature, as well as the decrease of the rate 
of flow through the bearing. 


TABLE 2 RESULTS OF JOURNAL-BEARING TESTS USING DIMETHYL SILICONE FLUID 


Approx. viscosity 
increase, cale. 


te ’ Bear- Change in as per cent of : 
by Bearing Plate Sump ing viscosity original Duration 


temp, temp, temp, load, inentirerun, viscosity ZN of run, 
* Run deg F deg F deg F psi per cent per hr bd PV hr 
Ae 325/425 430/530 3000 31 0.02/0.1 10.3/6.3 16000 336 
Bob 350 470 3000 10 0.03 9.1 16000 226 
Cc 325/400 355/500 3000 20 .01/0.11 10.4/7.1 16000 356 
. D 375 460 to 525 3000 16 0.04 8.1 16000 258 
E 375 400 3000 10 0.02 8.1 16000 301 
F 375 400 3000 6 0.02 8.1 16000 194 
G 400 645 3000 24 0.1 7.1 16000 214 
H 400 470 3000 11 0.07 (a 16000 141 
J 420 620 3000 126 0.8 6.4 16000 112 
4 Ke 425 545 3000 65 0.5 6.3 16000 136 
. L 420 6000 61 0.5 3.2 32000 123 
Mé¢ 420 570/630 3000 34 0.11/0.11 6.4 16000 150 
1¢ 220 : 210 117 2600 10 
2 460 550 116 2270 7.1 12000 9 
3 15.0 16000 21 
a 4 420 670 220 3000 7.2 16000 60 . 
5 240 165 6000 8.6 32000 6 
6 390 rae 6000 6.0 32000 60 
: 7 375 5 240 6000 4.0 32000 56 
Se 8 410 524 220 6000 3.4 32000 9 
we 413 538 180 6000 3.3 32000 6 
3 10 102 6000 3.2 32000 12 
11 430 575 113-177 6000 3.1 32000 
12 450 116 6000 ” 2.9 32000 36 
13 455 530 130 6000 2.8 32000 29 
14 475 580 104-170 6000 2.5 32000 38 
15 660 180-240 6000 2.3 32000 27 
16 505 650 211-223 6000 2.2 32000 32 
17/39 4445 620 8480 2.0 44000 15 
18 165 ae 124 100 10.9 42000 
19 *°146 10.6 51900 
S 20 145 rive 120 9740 10.6 50000 
219 178 ae 120 10650 4 55000 
207 122 13610 4.7 70000 


¢ Initial viscosity of fluid increased from 73.5 to 86.7 centistokes by heating and stripping. Approxi- 


© No break-in, no treatment on bearings. 
t Lower viscosity dimethyl] fluid (51.9 centistokes at 100 F). 
g h Journal speed (640 rpm). 


i Runs 1-22 inclusive were short runs to observe load-carrying capacity. 
(Viscosity in centipoises) (rpm of journal) /(load in psi). 
PV (Load in psi) (peripherol velocity of journal in fps). 


ae @ Bearing temperature increased from 325 F to 425 F after 207 hr. 
b increased from 325 F to 400 F after 227 hr. 
pea mate viscosity increase rate given for first 60 hr. 
eee @ Run stopped after 72.5 hr and system blown clean. 
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Fic. 7. Errect of VARYING PLATE TEMPERATURE 


A bearing temperature near 400 F permits operation with a 
viscosity-increase rate of approximately 0.07 to 0.10 per cent per 
hr. In the apparatus used, a further increase in the bearing tem- 
perature to 425 F caused such a high viscosity-increase rate 
(0.5 to 0.8 per cent per hr) that the life of the fluid was con- 
siderably shortened. Thus the viscosity changes noted in the 
bearing machine are explainable by known chemical oxidation re- 
sults (3, 4). 

The duration of a run could be increased by stopping the ma- 
chine and cleaning all supply lines which had become heated by 
proximity to the bearing. The time to clean the supply lines was 
indicated by a rise in pressure of the fluid being supplied to the 
test bearing. At 400 F be-ring temperature and a plate tem- 
perature of 550 to 600 F, the lines were cleaned after approxi- 
mately 90 hr of operation. The initial increase in viscosity was 
accompanied by a decrease of the volume of the fluid in the 
System and was largely due to the removal of the volatile 
initially present in the silicone fluid. After this initial loss of 
volatiles, the viscosity increase was low and almost linear. 

In all runs except No. 1, the bearings were treated prior to use. 
Satisfactory operation could be achieved without pretreating 
the bearings, but the break-in time was increased from 2 hr to 16 
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hr at bearing temperatures of approximately 400 F. The pre- 
treatment produced a surface similar to the surface formed on the 
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bearing by a long break-in. Without the long break-in or a 
treatment, the bearings seized at a load of 500 psi. This fact was 
observed in run No. 1; previous data (1) demonstrate similar 
occurrences at lower temperatures (150 F to 180 F). At both 
low and high temperatures, the formation of a film on the bearing 
surface appears necessary for optimum load-carrying capacity. 

A bearing which has failed by seizure could be reclaimed by 
treating it as if it were new, provided the surface had not been 
badly scored or grooved. It was necessary that the shaft be 
free of bearing metal. With these conditions the seized bearing 
was washed and heated in silicone fluid until a new film was 
formed on the surface. The bearing could then be placed in the 
machine again and the load increased as with a new bearing. The 
method of loading a bearing at high loads had a pronounced 
effect on the length of the run or the life of the bearing. If the 
bearing was heated before the load was applied, the run was 
often of short duration (see runs Nos. 2, 9, and 10). However, 
if the load was applied before the bearing was heated, results 
were much more reproducible (see runs Nos. 12, 13, 14, 15, and 
16). 

No deposits, such as produced by petroleum oils, were found in 
any runs. For those where the surface of the bearing was worn 
prior to seizure, a brownish-green residue was found on the 
flingers and sides of the test bearing. Continued operation at 
bearing temperatures of 425 F or above resulted in gel being 
formed where the fluid passed slowly over the heated surfaces. 

Stalactites and stalagmites of gel were formed on the plate and 
the drain pan. These formations ranged from colorless to opaque 
white and from a soft gel at the tip to a crystalline material at 
the base. These products are similar in appearance to those 
formed by continued heating of the dimethy] silicone in an open 
beaker or in an oxidation cell (3). After operation, the dimethyl 
fluid changed from the original water-white liquid to one faintly 
tinged with yellow. No change in the ASTM viscosity-tempera- 
ture slope was noted after running. No precipitate was visible 
after 48 hr storage at 0 F. At —40 F the fluid was slightly 
cloudy. 


Resutts METHYL PHENYL SILIcongEs (DC 710) 


Using the DC 710 fluid at low temperatures of from 150 to 
220 F, relatively low values were found for the load-carrying 
capacity with a short break-in. A similar condition was en- 
countered at a temperature of 400 F. Treatment of the bearing 
at 150 C for 72 hr before a run with the dimethyl] fluid was of 
little value. A similar treatment even up to 300 hr with the 
methyl phenyl] silicone was also unsatisfactory. No successful 
treatment for bearings in DC 710 has yet been worked out. 
Operation with the methyl phenyl fluid in a system which had 
previously contained a dimethy] silicone resulted in an emulsion 
of the two fluids. Such operation was always accompanied by 
rapid failure. The bearing would not carry a load of 500 psi. 
Therefore runs with the methyl phenyl silicone were made in a 
machine, all replaceable parts of which had been renewed. All 
other parts had been boiled in a saturated alcohol solution of 
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potassium hydroxide or had been refinished by a surface grinder. 

It has been noted that the dimethyl and methyl pheny] sili- 
cones did not form solutions with each other but formed two 
layers which became emulsions on stirring. These emulsions 
were difficult to break. No separation was noted on standing 
for several months and centrifuging for 4 hr at approximately 
200 g was unsuccessful. 

Summarized data on the runs with the methy! pheny! silicone 
fluid are presented in Table 3. The data in the last column show 
the low values of the load at incipient seizures. These are seizures 
which are made evident by a sudden but transient rise of the 
torque and of the bearing temperature. A comparison of in- 
cipient-seizure loads is considered more valuable than the relative 
values of the final seizure loads. Incipient seizures were recorded 
at loads as low as 1440 psi in run No. 27. Run No. 26 checked 
this with incipient seizures beginning at 1960 psi. However, the 
bearings used in run No. 27 were pretreated and recovered from 
several successive incipient seizures before finally failing at 
4940 psi. Run No. 26 was not pretreated and failed at 2380 psi. 
Run No. 29 was given a very long break-in since an untreated 
bearing was used. The long break-in (48 hr at 500 psi and 209 
hr to get up to the peak load, 7250 psi) was helpful in starting to 
form a protective coating on the surface of the bearing. The 
bearings for runs Nos. 24 and 25 had been treated in DC 710 fluid 
for 72 hr at 150 F. Incipient seizures occurred in run No. 28 at 
2950 psi, 3000 psi, and 3065 psi before finally failing at 5160 psi 
after 10.5 hr. 

In the longest test (run No. 23) lasting over 330 hr, a total in- 
crease in viscosity was found of 6 per cent. After the first 40 
hr, the rate of increase was approximately 0.02 per cent per hr 
expressed as a per cent of the original viscosity pef hour. The 
comparable runs (G and H) with the dimethyl fluid reveal rates of 
increase 3 to 5 times as large. 

At the present time an extremely long break-in period (over 
200 hr) is required for the methyl phenyl! fluid when used at 
temperatures near 400 F. DC 710 fluid does not have as great a 
load-carrying capacity as either DC 500 or a nonadditive petro- 
leum oil of approximately the same viscosity, Navy Symbol 3120, 
when used under the same conditions. 

No deposits, such as seen with the dimethy] fluid, were noted in 
operation at 400 F. The fluid at the end of a run had changed 
from the pale straw color of the original fluid to a deeper color 
tending to become reddish. No change in the ASTM viscosity- 
temperature slope was noted after running. No precipitate 
was visible after storage at 0 F for 48 hr and at —40 F for 48 hr. 
The viscosities of DC 500 and DC 710 are approximately equal at 
155 F. The viscosities of DC 500 and NS 3120 are approximately 
the same at 135 F. The viscosities of DC 710 and NS 3120 are 
approximately equal at 240 F. 


Discussion 


A factor important in determining whether or not a bearing will 
continue to run is the method of loading the bearing. Loading 
the bearing before heating is equivalent to a gentler and more 


TABLE 3 RESULTS OF atenetees: ee USING METHYL PHENYL SILICONE 


Bearing 
load at 
seizure, 


Plate 

temp, 

deg F 
425-530 
550 


600 


Bearing 


615 


Bearing 
load at Ist 
incipient 
seizure, 


Duration 


= 


| 


@ Not a seizure load, a safe load for duration of run to observe viscosity increase. Viscosity increased 


from 127 to 145 centistokes in 332 hr. 


temp, temp, of run, 
fa Nae Run psi deg deg P PY br psi 
230 500 400 19 2600 332 
ees 24 1740 400 158 5 9000 13 1040 
25 1850 405 210 5 9600 9 
Se 26 2380 151 ah 92 40 12300 96 1960 
eS 27 4940 217 91 7 26000 195 1440 
ee 28 5160 400 |_| 203 1 27000 10 2950 
29 7250 162 96 = -337000 225 4460 
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continuous method of loading than the sequence of heating first 
and loading afterward. This fact may be explained by noting the 
effect of the two sequences on the friction versus ZN /P curve 
during the period of loading the bearing. Let 


= viscosity before heating 

Z' = viscosity after heating 
= initial load 

P, = final load 


Then 


Increase Increase 


ZN of load ZN of temp ZN 
a) > 4A > 
P, 
also 

Increase Increase 

ZN oftemp gry of load gry 
a) 2 Ad > Ad 

P, P, P, 


However, in sequence [1] the transition of to 
(reduction) is very smooth and continuous as the change is due 
to the decrease in viscosity by applied heat. In sequence [2] 
the transition from Z’N/P, to Z'N/P2 is quite discontinuous and 
abrupt due to the change in load. Thus the choice of increasing 
the temperature (sequence 1) seems preferable in conditions in 
which the operation is at high loads unless the load can be 
changed (increased) uniformly and gradually. 

Journal bearings may now be operated at higher temperatures 
than has been the practice with petroleum oils. The oxidation 
stability data obtained in these journal-bearing studies using 
viscosity changes are in good general agreement with the results 
given by Murphy and Saunders (3, 4) which were based upon 

_ chemical research. In both investigations it has been found that 
at up to 300-375 F the fluids may be used without significant 
deterioration for long periods of time, while above 400 F the rate 
of thickening, discoloring, and precipitation of gel increased 
rapidly, indicating need for periodic inspection or cleaning. 
The change in viscosity of the fluid at a given operating tem- 
perature is practically linear after the first 3 hr when using di- 
methyl fluid, and after the first 40 hr when using the methyl 
phenyl silicone fluid. The viscosity-increase rates given can be 
only rough approximations at high temperatures. At bearing 
temperatures of 450 to 500 F in such systems, the dimethy] 
silicone fluid cannot be used for more than approximately 30 hr 
unless the lines feeding the bearings are blown free of restrictions 
caused by the gelled oxidation products. Therefore, for con- 
tinuous hot operation over hundred of hours or more, the bear- 
ing temperature should not exceed 400 F. 

Kither a long break-in period or a pretreatment of the bear- 
ings is necessary for satisfactory load-carrying capacity. 

The maximum load-carrying capacity using dimethy] silicone 
fluid is about 9700 psi at 145 F, while about 7200 psi at 200 F wa: 
obtained using methyl-pheny] .ilicone fluid. However, the latter 
fluid necessitated a much longer and more careful break-in than 
the former. Using a nonadditive petroleum oil with a high vis- 
cosity index (Navy Symbol 1080) the highest load-carrying ca- 
pacity obtained with the same procedure was about 2600 psi at 
143 F (1). 

The dimethy] silicone fluids have low pour points (from —65 F 
to below —100 F) in the low-viscosity grades, while the methy]- 
pheny] silicones have higher pour points (ca —5 F). However, 
the latter are the more stable to viscosity changes caused by high 


935 


temperature and oxidation. Both fluids are more stable than 
nonadditive petroleum oils at the same temperature. The 
ASTM viscosity-temperature slopes of the dimethy] silicone fluids 
are always less than those of methyl-pheny] silicones having the 
same viscosities at the reference temperature. Both classes of 
silicone fluids have ASTM slopes less than those of comparable 
petroleum oils. This permits one viscosity grade of silicone fluid 
to be used over a wider temperature range than is permissible 
with a single petroleum oil. As in the earlier investigation (1), 
the low surface tensions and creeping properties of the silicone 
fluids caused greater sealing difficulties than are encountered 
with petroleum oils. 

Published data are meager on the comparative lubricating 
characteristics of the methyl-phenyl and dimethyl silicone fluids. 
Kauppi and Pedersen (7), using a steel ball sliding on a plane, 
found much better wear preventative properties with the methyl- 
phenyl silicones. These conclusions are in apparent contradic- 
tion; however, this may be due to the considerable difference in 
the lubrication test methods involved. It may be due, in part, 
to the fact that a satisfactory method of forming a methyl-phenyl- 
silicone-lacquer film on a bearing surface has not yet been found. 

Some of the future improvements indicated in silicone-lubri- 
cated bearing systems and in silicone fluids are increased oxida- 
tion stability and the development of other and better journal 
and bearing materials for high temperatures. The differences 
between the DC 500 and DC 710 fluids suggest an intermediate 
copolymer (one with a lower ratio of phenyl groups to methy] 
groups than found in DC 710). The early difficulties encoun- 
tered (1, 2) at temperatures over 140 F in preventing leakage 
through packings became more serious at the high temperature 
used here. Necessary packings have been compounded of Hycar 
rubber with silicone fluid as a plasticizer. This packing material 
should be improved if possible for use at high temperature. At 
present a slight shrinkage occurs on prolonged contact with the 
silicones. A better pretreatment method is desirable for bearing 
surfaces to be used with the dimethyl] fluids, and particularly the 
methyl-phenyl fluids. It may be possible to design totally en- 
closed systems for increased life at elevated temperatures. 
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Discussion 


C. M. Larson.® The authors are to be congratulated for the 
fine work they have done in the realm of high-temperature and 
high-pressure application of silicone fluids. This investigation 
enlarges our knowledge as to the further range of application of 
silicone fluids, and the need for pretreatment of bearing surfaces 
and the proper selection of metalworking surfaces where such 
conditions are met. 

Previously, it was stated by the manufacturers of silicone 
fluids that such fluids were only for light loads. This was probably 
due to lack of pretreatment. The differences in the two types of 
silicone fluids are very interesting. 

It is hoped that further work along lines of the authors’ in- 
vestigations will be made with silicone greases. 


D. W. James.’ The use of silicone fluids in journal bearings is 
something that the industry cannot afford to overlook. Although 
at present its use appears restricted to special problems, new ap- 
plications will be found. For example, its use as a lubricant for 
high-temperature electric motors seems appropriate. 

The low rate of viscosity increase of the silicone fluids, and the 
lack of deposit formation below 400 F, especially for the methyl- 
pheny!] silicone fluid, recommend their use over mineral oils. 
However, these factors are not the only criteria for the selection of 
a lubricant. In most instances the pretreatment of the bearing 
material, plus handling care required for its protection would 
make the use of silicone fluids undesirable. Also, unusual care 
must be exercised to prevent leakage of the fluid in any but a 
totally enclosed mechanism. 

In the test apparatus used it should be noted that the bearing 
was as free as possible from edge loading in order to maintain a 
uniform thickness of lubricant film across the bearing. In this 
way, very low ZN /P values can be obtained. 


J. B. Bipweiu.2 The data of the paper clearly indicate the 
desirability of obtaining a film on the bearing surface before 
running at high load. The mechanism by which this film aids 
operation may well be a smoothing effect upon the bearing 
surface. The minimum oil-film thickness for the bearings used in 
these tests at ZN /P = 10is about 50 microinches. Though no fig- 
ures of roughness were presented in the paper, the peak-to-valley 
roughness of the bearings is probably of this same order. Thus 
some metallic contact would be expected. However, if the film 
produced filled the valleys, metallic contact might be prevented 
up to considerably higher loads. 

This explanation is not complete, however, since the data of 
Table 3 show dependence of seizure load on bearing temperature. 
If the data of Table 3 are rearranged and listed in order of in- 
creasing bearing temperatures (decreasing viscosity), it will be 
noted that the corresponding values of ZN /P are then arranged 
in decreasing order with the exception of one test. Thus appar- 
ently smaller minimum film thicknesses are permissible at higher 
bearing temperatures. No explanation is advanced for this char- 
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acteristic, but the effect of temperature suggests some surface 
chemical change. 

The authors’ statement that DC 710 does not have as high a 
load capacity as nonadditive petroleum oil of the same viscosity 
should be further qualified, since it is further stated that at 200 F 
the DC 710 carried a load of 7200 psi and NS 1080 at 143 F carried 
only 2600 psi. 

Proper selection of bearing materials and finishes permits the 
use of petroleum oils at values of ZN /P as low as 2. The use of 
additives reduces deposits and allows operation at bearing tem- 
peratures of 325-350 F. These temperatures are seldom exceeded 
in reciprocating-engine bearings. Thus the use of silicone 
lubricants for this service does not appear desirable. In addition, 
if the silicone fluid is subjected to flame, as it may be in a re- 
ciprocating engine, on the cylinder walls, silica is formed and 
serious wear results. The gel formation of the I)C-500 fiuid at 
temperatures over 425 F, as pointed out in the paper, would be 
a serious drawback to its use in high-temperature bearings. 


AvuTHORS’ CLOSURE 


Silicone-grease research at the Naval Research Laboratory was 
started during the war and since then much further work has 
been done. A publication of the earlier research will be forth- 
coming in the near future. 

No special handling or protection was found necessary after 
the bearings had been pretreated. No attempt has been made to 
study bearings under edge-loaded eonditions. Roughness of the 
bearings was approximately 35 microinches (maximum) peak to 
valley. Roughness of the chromium-plated shaft was approxi- 
mately 50 microinches (maximum), peak to valley. 

Table 3 shows the values of ZN /P at failure. However, it is 
well known that failure of a bearing does not always occur at the 
minimum value of the ZN /P curve and in these tests the failures 
with the silicones usually did not occur at the minimum ZN/P. 
Therefore it has not been found possible to completely correlate 
the minimum film thickness with the ‘*ghest bearing temperature. 

The relative load-carrying capacity of NS 1080 and DC 710. 
should, in the opinion of the authors, be compared at the incipient 
seizure load since complete failure of the bearing can easily occur 
at the lower load. Moreover, the difficulty of breaking-in and 
running a bearing with the methyl pheny] silicone fluid should 
not be minimized when compared to the nonadditive petroleum 
oil. 

The possibilities of using silicone fluid in the crankcase of a 
single-cylinder engine were explored by the Naval Research 
Laboratory late in the war. High wear on the cylinder walls was 
not noted but severe scoring and welding between the rings and 
the cylinder were observed. The hardened cam shaft and push 
rod were badly scored. However, changing the composition of the 
mating moving parts of the engine was not done. This is con- 
sidered worth while. 

Silicone fluid which was atomized and burned resulted in a fine, 
fluffy, white powder. Examination with an electron microscope 
revealed that the particles were spheres and ranged from 200 to 
600 Ain diameter. U.S. Patent 2,432,109 entitled ‘Break-in-Fuel” 
granted to W. A. Zisman, H. R. Baker, and C. M. Murphy of the 
Naval Research Laboratory, dealt with the use of silicon con- 
taining compounds which form silicon dioxide when burned. 
The compounds were added to the fuel and were burned in the 
combustion chamber of engines. Silicone fluids and silicates 
were among the compounds acting as polishing agents during 
break-in if added to the fuel. The limitations of the silicone 


fluids due to gel formation may be minimized, in some systems, 
by the proper design of the system and filters. 
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Problems Associated With Use of 
Diesel Fuels 


By W. L. H. DOYLE! ano E. W. LANDEN,? PEORIA, ILL. 


This paper presents results of recent investigations deal- 
ing with the nature of exhaust products resulting from 
combustioh of Diesel fuels, particularly those products 
composing smoke. Development of some new inspections 
for improved control over certain properties of Diesel fuels 
is suggested. New standardized tests should be devel- 
oped, one whereby the relative stability of a Diesel fuel 
can be determined, and another whereby the ‘‘Diesel- 
fuel combustibility” quality can be evaluated. New ad- 
ditive-type lubricating oils must be made available for 
use in the medium- and higher-speed Diesels to combat the 
deleterious effects of sulphur contents in the fuels for these 


engines. 
| produced for use in buses, trucks, tractors, locomotives, 
naval and other marine services, and for a wide variety of sta- 
tionary power-plant requirements. Thetotalhorsepower involved 
is many millions, and includes about 60,000,000 hp which were 
produced for our own Navy. These widespread applications of 
the Diesel have resulted in a remarkable growth in the demand 
for Diesel fuels. This same period marks the development of 
important changes in petroleum-refining techniques, and the 
large-scale application of catalytic cracking. These, together 
with hydrogenation and other reforming processes, make it pos- 
sible to produce on a wide scale practically any type of hydro- 
carbon fuel, starting with petroleum crude. 

Economic factors, more than ever before, will have an increas- 
ing influence on the make-up of available Diesel fuels. Since 
combustion processes vitally influence the performance of the 
Diesel, it is important to consider fuel properties and their rela- 
tion to Diesel combustion. Fuel properties will also be discussed 
in relation to existing and future fuel specifications. 


INTRODUCTION 


N less than a decade a great number of Diesels have been 


CRITERIA FOR DIESEL COMBUSTION PERFORMANCES 


The products of incomplete combustion serve as important 
indexes of combustion performance. When these products are 
related to fuel properties, we have a sound criterion for evaluat- 
ing the combustion performance of fuels. Table 1 shows the 
various products of combustion present in the exhaust gases and 
the form in which they occur. 


DIESEL SMOKE 


In general, smoke may be defined as a particular atmosphere 
containing suspended solid particles and minute liquid particles 
in various proportions. Diesel smoke is produced from liquid 
and gaseous hydrocarbon fuels. It may contain solid carbonace- 
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TABLE 1 PRODUCTS OF COMBUSTION PRESENT IN DIESEL 
EXHAUST GASES 
Products of State Comments 
Complete . 
Combustion jas Liquid Solid 
a) COg x Corrosive under some conditions 
b) x Contributes to corrosion at 
At tem. At tem. film temperatures below dew 
above below point 
dew point| dew point 
ec) x Inert 
a) x Excess 
Products of 
Incomplete 
Combustion 
a) co x Odorless, toxic, formed under 
locally over lean or locally 
over rich conditions 
b) Ha x Formed under locally over rich 
conditions 
ce) CH, x Formed under locally over rich 
conditions 
¢@) Unburned x x 
fuel At temp. At temp 
above below 
dew point | dew point 
r e) partially x x Include: 
idized At tem. At tem. Aldehydes (odorous compounds) 
Fuel above below Organic acids (corrosive compounds) 
dew point | dew point Probably formed under locally over 
lean conditions 
f) Carbon x 
g) Ash x 
Other 
Products 
8) S02 x Corrosive in presence of water 
bd) SO, x Corrosive in presence of water 
c) Nitrogen Xv Corrosive in presence of water 
Oxides 


ous particles or a fog consisting of minute liquid hydrocarbon 
droplets and condensed water droplets. 

The minute solid particles found in Diesel smoke occur under all 
conditions of operation but are more evident at higher outputs, 
as shown in Fig. 1. To obtain these data, the exhaust products 
from the two engines, A and B, were passed through a surge tank, 
through four condensers cooled with solid carbon dioxide or ‘“‘dry 
ice” and finally through a cloth filter. Exhaust back pressure at 
the engine outlet was maintained at atmospheric pressure by a 
vacuum pump. At the end of each test run the nongaseous prod- 
ucts exhausted by the engine were recovered and analyzed. These 
included the water from combustion, unburned carbonaceous 
particles, and oily residues. The carbonaceous particles result 
from the cracking of the hydrocarbon molecules at elevated 
temperatures and pressures and also from incomplete chemical 
reactions occurring in the cylinder during the combustion cycle. 

Landen (1)* has demonstrated that much of this cracking oc- 
curs early in the combustion cycle, since large quantities of solid 
particles appear in the combustion chamber shortly after initia- 
tion of combustion. Best combustion will occur only if the fuel 
vaporizes completely, there is sufficient oxygen, the oxygen is 
adequately mixed with the fuel vapors, temperatures are favora- 


’ Numbers in parentheses refer to the Bibliography at the end of 
the paper. 
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ble, and sufficient time is allowed for completion of the chemical 
reactions. Under conditions of proper rating there is always 
an over-all excess of oxygen present in the Diesel. Air tempera- 
tures are favorable for vaporization of normal fuels when the 
engine is operating at reasonable loads and speeds. Inadequate 
mixing of oxygen with any of the fuel vapors, insufficient time 
for the various chemical reactions, and the cooling of the reaction 
products during expansion are the important factors which pre- 
vent complete combustion, and thus contribute to the produc- 
tion of carbonaceous particles appearing in the exhaust. 

The fog type of smoke may occur when the engine is operating 
at reduced power outputs, when idling, or when the engine is used 
as a braké with incomplete fuel cutoff. This fog-of minute 
liquid hydrocarbon particles may come from unburned fuel which 
has passed through the cylinder. It may also come from the 
various liquid hydrocarbon fractions formed from the original 
fuel and the lubricating oil, as the result of various cracking reac- 
tions and incompleted-combustion reactions. Fig. 2 shows 
measured quantities of liquid hydrocarbon products recovered 
simultaneously with the solid carbon products shown in the pre- 
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vious figure. These data show that the liquid components in- 
crease with reduction of fuel-air ratio or power output. The 
liquid hydrocarbon residue from combustion, as recovered from 
the condensing system, had an average molecular weight nearly 
twice that of the fuel. This indicates that some liquid fractions, 
particularly heavier ends, and some polymerization products 
are present in the exhaust. Here again best combustion requires 
complete vaporization, a sufficiency of oxygen, adequate mixing 
of oxygen and fuel vapors, favorable temperatures, and sufficient 
time. 

Under conditions of reduced power output and also when 
an engine is used as a brake with incomplete fuel cutoff, rela- 
tively small quantities of fuel are injected. Due to less favora- 
ble atomization the average fuel droplet is large, and droplet 
velocities are low. Air temperatures are unfavorable because of 
reduced compression and reduced heat-energy input, and hence 
more time is required for vaporization. Ample oxygen exists but 
the oxygen and fuel vapors tend to mix inadequately. Localized 
ignition and localized combustion reactions are delayed, and in 
addition there are also local regions in the combustion chamber 
where fuel-air mixtures are too lean to allow any inflammation. 
Thus these localized conditions may produce vapors of un- 
burned hydrocarbons and partially oxidized hydrocarbons. 
The vapors of the various hydrocarbon fractions which are not 
completely oxidized, and any unburned fuel vapors condensed in 
the atmosphere will appear in the exhaust as a light bluish-gray 
smoke. 

Water vapor results from combustion of hydrocarbons. At 
lower atmospheric temperatures this vapor will condense and 
appear as a white fog or smoke. 

Thus Diesel smoke may consist of black solid carbonaceous 
particles, and minute droplets of fuel, various liquid hydrocar- 
bons, partially oxidized hydrocarbons, and condensed water 
vapor. The general appearance of the smoke is determined by 


the predominating constituents. 


Fue. Prorerties INFLUENCING SMOKE 

The chemical composition and certain physical properties of the 
fuel are factors which influence Diesel combustion. The chemical 
make-up of the fuel influences its ignition quality, or cetane num- 
ber as shown (1) in Fig. 3. Ordinary fuels of high paraffin 
content have relatively high cetane-number ratings. For nor- 
mal paraffins the cetane number increases with the number of 
carbon atoms in the straight chain. In general, the ease of 
ignitibility follows the molecular configuration and reduces in 
the following order: Normal paraffins, olefins, naphthenes, and 
aromatics. 
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The cetane number of a fuel, without additive, serves as a use- 
ful measure of its inherent ignition quality. However, the vola- 
tility of the fuel and the localized fuel-air mixture formations are 
factors controlling fuel combustion. High-volatility fuels with 
good ignition qualities tend to burn quickly and in such a manner 
that only a small amount of residue is exhausted from the com- 
bustion chamber. 

The quantity of a given fuel injected into the combustion 
chamber has an influence on the relative cleanliness of combustion, 
and the type and quantity of exhaust smoke. A fuel of average 
cetane number and volatility, when consumed in a Diesel which 
is in good mechanical condition, presents a smoke pattern that is 
dependent upon engine power output and the related fuel-air 
ratio and is characteristic of all engines and most fuels. At idle 
operation, fuel-air ratios are extremely small, and the bluish- 
gray fog type of smoke appears at the exhaust. At increased 
loads and higher fuel-air ratios, in the approximate range of 
0.015 to 0.05, fuel combustion is more generally complete, and 
hence less smoke is visible. As fuel-air ratios increase above 
this range, the black, or predominantly carbonaceous-particles 
type of smoke becomes more evident. 

The cetane number and the volatility of the fuel also influence 
the Diesel smoke pattern. In Fig. 4, taken from Wetmiller and 
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Endsley (2), smoke is shown in relation to,the quantity of fuel 
injected and the cetane number of the fuel. The three fuels used 
for these tests had essentially the same volatility characteristics. 
The lower cetane-number fuels produced large quantities of 
smoke at low fuel-air ratios, indicated by the lower fuel-injection 
rates. At the intermediate and higher values of fuel-air ratios, 
smoke was much less, indicating better combustion. The fuel 
having the highest cetane number produced little smoke at low 
and intermediate fuel-air ratios, but at high fuel-air ratios larger 
quantities of smoke were produced. 

Landen (1) has illustrated the effects of cetane number and 
volatility on Diesel combustion from data obtained when using 
special fuels in a direct-injection engine. Fig. 5 indicates smoke 
measurements with fuels of different cetane numbers, having two 
values of volatility. The first group of highly volatile fuels, 
having a boiling range of 400-500 F, shows little smoke at the 
low brakemean effective pressure (bmep) orlowfuel-air ratios. For 
this group as the bmep or fuel-air ratio increases, the smoke in- 
creases. At any given fuel-air ratio, the higher-cetane-number 
fuels produce more smoke than the lower-cetane-number fuels. 
This is in-agreement with the data of Wetmiller and Endsley, who 
used fuels of comparable volatility. However, Landen’s data do 
not cover some of the lower values of fuel-air ratios reported by 
Wetmiller and Endsley. These data indicate that under condi- 
tions of higher power outputs with highly volatile fuels of high 
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cetane number much more cracking of the fuel occurs due to 
thermal breakdown than with fuels of comparable volatility 
having lower cetane-number ratings. 

Now consider the second group of less volatile fuels having a 
boiling range of 600 to 700 F. These fuels produce more smoke 
than the first group of highly volatile fuels at comparable bmep’s 
or fuel-air ratios. For this group the low-cetane-number fuel 
produced more smoke than the higher-cetane-number fuels. 
During the ignition-delay period some fuel mixes with air in 
proportions which do not allow inflammation. Due to the in- 
herent longer ignition delay, the flame boundaries for the lower- 
cetane-number fuels are extended, permitting existence of more 
local over lean fuel-air mixtures than for the shorter flame 
boundaries characterizing the shorter ignition delay of higher- 
cetane-number fuels. The larger droplets in the fuel spray may 
be carried beyond the flame boundaries and some may reach 
the combustion-chamber walls where they become chilled. This 
chilled fuel evaporates later in the combustion cycle. Some of it 
burns under unfavorable conditions and the rest is exhausted 
as unburned fuel. The longer ignition delay of the lower-cetane- 
number fuel permits more of these dreplets to be carried to the 
walls than for the higher cetane-number fuels. Also, as the lower- 
cetane-number fuel evaporates from the wall, since it is more 
resistant to cracking, liquid hydrocarbons will predominate in 
the exhaust appearing as bluish-gray smoke. The higher-cetane- 
number fuels being less resistant to cracking will break down. 
Part of the cracked products will burn and part will be ex- 
hausted, mostly as solid carbonaceous particles. Thus tlie 
lower-cetane-number low-volatility fuels produce a heavier 
smoke for a given bmep or fuel-air ratio than for the higher-ce- 
tane-number fuels of comparable volatility. 

Biends of two 40-cetane-number fuels used in operation of 
a direct-injection engine serve to illustrate further the effect of 
volatility. Fuel A had a 400-500 F boiling range and fuel B had 
a 600-700 F boiling range. Fig. 6 shows the smoke measurements 
of these fuels and the fuel blends (1). From this figure the effect 
of volatility on smoke is illustrated. 
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Other fuel properties may be considered, such as viscosity and 
gravity. Obviously, the viscosity affects the mechanics of in- 
jection and is primarily related to combustion performance be- 
cause of influence of engine design features. The heat content of 
a fuel is largely a function of the gravity and will influence the 
specific fuel-consumption rates. 


Properties RELATING TO OpoR 


Diesel exhaust may contain products having pungent odors. 
The exhaust odor when referred to in the literature is associated 
with the aldehyde content of exhaust gases. The ignition quality 
seems to be the one factor which influences the aldehyde content 
in exhaust gases. 
aldehyde content, according to Wetmiller and Endsley (2), and 
Ainsley (3). In Fig. 7 Ainsley reports the effect of cetane num- 
ber on aldehydes in the exhaust. These observations were ob- 
tained with an engine which was idled at two speeds. From these 
data it will be observed that higher-cetane-number fuels yield 
lowest aldehyde concentrations in the exhaust. 


Fue. Properties ConTRIBUTING TO ENGINE DEposiTs AND 
WEAR 


Engine deposits and wear have been investigated over a period 
of years and data are reported in the literature. For ordinary 
Diesel fuels it is difficult to determine the isolated influence of 
any one fuel property quantitatively, since, in attempting to 
change one fuel property, other properties of the fuel are also 
altered. Lubricating oils also may be responsible for deposits in 
the cylinders. An exception is to be noted in the case of Diesel 
fuels having appreciable sulphur contents. Sulphur content in 
present-day fuels varies over a wide range and is tending to in- 
crease. The reactions occurring during combustion produce 
either sulphur dioxide or sulphur ‘trioxide. 

Cloud and Blackwood (4) have demonstrated the individual 
effect of sulphur trioxide on engine deposits by motoring an en- 
gine with no fuel being admitted and when supplying sulphur 
trioxide with the intake air. Under these conditions, pronounced 
oil sludging and engine deposits were observed. This indicates 
that sulphur trioxide combines with the lubricating oil. Fuels 
containing sulphur produce sulphur trioxide during combustion 
in the Diesel. Thus the sulphur content in the fuel is detri- 
mental to the lubricating oil and contributes to formation of 
engine deposits. Blanc (5) shows that the deleterious effects of 
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sulphur in Diesel fuels can be minimized by the use of special 
additive types of lubricating oils when operating under con- 
ditions of normal high jacket temperatures. 

It has been demonstrated by Blane (5), and by Broeze and 
Gravesteyn (6), that wear increases rapidly with increased sul- 
phur content in the fuel. Evidence therefore points to increased 
operating difficulties with increased sulphur content in the fuel. 
The detrimental effects on engine wear and deposits when using 
the nonadditive types of lubricating oil are out of all proportion 
to the content of sulphur compounds which may be present in the 
Diesel fuel. 


FuEL PROPERTIES INFLUENCING STARTING 


The ignition quality of a fuel has a direct bearing on starting. 
Shoemaker and Gadebusch (7) show for a given Diesel that an 
89-cetane-number fuel was required for startability at an ambient 
temperature of —20 F, whereas at 60 F a 36-cetane-number 
fuel gave good starting. 

Factors affecting ignition under starting conditions include 
air pressure, air temperature, vaporization characteristic of the 
fuel, ignition delay of the fuel, and the auto-ignition temperature 
of the fuel. Terminal air pressures at various cranking speeds 
for a particular engine having a compression ratio of 17 to 1 are 
given by Heldt (8), as shown in Fig. 8. Corresponding values 
of terminal compression temperatures have been calculated for 
four ambient temperature conditions as shown in the figure. 

The effect of the auto-ignition temperature and ignition-delay 
characteristics of the fuel may be indicated by considering one 
cranking speed, a uniform fuel vapor-air mixture and a finite 
time of 0.05 sec for the oxidation process of auto-ignition. Under 
these conditions, Tizard and Pye (9), for a cylinder having a com- 
pression ratio of 7 to 1, found that the auto-ignition temperature 
for a 20 to 1 heptane-air mixture is 620 F, and that for a 15 to 1 
ether-air mixture is 480 F. For the same ignition delay the 
ether-air mixture has an auto-ignition temperature which is 140 
deg below that of the heptane which is one of the more volatile 
hydrocarbons. 

An ignition delay of 0.05 sec involves a crank angle of 90 deg 
at 300 rpm. On the basis of these data the lower-compression 
engine would not be expected to start at subnormal temperatures. 
However, the Diesel with its higher compression ratio using a suit- 
able if more complex hydrocarbon fuel in the injection system, 
does start at temperatures well below —20 F when cranked at 
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relatively low speeds and when diethyl-ether is atomized pro- 
miscuously into the engine air intake. 

It develops that the experimenters (9) used a special commer- 
cially pure diethyl-ether, whereas for low-temperature starting, 
commercial, as distinguished from the commercially pure, ether 
is used. This has considerably greater contents of the peroxides 
as impurities. Being unstable even at normal temperatures, 
these peroxides act as ignition accelerators, starting oxidation 
reactions early in the compression stroke. The combined ef- 
fect of the increasing compression pressures and temperatures, 
occurring during successive compression strokes, steps up these 
reactions enormously. Thus the effective localized ignition de- 
lays and auto-ignition temperatures are greatly reduced. This 
explains why a 5*/,-in-bore engine, for instance, will start at 
cranking speeds below 150 rpm under ambient temperatures of 
less than —20 F in a matter of 6 to 9 see when ether is atomized 
into the engine air intake. 


Fue. AppITIvEs 


There is a sound associated with Diesel ignition and combus- 
tion which is recognized as ‘Diesel knock.’’ This sound may vary 
from zero intensity to a very high value occurring at incipient 
detonation. Best combustion. for the Diesel occurs under con- 
ditions approaching incipient detonation because of the high 
rates of burning. Design features are necessarily established so 
as to limit combustion performances to conditions well below 
those approaching the incipient-detonation type of combustion. 

For a fuel having a given cetane number, a given volume of 
fuel will enter the cylinder before inflammation starts. This 
volume is larger for a low-cetane-number fuel than for a high- 
cetane-number fuel. The rate at which energy is released by the 
initial combustion of the fuel is a function of the inflamed vol- 
ume. Thus for the lower-cetane-number fuel, the larger volume 
existing in the cylinder will release energy at higher rates and will 
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produce a more intensive knock. An ignition accelerator added 
to a fuel reduces the ignition delay and therefore reduces the 
volume available at instant of inflammation. 

Field experience (10) with distillates containing certain addi- 
tives indicates that additives offer possibilities as a means of con- 
verting some rough-running fuels into satisfactory fuels. 

It will be of interest to determine if the intensity of knock 
changes with fuel composition as between fuels of equal volatility 
and cetane number, and the influence of ignition accelerators on 
the phenomenon. The effect of fuel composition on deposits 
should also be determined when comparing fuels of equal vola- 
tility and cetane number. 


OPERATING CONDITIONS WHICH CONTRIBUTE TO SMOKE 


The results of a comprehensive investigation (2), comparing 
performances of engines at the end of extended periods of actual 
service in automgtive buses with performances after these same 
engines had been serviced and returned to good mechanical 
condition, are shown in Table 2. From these data it will be 


TABLE 2 EFFECT OF ENGINE CONDITION ON PERFORMANCE 


Engine A 
Injectors after 
Extensive Use Same Injectors 
Performance Feature in Bus Service after Overhaul 
Exhaust Smoxe - 350 rpm Idle, £ 2 0 
Exhaust Smoke - 1400 oye te Load, £ 2 i?) 
Exhaust Smoke - 1,00 rpm 1/4 Load, % 8 6 
Exhaust Smoke - 1,00 rpm 1/2 Load, % u 8 
Exhaust Smoke - 1,00 rpm Load, ua 
Exhaust Smoke - 1,00 rpm Full Load, % a 37 
— 21.2 18.0 
Engine A 
Governor in Same Gevernor 
Bad Repair after Overhaul 
Exhaust Smoke Decelerating, £ 70 
Aldehydes - mg/ft} Exhaust Gas Decelerating 0.9 
Engine B 


Exhaust Smoke - 1400 rpm Pull Load, % 3 20 
Exhaust Smoke - 2500 rpm Full Load, % [AR pT) 
Exhaust Smoke - Accelerating, % 38 16 


observed that poor maintenance practices in many cases over- 
shadow any beneficial effects derived from selected fuels. This 
observation is generally applicable to all types of Diesels in 
all kinds of service. 


SPECIFICATIONS AND DIESEL FUELS 


We have discussed the influence of certain fuel qualities on 
combustion performances, considered in terms of products in 
the exhaust, and also their influence on engine wear, deposits, 
and starting. Under operating conditions of normal speeds 
and reasonable power outputs, factors inherent in the engine 
construction obviously are conducive to favorable ignition and 
combustion. Field experience indicates that under these condi- 
tions a wide variety of fuels will give approximately equal satis- 
faction. At reduced loads and idling, engine factors are less 
favorable to combustion, and the scope of practicable fuels is 


> 
4, 
Engine after Same Engine after 
Extensive Use Major Overhaul 
th 
ty 


942 


narrowed. It is important to define the permissible ranges of 
fuel properties so as to indicate the nature of fuels suited to the 
various classes of engines and the conditions under which they 
function. Research and mass field experience provide the data 
needed for establishing satisfactory specifications. 

Under previous conditions with the relatively limited de- 
mands for the classes of fuels used for the medium and higher- 
speed Diesels and for the household burners, it was possible for 
the refineries to meet these demands with essentially straight- 
run distillate fuels. As a result of extensive experience on the 
part of fuel producers and users, specifications applying to those 
fuels have proved quite workable. 

There has been a marked increase in Diesel-fuel demands ac- 
companying the growth in application of the medium and higher- 
speed Diesels. The increase in household burner oil demands 
has been even greater. Sizable as these demands are, they are 


considerably overshadowed by the growing demands for gaso- , 


lines. To satisfy the demands for gasolines of an improved 
- quality, the petroleum industry is extending the use of catalytic- 
cracking and of course will continue to employ existing thermal- 
cracking facilities. 

With the production of these large quantities of gasoline are 
also produced large quantities of catalytic-cracked distillates and 
some thermal-cracked distillates. These cracked distillates are 
produced from the material which is being recycled through 
the cracking processes. Thus the fuel producer can* furnish 
straight-run distillates, catalytic-cracked distillates, thermal- 
cracked distillates, or blends of the cracked distillates and 
straight-run distillates as may be needed to meet the require- 
ments for the various classes of Diesel fuels and burner oils. 
The predominating quantities of available catalytic-cracked 
distillates and their lower cost are factors of moment to the 
Diesel-fuel user. Because of their growing economic importance, 
it is of particular interest to consider the catalytic-cracked dis- 
tillates in relation to the fuel needs of the Diesel. 

The nature of the catalytic-cracked distillates is influenced 
by the hydrocarbon make-up of the straight-run distillates used 


STRAIGHT RUN - 
GASOLINES 


TRANSACTIONS OF THE ASME 


NOVEMBER, 1948 


as charging stocks and by the extent to which cracking is applied 
to the recycle stocks. Thus distillates from the cracked recycle 
stocks differ materially from the straight-run distillates in the 
same boiling range. The catalytic-cracked distillates tend, 
toward increased contents of aromatics, iso-paraffins, and various 
unsaturates, including certain of the unstable types of hydro- 
carbons. While thermal-cracked distillates are roughly of the 
same general, nature, processing conditions in catalytic-cracking 
make it possible to produce catalytic-cracked distillates which 
are superior to the thermal-cracked distillates as a source for 
Diesel fuels. In either case, the cracked distillate from a given 
recycle stock will have an ignition quality which is lower than 
that of the charging stock. The unstable hydrocarbons included 
in the untreated cracked distillates have marked gum- and lac- 
quer-forming tendencies and must be removed to avoid sticking 
of injection-system elements and engine deposits from this source. 

As indicated in Fig. 9, it is possible to select catalytic-cracked 
distillates of any desired boiling range’ from favorable recycle 
stocks. From the figure it will be evident that three general 
classes of fuel oils can be produced. These may be blends of 
catalytic-cracked distillates and straight-run distillates, or un- 
blended catalytic-cracked distillates, with or without ignition 
accelerators. The make-up depends importantly upon the na- 
ture of the charging stocks and the extent of the cracking applied 
to the recycle stocks. As pointed out by the petroleum industry, 
to meet the increased demands for Diesel fuels and household 
burner oils, the quantities of straight-run distillates used for 
blending must be held to a minimum. 

Growth in demand for petroleum products makes it necessary 
to refine larger quantities of sour crudes. At the same time the 


supply of domestic sweet ¢rudes is dwindling. Sour crudes in- 


clude more corrosive sulphur compounds as part of the total 
sulphur content than do the sweet crudes. The need for com- 
mercially applicable methods to remove the corrosive sulphur 
content from the crudes early in the refining operations involves 
problems of great importance to the petroleum industry. Pend- 
ing development of commercially practicable means for reduc- 
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tion of sulphur in the initial-refining stages, the various classes of 
distillate fuels other than gasolines may be expected to reflect an 
increase in sulphur content over the same classes of fuels as 
available under previous conditions. 


SPECIFICATIONS FOR DEFINING NEWER Types OF DrgseEL FUELS 


The changing nature of available fuels appears to warrant a 
comprehensive resurvey of the specifications used for defining 
Diesel fuels. Any reformulated Diesel-fuel specifications must 
define fuels which are suited to the various Diesel needs and at 
the same time are compatible with economic factors. The 
petroleum industry and the users need to co-operate closely to 
evaluate any recasting of the limits for currently used inspec- 
tions so as to define adequately the properties of these newer 
fuels. 

Unstable hydrocarbons contribute to certain operating diffi- 
culties and must be restricted. At present there exists no ac- 
ceptable inspection. Therefore it becomes evident that a suita- 
ble inspection must Be developed and practical limits estab- 
lished. 

New inspections of Diesel fuels must consider factors involving 
fuel introduction, ignition, and combustion. With our present 
knowledge, fuels can be selected so as to insure satisfactory intro- 
duction. Knowledge of ignition phenomenon in the Diesel has 
been advanced but is still in need of further development. The 
introduction of the cetane-alpha-methylnaphthalene scale for 
measuring the ignition quality of a Diesel fuel constitutes one 
of the outstanding contributions from prewar research. Antici- 
pated changes in the nature of the newer fuels, with and without 
ignition accelerators, justify additional research to clarify the 
relative importance of cetane-number ratings to be used in future 
specifications. Based upon a nation-wide survey in 1944 of the 
postwar Diesel-fuel situation, it was concluded among other 
things that there is great need for a test whereby the quality which 
may be termed Diesel-fuel combustibility can be evaluated, 
necessarily under a particular set of test conditions, much as in 
the case of cetane-number evaluations. At present this impor- 
tant quality is indicated only after having burned a given Diesel 
fuel under actual operating conditions for a long time. The 
development of a practical test for this quality, one giving re- 
producible results expressed on a suitable scale, would be ex- 
pected to reduce the currently debatable emphasis on cetane 
number to a more generally acceptable basis. 

In a Diesel, optimum thermal efficiencies and enduring per- 
formances are obtained with fuels which burn rapidly and when 
complete combustion of the fuel is approached. The chemical 
energy in the fuel is released at high rates throughout the in- 
flammation phase and this is manifested by the high rates at which 
the temperatures and pressures of the gases in the cylinder 
increase. Under these conditions there are favorable exchanges 
of fuel energy into mechanical energy. Limiting considerations 
to hydrocarbon fuels, this suggests that the Diesel-fuel com- 
bustibility quality might be evaluated by comparing the tem- 
perature-time relations for a particular fuel with those obtained 
from certain reference fuels, these fuels being delivered into a 
given Diesel at a prescribed erergy-supply rate, under standard- 
ized operating conditions. Instruments (1, 11) have been de- 
veloped to measure instantaneous temperatures occurring dur- 
ing the combustion phase. The authors hope that the possibili- 
ties in this test scheme using instruments of this type will be ex- 
plored thoroughly. In any event, it is hoped that this work will 
lead to some form of test which is suitable for evaluating this 
important quality in lieu of the long-time observation now re- 
quired. Granting the development of a practicable test of this 
general nature, it is envisioned that rates of heat energy released 
under prescribed test conditions could, as a result of laboratory 


and field observations, be correlated so as to define satisfactorily 
the usable ranges in this Diesel-fuel combustibility quality. 


CONCLUSIONS ‘ 


The liquid fuel used for operation of the Diesel plays a vital 
part in determining its over-all success. Engine power outputs, 
reliability, and durability are significantly influenced by the 
fuel used for operating the engine. 

Due to the changing make-up of generally available fuels, 
there appears to be a need for a resurvey of the specification 
means used for defining practicable Diesel fuels. 

It is suggested that new standardized tests be developed, one 
whereby the relative stability of a Diesel fuel can be determined, 
and another whereby the Diesel-fuel combustibility quality 
can be evaluated. Suitable inspection limits used in connection 
with these tests would serve as additional useful means for speci- 
fying Diesel fuels properly. 

Specifications for these newer fuels must comprehend the 
widest range in fuel properties or qualities compatible with the 
economic factors involved in engine reliability and durability on 
the one hand and, on the other hand, with those involved in 
fuel availabilities, fuel costs, engine-maintenance costs, and 
lubrication costs. Research and mass field experience must 
provide the data needed for the development of these specifica- 
tions. 

New additive-type lubricating oils must be made available for 
use in the medium- and higher-speed Diesels to combat the dele- 
terious effects of sulphur contents:in the fuels for these engines. 
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Discussion 


C. C. Moore.‘ The writer would like to propose a new scale 
for use with such papers as the present one. This scale is based 
upon the “‘irritation number,” and this number is the result of 
the writer’s inability to answer many of the questions and prob- 
lems that are raised. Diesel engines do run and operate very 
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satisfactorily, and this is in no way connected with the fact that 
we thoroughly understand their combustion mechanism. It 
should be stated that they operate in spite of our lack of knowl- 
edge ®f why and how! 

If the Diesel engine could operate without hydrocarbon fuels, 
things would be much simpler. As is pointed out in the paper, a 
fuel that is heated to a certain point starts to ‘crack,’ which 
means that it starts to change into other kinds of hydrocarbons. 
If we have oxygen present, additional chemical compounds are 
formed. Some of this fuel is burned to carbon dioxide and water 
vapor, and during the process supplies heat that eventually is 
transmitted into ton-miles or brake horsepower-hours. Some 
of the fuel, however, does not complete this cycle, and the result 
is a smoky exhaust, a fouled engine, and sometimes stuck piston 
rings. 

It is shown in the paper that fuel residues were recovered from 
the exhaust which had an average molecular weight nearly twice 
that of the original fuel. This means simply that for a portion 
of the fuel, cracking and polymerization have taken place rather 
than combustion. When it is considered that this has taken 
place in the presence of 50 per cent or more of excess air, it is 
evident that there is still much work to be done in perfecting the 
combustion process of a Diesel engine. Part of this work un- 
doubtedly lies in what might be called the strictly mechanical 
field, but it is our opinion that there is also much improvement 
possible in the chemical field. We have available certain types of 
chemicals, such as the organic peroxides, that cause self-ignition 
to start quicker, or at a lower temperature, but there seems to be 
evidence that such materials do not appreciably affect the end 
point of the combustion. Of interest would be research directed 
toward the development of a combustion catalyst, such that 
combustion once started would continue to the end products of 
carbon dioxide and water. 

It is stated in the paper that best combustion will occur when: 
(a) the fuel vaporizes completely; (b) adequate mixing with the 
oxygen is obtained; and (c) sufficient time is allowed for comple- 
tion of the chemical reactions. As opposed to these desirable 
conditions there seems to be a general tendency to increase 
engine speeds and thereby reduce the time allowed for the com- 
bustion to complete itself. An equally definite tendency is the 
growing reluctance of petroleum refiners to make available 
a low-boiling-range straight-run fuel, for such material is the favor- 
ite diet of the new catalytic crackers that turn out high-anti- 
knock-value gasoline. By simple elimination, the only remaining 
field of improvement is the better mixing of the fuel charge with 
the oxygen, and possibly the better or more complete burning of 
this mixture by means of some catalytic aid. 

The authors discuss the need for a test whereby the ‘“‘Diesel- 
fuel combustibility”’ can be evaluated. Certainly the cetane 
number of a Diesel fuel is not a good criterion of its performance, 
nor is the distillation range, of itself, of much value in forecasting 
éngine performance. The temperature-time relations suggested 
by the authors, in comparison with those of some standard refer- 
ence fuels, might be of considerable interest, and especially so 
if they could correlate the results with some less difficult test to 
run. It would seem as though there should be some formula 
wherein distillation range, viscosity, and gravity, and some 
paraffinicity or aromaticity factor could be combined to give the 
Diesel-fuel combustibility or ‘“z-number”’ of a fuel. 

The research work of the authors in developing their tempera- 
ture-time concept of combustibility may serve a very good eco- 
nomic purpose in opening new compositions for Diesel fuels. 
For example, there is a general reluctance to use cracked or blends 
of cracked and straight-run products in Diesel fuel. It may be 
that certain cracked fractions are satisfactory for use, or that 
blending with some material, such as a Fischer-Tropsch fuel, 
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might give the desired temperature-time relationship. There is 
certainly much room for speculation and research along these 
lines. 1 

The writer wishes to compliment the authors on the high 
irritation number of their paper, for such irritation causes 
interest and thinking, and it is only by the realization of our inade- 
quate knowledge that real progress can be hoped for in the field of 
combustion research. 


H. F. Bryan.’ It is refreshing to note that the authors have 
broken down Diesel smoke into its various constituents rather 
than attempting to evaluate it by a smokemeter. In this way 
the products of combustion can be made to tell the real story of 
what is going on inside the combustion chamber. 

Combustion in the Diesel engine is such a heterogeneous process 
that one may have a high percentage of carbon, some hydrocar- 
bons of varying chemical composition, water vapor, and under 
certain conditions, some very corrosive compounds all mas- 
querading under the one term, ‘‘smoke.” * 

We agree with the statement that much of the cracking of the 
hydrocarbon molecules which produces carbonaceous particles 
in smoke occurs early in the combustion cycle and is due to poor 
preparation and distribution of the fuel in the combustion cham- 
ber. 

It is interesting to note that “cetane number” is now becoming 
a more specific term to indicate the inherent ignition quality but 
not necessarily the burning quality of a fuel. More attention is 
now being given to the influence of volatility on the burning of 
the fuel and the influence of viscosity on the mechanical prepara- 
tion of the fuel for burning. 

We are in accord with the authors on the influence of sulphur on 
engine deposits and cylinder wear. High-sulphur fuels definitely 
increase engine deposits and, under certain conditions of opera- 
tion, produce excessive wear. We have found the high gum 
content found in some of the burner fuel oils will also produce 
excessive deposits under certain conditions. 

On the broad subject of Diesel-fuel specifications from the 
present available distillates, we are still “too close to the woods 
to see the trees.’”” Whether we like them or not, we will have 
certain types of distillates available for Diesel-engine and burner 
use. The burner-fuel demand, being the greatest, will influence 
the over-all specifications. Therefore it is the job of the Diesel- 
engine manufacturers and burner makers to improve their re- 
spective products so that similar fuel specifications can be used. 
Otherwise premium fuels for Diesel engines will be required. 

A tremendous amount of research and field experimentation 
together with a fine spirit of co-operation will be necessary to 
reach this desirable goal. Considerable progress has been made 
in the past 2 years, and with the present unanimity of thought a 
solution of the problem is possible. 


P. H. Scuwertzer. The writer was interested in Figs. 1 and 
2 of the paper and considers them a valuable addition to our 
knowledge of Diesel combustion. Fig. 1 shows that solid 
carbon in the exhaust increases rapidly in the full-load and over- 
load region. Fig. 2 shows that liquid fuel in the exhaust de- 
creases with load. The obvious reason for the increased per 
cent carbon in the exhaust is overrich or locally overrich mixture, 
hot smoke. The obvious reason for the decreased liquid fuel in 
the exhaust at heavy load is the higher temperature and more 
complete ignition of the fuel, cold smoke. 

The authors have analyzed the exhaust products as they should 
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be analyzed by collecting the solids and the liquid in a condensing 
system. Those who try to apply a conventional gas analysis to 
Diesel exhaust get disappointing results. In a Diesel engine, the 
products of incomplete combustion are largely solids and liquids 
which cannot be caught by gas analysis. The percentage of CO, 
and CO in the exhaust is not a measure of the combustion. 

It would have béen helpful if in Figs. 1 and 2 the corresponding 
smokemeter readings had also been indicated, but they can be in- 
ferred from the fuel-air ratios. Anyhow, it is notable that it 
does not take much carbon or liquid fuel to cause bad smoke, only 
a fraction of a percent. In so far as the smokemeter is concerned, 
an innocent white smoke resulting from condensed water vapor 
can obscure the light rays and cause as high a smokemeter read- 
ing as a very black smoke. 

The writer disagrees with the authors’ interpretation of the 
observation that high-cetane fuels frequently increase the ex- 
haust smoke. They say that with high-cetane fuels “much more 
cracking’? occurs due to thermal breakdown than with fuels hav- 
ing lower cetane number. The paper points out earlier that 
such cracking occurs early in the combustion cycle. However, 
smoke is more affected by what occurs late in the combustion 
cycle. High-cetane fuels behave in the indicated manner in the 
high-volatility range but, curiously, reverse themselves in the 
low-volatility range (Fig. 5). 

His preferred explanation is that extra-short ignition lags are 
conducive to smoke, irrespective of whether they are caused by 
high cetane number or by other factors, and suggested reasons 
for this are mentioned in a recent paper’ on the subject. 

In a paper on Diesel combustion temperatures by Uyehara, et 
al,’ is shown the effect of inlet-air pressure on the beginning and 
end of combustion (radiation). When the air pressure was re- 
duced by 8 in. Hg, the ignition lag increased from 5 to 20 deg, 
but the shorter the ignition lag became the longer the combustion 
stretched out. When radiation began at 10 deg BTC (5 deg 
ignition lag) it ended at 82 deg ATC. When it began at 13 deg 
ATC, it was over at 59 deg ATC. A decrease in dir pressure ac- 
celerated the combustion ignition. How do the authors explain 
this by their thermal cracking theory? 

The deciding factor probably is not how much cracking takes 
place but rather how late it occurs during the expansion stroke. 
With very short ignition lag, part of the fuel burns too late. 


R. J. GREENSHIELDS® AND L. 8S. Ecuous.? The authors men- 
tion the work of Tizard and Pye in connection with ignition 
quality. Since no discussion of Diesel fuels would be complete 
without an effort to present the whole picture in one piece, we 
show in Fig. 10 of this discussion an effort that we have made to 
do this. The plot of log (the ignition delay) versus the absolute 
temperature of the compressed mixture of fuel and air prior 
to self-ignition indicates by the straight dashed lines relations of 
the type observed by Tizard and Pye, and also by Jost and Teich- 
mann. The lines have been drawn for 0- and 100-cetane fuel 
on the basis of compression temperatures for various compres- 
sion ratios for three conditions; steady running, starting at 32 F 
inlet temperature, and —40 F inlet temperature. It should be 
stated that the relations showr are simply “‘best guesses,” rather 
than rigorous experimental data. 

The heavy solid lines represent ignition delays of fuel sprays in 
bombs (at the lower temperatures) and in Diesel-engine combus- 
tion chambers. They are shown displaced from the prevaporized 
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fuels (dashed lines) toward higher temperatures by an amount 
necessary to correct for the heat of vaporization. Notable is the 
result, coming from studies at short delay periods, such as 
those of Rose and Wilson, that at delays below 1 millisee the 
deviations from the prevaporized fuel lines are very great. 
Indeed the slope of the heavy lines is such as to indicate that the 
ignition delay is controlled by rate of vaporization rather than 
cetane number in this region of time and temperature. Notable 
also is the position of the line for diethyl ether, indicating its 
superiority for low-temperature starting. It is believed that 
these relations, although approximate, are conducive to a clearer 
view of the whole problem and point the way to interesting future 
work. 

With reference to present trends in fuel-oil composition, it does 
appear that higher sulphur crudes and catalytic cracking may 
have their effect. The trend is certainly not toward a ‘“‘chemi- 
cally pure’ fuel of the type of the 100-cetane fuel we prepared 
some years ago. Diesel engines will continue to use, or possibly 
require, a “‘technical grade” product. 

As a matter of general interest, the effect of a catalytic-ecrack- 
ing operation on the hydrocarbon types present in a fuel oil is 
shown in Table 3 of this comment. Noteworthy 4s the fact that 
the paraffin content and sulphur content are little affected, while 
the naphthene content is diminished, and the aromatic content 
increases by roughly 15 per cent. This apparent selectivity for 
naphthenes appears to be rather general. In other respects it is 
dangerous to generalize regarding the effect of catalytic cracking, 
as shown by the data in Table 4, where the results of several 
different catalytic-cracking operations on a single charging 
stock are shown. 

Finally, it can be said that we cannot at present recognize the 
existence of a characteristic of a fuel which can be called “com- 
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TABLE 3 EFFECT OF CATALYTIC-CRACKING FUEL OIL 
Full range Catalytic-cracked 


SR gas oil product 
Refractive index.......... 1.477 1.514 
Sulphur, per cent (weight)... ............ 0.96 
Aromatics, per cent (weight)... .. 13 28 
Naphthenes, per cent (weight).......... 40 29 
» Paraffins, per cent (weight)..... Ce 47 43 
Pour point, deg F..... .. FURR ORS +5 —10 
Viscosity SSU at 100 F. . ee 40 38 
464-623 478-640 


TABLE 4 ag Ek OF SEVERAL CATALYTIC-CRACKING OPER- 
TIONS ON SINGLE CHARGING STOCK 


SR 

gas oil 
Gravity, API. 5% 36.2 32.9 31.7 30.0 33.6 
Aniline point, deg C.. sais 60.2 55.5 51.3 67 
Sulphur, per cent t (weight) 1a 0.37 0.43 0.55 0.44 
Pouz point, deg F +1 +5 +5 0 
Viscosity at 100 F, “ssu 49. 37.4 35 33.8 36.3 
Boiling range, deg F.. 377- 604 454-580 460-620 460-560 460-640 
Diesel index........... 46.2 41.8 37.3 51.3 


bustibility.””. Combustibility, if anything, is a joint (fuel- 
engine-operating condition) phenomenon, and its problems con- 
tinue to be joint problems of the refiner, the equipment manu- 
facturer, and the engine operator. The fact that the combus- 
tion of present-day fuel oils, earlier forecasted as a difficult prob- 
lem, appears to have been solved in the domestic-burner field by 
suitable adjustments and minor design changes, is at least an 
indication of the importance of the equipment manufacturer as a 
factor in determining the combustibility of a fuel. 


L. C. Licuty.'® The authors have done a good job in sum- 
marizing the problems associated with the use of Diesel fuels, 
and particularly in focusing attention on the desirability of a 
combustibility rating or a test procedure to determine the com- 
bustibility of Diesel fuels. It is interesting to note that numerous 
factors are mentioned affecting the combustibility of the fuel 
which might be classed as engine variables, such as the following: 


1 Engine output. 

2 Mixture formation. 

3 Air temperature and density. 
4 Time for combustion. 


Items 1 and 2 involve the fuel-injection system and the com- 
bustion-chamber size and design, which includes the turbulence 
built into the engine. Item 3 depends principally upon the com- 
pression ratio and ambient conditions. Item 4 depends upon 
engine speed. It is true that some of the fuel properties are in- 
volved in the effect of all of these variables, but, since one fuel 
performs better than another in a given engine, it is not neces- 
sarily true that a change in engine or fuel-injection system design 
would not improve the performance of the poorer fuel as deter- 
mined in the given engine. 

It would appear that a test for combustibility of fuels in any 
engine would introduce the limitations of the various engine 
variables associated with that particular design, and the net re- 
sult might merely indicate which fuel best suits that engine. 
Hence would dt not be desirable to rate the combustibility 
of fuels in a test device which would not introduce the limitations 
of the various engine variables? Then, if one understands the ef- 
fect of the various engine variables in restricting or promoting 
the mixing and combustion of the various types of fuels, would 
it not be possible for the engine designer to modify his engine so 
that it would utilize efficiently the most available fuel even though 
it might rate lower than others on a truly comparative com- 
bustibility scale? 
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Obviously, engine tests must also be run and perhaps this is 
the best way to rate the combustibility of fuels. However, if 
engine tests were run with fuels of varying combustibility, deter- 
mined by some truly comparative method, it is thought that the 
tests should indicate whether the engine or the fuel is responsible 
for poor performance. This should point the way to better utili- 
zation of an available fuel. 


R. B. Rice."! The authors’ fine paper would tend to emphasize 
certain phenomena which have been studied by engineers for 
many years with but a very small degree of success, Their con- 
clusions still tend to indicate the inadequacy of the Diesel engine 
as it is now designed and built in this country. 

In this paper the authors show clearly the results of smoke as 
correlated with bmep and/or air-fuel ratios. Most of the test 
data submitted apparently deal with the high-speed Diesel engine. 
Assuming a rotative speed of 2000 rpm, the entire combustion 
process, involving timing, injection of the fuel, breaking up of the 
fuel into a fine spray or mist, mixing of that fuel with oxygen 
(air), ignition of the mixture and the process of combustion, is ex- 
pected to take place in a matter of '/¢9 sec, as for example: 


Injection 
Ss 
High-speed Diese! Low-speed Dicee! 
0.0016 sec ae 0.01 sec 
4 Ignition 
5 Combustion 


For most discussions at this time involving the Diesel engine ap- 
proximately one half of the air in the combustion chamber is 
involved in the combustion process regardless of the type of fuel 
employed. It is doubtful that the petroleum industry can ever 
overcome this inherent weakness of the Diesel by any of the means 
discussed in this paper 


F/A = for actual Diese's = (0.020 to 0.045 
F/A ™ ‘or theoretical Diesels = 0.066 


While it is granted that it would be highly desirable were the 
Diesel engineer able to procure from the oil refineries a better fuel, 
or if we had better test standards for our present fuels, there is 
need for a better knowledge as a result of more and better study 
of the fundamental combustion process. 

Engine designers and fuel engineers need tO meet on a common 
ground: (a) to understand better the economics of the petroleum 
industry from the standpoint of the fuels which are and will be 
available; and (b) to encourage builders to devote more study 
and research to the subject of combustion-chamber design as well 
as to the design of their entire fuel system. 

At present there appears to be a situation wherein the engine 
manufacturers build engines, combustion chambers, and fuel sys- 
tems and then hope that the oil gompanies can give them a satis- 
factory fuel. The outcome is rather apparent in the resulting 
bmep, air-fuel ratios, smoke limitation, and other factors as dis- 
cussed so ably by the authors. 

It is now beginning to look as though the supply of fuel oil will 
always be limited. If the Diesel is to survive, then it must be 
designed around those fuels which are already available. 

Smoke has always been a factor contributory to the Diesel’s 
unpopularity. While this paper shows only too clearly the in- 
fluence of fuel constituents on smoke, it might be well for scien- 
tists and engineers to study the other side of the problem, that 
is, the merits and virtues of combustion-chamber designs in terms 
of fuel characteristics. 

In Fig. 6 of the paper (for example at 60 bmep) is indicated a 
wide range of smoke conditions from 0.2 to 2.0 using two widely 


11 Head, Diesel School, North Carolina State College, Raleigh, N.C. 
Mem. ASME. 
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different fuels in, it would be presumed, a given standard engine 
with apparently the same fuel system and combustion chamber 
for both fuels. It is evidently on the basis of smoke and incom- 
plete combustion that less than one half of the air in the combus- 
tion chamber is being consumed even in the case of A, the most de- 
sirable fuel. On the other hand, it is conceivable that a combus- 
tion chamber and fuel system could be designed around fuel B 
so that a resulting bmep in excess of 100 could be achieved with- 
out undue smoke. 

This contention is not too hypothetical if we analyze the basic 
Diesel cycle, using atmospheric intake and a compression ratio 
of 15 wherein the values are derived as given in Table 5. 


TABLE 5 FUNDAMENTAL DIESEL DATA 
(For 100 per cent air, 15 compression ratio, and atmospheric air intake) 


Fuel-air ratio = F/A = 0.006 

Ideal mep = Pm = 200 psi 
Ideal indicated mep = Pmi = 170 psi 
Ideal brake mep = Pmb = 144 psi 


Concerning the starting of Diesels, and especially high-speed 
Diesel engines which operate on variable atmospheric conditions, 
due regard for this function must be observed by the engine 
manufacturers as well as the petroleum industry. 

The writer is certain the petroleum industry would receive the 
unlimited blessing of the engine designers and manufacturers if 
it could provide at crude-oil prices a fuel oil which would enable 
prompt starting at low ambient temperature and operate with 
high’ fuel-air ratio without smoke, with a resulting high bmep, 
and with the absence of shock-loading due to too rapid pressure 
rise during the combustion period of any engine regardless of its 
combustion chamber or other peculiarities of design. 

On the other hand the petroleum industry can do better in pro- 
viding fuels for the Diesel engine even if, for the time being at 
least, it concentrates on the removal of the sulphur, which tests 
indicate is a most undesirable constituent and most harmful to 
the lubricant and bearings of the engine. 

F. T. Warp.'!* Others like the writer, who are in the Diesel 
bus transportation field, are well aware of the problems associated 
with Diesel fuels and Diesel.engines and, being obviously con- 
firmed optimists, we scan every word on these subjects with a 
hope that sometimes seems to be more than human. 

It would seem that discussion of a paper such as this should be 
guided by three requirements: (a) are the conclusions based upon 
accurate data that are representative of field as well as laboratory 
conditions; (b) do the data and conclusions have what is called 
‘practical’ value; (c) do the conclusions cover all alternatives? 
If these three conditions are not met, then, while the paper may 
have great intrinsic worth, it falls short of reaching the ultimate 
goal of contributing to the better and more economical operation 
of Diesel engines—a goal that still seems quite distant. 

It is believed that the authors have fairly met two of these 
requirements in their paper. Their data certainly represent what 
those of us in the field observe, and their analyses of the data 
appear to be sound. Their comments on specifications are 
certainly of genuine practical value to the engine operator. 

If there is any room for .riticism of their efforts, it would 
appear to be in what they have left unsaid. It would have 
helped their paper had they stated somewhere that their data 
were based on tests made with conventional engines in which 
the fuel-injecting system was kept in as nearly perfect operating 
condition as it could be. One may say ‘‘but this is of course 
taken for granted.” It should not be so assumed (and perhaps 
is not in view of Table 1 of the paper), for the reason that regard- 
less of all that is known and all that has been disclosed in this 


1? Surface Transportation Company, New York, N. Y. 


paper, the task of maintaining injection systems in prime con- 
dition is one of the major problems associated with the use of 
Diesel fuels. The least neglect ‘can largely vitiate any improve- 
ment in fuels or lubricating oils, no matter how great. 

For the same reason, it is felt that the conclusions should have 
included a section on engine and fuel-injection equipment im- 
provement. All of the conclusions have merit. The fifth, for 
example, calls for improvements in lubricating oils to offset 
the deleterious effects of sulphur. Should there not have been 
a sixth and alternative conclusion, especially in view of past 
history (wherein lubricating oil has been developed to be the 
“whipping boy” for many unsolved problems of engine design), 
requiring that improvement in engine design must be equally ac- 
celerated to the end that the high-speed Diesel may be made to 
operate reliably and cleanly whether or not new and more com- 
prehensive standardized tests, or new and better fuel-oil specifica- 
tions, or new and better fuel oils and lubricating oils are de- 
veloped. 


H. M. Gavesuscu.'’ Every phase of technical development 
contains a period during which the empirical information is col- 
lected which, at some later date, may enable a qualified mathe- 
matician to evolve an exact formula containing all pertinent fac- 
tors in their true proportions. 

The excellent presentation of a number of Diesel-fuel problems 
which the authors have given in their paper, may be taken 
as an indication that our understanding of the combustion 
phenomena in Diesel engines is agproaching this final stage. 

All these seemingly unrelated problems we know to stem from a 
common source, e.g., incomplete fuel oxidation, and while the 
formula by which they may be reduced to this common de- 
nominator is still unknown, a survey of our present standing 
with regard to each individual problem fulfills the purpose of 
bringing us one step closer to the ultimate solution. 

Analysis of the exhaust products as an indicator of proper fuel 
combustion has been used by the heat-generating industries for 
a long time. 

If the combustion occurs under controllable conditions, such an 
analysis and the measures to correct combustion faults are rela- 
tively simple routine procedures. If, however, fuel oxidation 
must take place under the adverse conditions prevailing in fuel- 
injection engines, a multitude of intermediate as well as end prod- 
ucts may be formed which defy most methods of analysis. 

Varying depth of fuel penetration into the air charge, stratifi- 
cation of the resulting mixture, chilling and incomplete vaporiza- 
tion of some fuel, varying ignition delay, and cooling of burning 
mixture with subsequent soot formation are but a few of the 
handicaps which we know liquid fuels to be faced with in the 
combustion chambers of an engine. 

By the time we can recondense the intermediate combustion 
products from the exhaust gases, many of them will have changed 
their state to such an extent that any attempt to conclude what 
they might have been in the combustion chambers would be mere 
speculation. 

It is probably for these reasons that the authors have limited 
themselves to the analysis of three main groups of offenders, 
namely, solid carbon, unburned hydrocarbons, and aldehydes. 

Better knowledge of the effects of these three groups is badl# 
needed. Besides producing the obviously noticed exhaust smoke 
and odor, some of these by-products of incomplete combustion 
also contribute a good share to the deposits found on engine parts 
and thereby to a shortening of the operational life. 

Smoke in any form, whether it be of the whitish-blue variety 
which Professor Schweitzer has so significantly christened ‘“‘cold 

13 Engineering Department, Detroit Diesel Engine Division, Gen- 
eral Motors Corporation, Detroit, Mich. 
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smoke,” or of the gray-black kind associated with solid carbon 
particles, is but an outward manifestation of the same engine 
ailments which produce worn cylinder liners, broken compression 
rings, sticking exhaust valves, and many related engine troubles. 

Too little attention has been paid in the past to this phase of 
the fuel problem. 

Under adverse conditions, unburned or partially burned fuel 
may be noticed visually in the form of smoke but even in the 
normal load range where the exhaust is apparently clean, fuels 
of different chemical composition have been found to possess 
widely varying deposit-formation characteristics. 

The amount of fuel which is not completely converted into 
heat is very small and amounts usually to less than 0.1 per cent of 
the total fuel consumed. 

Incomplete combustion of this magnitude, therefore, does not 
show up as excessive fuel consumption and cannot be discovered 
in indicator diagrams. 

Observation of fuel deposits has thus become a time-consuming 
and costly project which is commonly moved from the laboratory 
to some field operation. 

With recondensation of the exhaust products, the authors de- 
serve full credit for the development of a new and unique method 
which may enable us to bring tests of this type back into the 
laboratory where they belong. Particularly interesting among 
the results reported is the clearly noticeable reverse tendency of 
solid carbon formation versus unburned hydrocarbon shown in 
Figs. 1 and 2 of the paper. 

While the latter increase with decreased load or low fuel/air 
ratios, carbon soot formation rises rapidly as the load is increased 
beyond a certain point. 

If the authors had amplified these data by showing the corre- 
sponding results at both low and high speeds, the prevalence of 
unburned hydrocarbons at low-load low-speed operation and 
that of solid carbon at the opposite end of the operating range 
would have become still more obvious. 

The adverse effect of soot due to engine overloading on smoke 
and deposit formation is well known by most operators but the 
insidious part which unburned hydrocarbon fractions play with 
regard to deposits formed at light loads is generally still under- 
rated. 

The tests conducted with fuels of different boiling ranges and 
cetane rating are another real contribution of this paper. 

On the basis of field experience, particularly with western 
“stove fuels,” we have advised our customers for many years to 
employ lower boiling fuels wherever satisfactory ignition quality 
could not be obtained. 

This purely empirical recommendation could not be more 
plainly illustrated than with the laboratory data shown by the 
authors in Figs. 5 and 6. This information will go a long way 
toward changing the thinking of quite a few people in the pe- 
troleum industry. 

Keeping in mind that the smoke scale is but another expression 
of engine deposits and operational life, it would appear from these 
curves that if we have to live with a minimum cetane rating of 40, 
suitable fuels for high-speed Diesel engines will have to be limited 
to a final boiling point of around 600 F. 

If, on the other side, our customers are to have the advantage of 
the inherently better economy of the heavier fuel grades, the ig- 
nition quality should not be dropped below about 50 cetane. 

As the authors have pointed out in their conclusions, Diesel-fuel 
specifications so far have been limited to a number of properties 
which experience had proved to be of some influence. 

The chemical side of the fuel and particularly its combustibility 
have been sadly neglected, simply because the related industries 
did not know much about it. 

Flame-temperature measurements and condensation of exhaust 
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products will be of great help to further our combustion knowl- 
edge. 

Availability of these new tools and further pursuit of the in- 
formation given in this paper may soon enable us to write Diesel- 
fuel specifications containing all factors important for Diesel-en- 
gine operation. 


AutTuors’ CLosuRE 


The authors agree with Mr. Moore’s general observation that 
development of mechanical features of engines aimed toward im- 
proved mixing of fuel and oxygen is of importance. However, it 
should be pointed out that there is a practical limit, for each en- 
gine, beyond which improved mixing may become harmful be- 
cause of excessive rates of combustion, such as those occurring 
under conditions approaching incipient detonation. Develop- 
ment in this direction must therefore include an accompanying 
improvement in mechanical features for controlling and limiting 
the rates of fuel introduction so that combustion rates are held to 
suitable values. 

Mr. Bryan affirms the need for developing Diesels suited for 
operation on less favorable fuels than those which have been more 
generally available in the past. This indicates an important 
challenge to Diesel manufacturers. Improvements in this direc- 
tion are to be expected with time. It should also be noted that 
since the Diesel provides power services of important economic 
value to mankind, there is a still broader challenge to both the 
Diesel builders and Diesel-fuel producers to co-operatively de- 
velop sound economic Diesel mechanisms and the newer fuels 
suitable for operating these engines. The fine spirit of co-opera- 
tion now existing holds promise of favorable developments. 

Professor Schweitzer asks how we would explain results of 
Uyehara, et al, on the basis of thermal cracking. Values taken 
from the original paper are listed in the following table: 


Normal intake pressure 8” Hg vacuum 


Injection begins 15° BTC 15° BTC 
Radiation begins 5° BTC 14° ATC 
Injection, ends 15° ATC 13° ATC 
Radiation ends 82° ATC 59° ATC 
Ignition delay 10° 29° 
Duration of injection 30° 28° 
Fuel injected before ignition Vas All 
Flame duration 87° 45° 


From this table we can see that at normal intake pressure 
two thirds of the fuel is injected into a burning mixture; hence it 
would be subjected to much thermal cracking early in the com- 
bustion cycle and there would be large quantities of soot pro- 
duced. It takes a long time to burn this soot as indicated by the 
end of radiation at 82 deg ATC. At reduced pressure all the fuel 
is in the combustion chamber before it ignites. In this case, 
better mixing of the fuel and air causes a greater part of the fuel 
to burn directly with less thermal cracking. This fuel-air mixture 
burns in a shorter time as indicated by the end of radiation. The 
rate of burning in the latter case is higher, and much more com- 
bustion sound is associated with this type of burning. 

Messrs. R. J. Greenshields and L. 8. Echols affirm the general 
conclusion that ignition quality of the fuel, as indicated by the 
cetane number, has played an important part in helping to ex- 
plain combustion phenomena. Since the cetane number of the 
fuel is obtained under carefully prescribed inspection test condi- 
tions, such ratings are applicable only under the particular con- 
ditions used as basis of test. Paralleling this, the authors are 
proposing that a carefully prescribed set of inspection test con- 
ditions be developed for determining what may be called the 
“Diesel-fuel combustibility characteristic.”” The ratings obtained 
in such a manner would be useful in helping more intelligently to 
classify ranges of fuels for the different engines under various 
service conditions. 

Comments by Messrs. Greenshields and Echols present data 
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which contribute valuable information on initiation of combus- 
tion, and the authors hope that this will be expanded and pre- 
sented in the form of a technical paper. In this event it is sug- 
gested that the data on the graph be reformulated on several 
graphs to emphasize more fully this important information. 

The comments given to the discussion of Messrs. Greenshields 
and Echols also apply to the discussion presented by Dr. Lichty. 
The development and use of the “Diesel fuel combustibility char- 
acteristic” as obtained by a particular set of test conditions is much 
the same as the development and use of the cetane number as a 
measure of ignition quality. Once the combustibility rating of a 
given fuel is determined by a prescribed set of test conditions the 
fuel can be operated in the field and in this manner the com- 
bustibility in a particular engine would be evaluated. It would 
then be possible to use this combustibility index in the future 
engine designs. 

A point brought out by Mr. Rice is one which many of us may 
minimize. This is the time factor allowed for combustion in the 
Diesel engine. 
center, but there are remnants which continue to burn for a 
longer time. Conditions of afterburning contribute to smoke. 

Mr. Ward inquires as to the mechanical condition of the engine 
used for our tests. 


Effective combustion may’ end 60 deg after top 


Laboratory engines were used for our tests. 
Single- 
cylinder engines, such as used for our tests, have operating char- 


These engines are kept in good mechanical condition. 


acteristics consistent with conventional multicylinder engines of 
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the same cylinder size. Small-bore engines were used in these 
tests as a matter of convenience. It is to be expected that the 
fundamentals apply to all engine sizes and all types of combustion 
chambers. 

Mr. Gadebusch desires a mathematical formula for evaluating 
Diesel combustion. We are in accord with this view and hope for 
developments in this direction. This would be expected to help 
us to alter engine design to meet requirements of fuels of various 
compositions. 

Knowledge of the relationships between fuel and lubricating- 
oil characteristics and engine deposits is not vety well developed. 
When such relationships are well formulated we will have made a 
great step forward in the direction of advantageous interrelation 
of fuel oil, lubricating oil, and engine. Development of the “Diesel 
fuel combustibility characteristic’? advocated by the authors 
would be expected to be an important step in this direction. 

It seems that there is a need for a measure of the Diesel fuel 
combustibility characteristic just as there was a need for a meas- 
ure of ignition quality. The cetane-number method of ignition 
rating has proved to be a most useful measurement. Similarly, if 
a Diesel fuel combustibility characteristic were made available, 
it could be used to advantage in Diesel fuel evaluation. 

The authors are particularly pleased with the stimulating dis- 
cussions presented and they hope that an experimental procedure 
for measuring the “Diesel fuel combustibility characteristic” 
will soon be in the offing. 
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A Method of Correlating Axial-Flow- 


Compressor Cascade Data 


By HUNT DAVIS,' JEANNETTE, PA. 


This paper describes a method of correlating wind- 
tunnel tests on axial-flow-compressor cascades. The use 
and construction of two charts for the NACA four-digit 
airfoil series are described. The charts relate the three 
cascade quantities; camber, solidity, and stagger angle 
with two flow angles; the entrance angle, and the turning 
angle, for low Mach numbers. When four of these five 
variables are given, the fifth is determined. A simple com- 
putation procedure to correct the solution for a high sub- 
sonic Mach number is given. The profile drag does not 
enter the correlation scheme directly but an approximate 
guide is indicated on the charts. 


NOMENCLATURE 


FEW airfoils in cascade are shown schematically in Fig. 1, 
‘ in which the nomenclature is defined. The nomencla- 
ture is also given as follows: 


a, = entrance angle of flow, deg 
a, = discharge angle of flow, deg 
Sa = turning angle, or deflection of flow, deg 
y = stagger angle of cascade, deg 
ce = chord of airfoil, in. 
6 = deviation angle of flow, deg 
i = incidence angle of flow, deg 
M, = entrance Mach number 
M, = discharge Mach number 
« = solidity of cascade, c/t 
6 = camber angle of airfoil, deg 
t = pitch of cascade, in. 
= cascade parameters 
Subscripts: 
0 = atlow Mach number, M < 0.4 
m = at Mach number, M > 0.4 
1 = entrance conditions 
2 = discharge conditions 


INTRODUCTION 


In the stage-by-stage design of an axial-flow compressor, the 
designer continually faces the problem of selecting appropriate 
airfoil cascades to match a set of predetermined velocity dia- 
grams. He may use any of several approaches: 


1 The calculation of a cascade design using perfect fluid 
theory modified by ‘experience factors,” such as the Eckert- 
Weinig method.? 

2 The application of data obtained from stationary cascade 


tests, modified to include accumulative three-dimensional ef- 
fects. 


‘ Division Engineer, Elliott Company. Jun. ASME. 

*“Berechnung und Auslegung des Laders sum Motor 9-900 VI 
(Motor D),” by B. Eckert, FKFS Stuttgart, 1945. 

Contributed by the Gas Turbine Power Division and presented at 
the Annual Meeting, Atlantic City, N. J., December 1-5, 1947, of 
Tue American oF MECHANICAL ENGINEERS. 

Nore: Statements and opinions advanced in papers are to be 
understood as individual expressions of their authors, and not those 
of the Society. Paper No. 48—'A-81. 
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3 The application of data obtained from rotating-cascade 
tests, modified to include accumulative three-dimensional effects. 


All three of these approaches have been used successfully by 
various designers at one time or another. Method (1) has the 
advantage of simplicity, and the major weakness of applying an 
“experience factor’ that is expected to cover a multitude of 
errors. Method (3) undoubtedly gives the most accurate and 
most directly applicable data with respect to the design of a ro- 
tating machine. However, the data are obtained slowly and 
usually at great cost. The instrumentation problems involved 
with a rotating-cascade test-rig program are mueh more exas- 
perating than fer the corresponding stationary-cascade type. 
Method (2) has been at a disadvantage because of the lack of cor- 
relation methods between the variables involved. The design 
data therefore have been voluminous and many different cas- 
cades have had to be tested individually. 

This paper describes a method whereby two charts are used to 
determine the “incidence angle versus turning angle”’ curve for 
any cascade using airfoils of one particular family. Such a’ chart 
obviously reduces the need of testing great numbers of different 
cascades because it has continuity in all the variables; and a 
limited number of tests covering the range of all variables serves 
to construct the chart. " 

In applying the results of any stationary-cascade tests to the 
design of a compressor, the igner must remember that the 
flow pattern in a stationary cascade is essentially two-dimensional ; 
whereas in the machine, there are important three-dimen- 
sional effects. These arise directly from the centrifugal accelera- 
tions involved, and take the form of radial displacements and 
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vortexes due to boundary-layer formations. These secondary- 
flow phenomena are difficult to analyze, either experimentally or 
analytically, and many designers choose to lump all such extrane- 
ous effects into a correction factor, which is applied to a design 
method based fundamentally upon stationary-cascade tests. 

The purpose of this paper is to present a new method for cor- 
relating the characteristics of airfoil cascades. Two charts are 
developed which relate the camber, solidity, and stagger of the 
cascade, and the entrance angle and turning angle of the flow. 
When four of these variables are given, the fifth may be quickly 
found from the charts. These charts were made from tests on 
about forty different cascades at low Mach numbers, with a 
Reynolds number of about 2 times 10°. 

The use of the chart can be extended to apply for any subsonic 
Mach number by Prandtl’s correction, as used by Eckert.? 


Use or CoRRELATION CHART 


The charts have been constructed for airfoil profiles belonging 
to the NACA four-digit series,? and may be used directly for 
Mach numbers less than 0.4. For greater subsonic Mach num- 
bers, some slight corrections will be made. 

In the stage-by-stage design of a compressor, the blade-setting 
problem is usually either of the following: 


(a) Given entrance and turning angles, solidity, and camber; 
to find the stagger. 

(6) Given entrance and turning angles, solidity, and stagger; 
to find the camber. 


If the Mach numbers are low, the process is: for (a); locate 
the point X on Fig. 2, from the entrance angle and turning angle. 
Find the II value associated with the camber and solidity of the 
cascade from Fig. 3. Select the correct I line on the right-hand 
set of lines in Fig. 2. By trial and error, find a straight line that 
passes through X and intersects the correct II line at the same 

3‘*The Characteristics of 78 Related Airfoil Sections From Tests 


in the Variable Density Wind Tunnel,’’ by E. N. Jacobs, K. E. Ward, 
and R. M. Pinkerton, NACA Technical Report no. 460, 1933. 
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stagger value as the intersection of the straight line with the 
extreme left-hand stagger curve. 

For example: Given a; = 38 deg, Sa = 28 deg, 6 = 34 deg, 
o = 1.0. 

Point X, Fig. 2, is located by a; andda. From Fig. 3 we get 
Il = 2.25. The straight line through X, giving the solution, is 
that which at Z reads II = 2.25, yo = 30 deg, and at Y reads 
ve = 30 deg. Hence the correct stagger to satisfy the required 
conditions is 30 deg. 
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For conditions (b), the process is similar except that the 
straight line is determined by X and Y, Fig. 2, and the correct II 
value is read from the Z-intersection with the 30-deg stagger 
line. The correct camber is then found from the curves in Fig. 3. 

The path of the X YZ line through the central field in Fig. 2 rep- 
resents the turning angle versus entrance angle characteristic of 
the particular cascade. 

If the Mach number entering thé cascade is greater than 0.4, 
the following sequence of calculations is used: 

Let us assume that the following values are known: a = 
inlet angle, Aa = turning angle, 4,, = camber angle, « = solidity, 
M;, = Mach numbers. 

For M, > 0.4 a correction factorV 1 — M,? is multiplied with 
ip to give the correct incidence, 7,,.. In other words 


Similarly, the deviation is 


For a reasonable approximation, we 
(69 — te) ~ S deg, which leads to 


can assume that 


— 0, = 81 — — MiMd), deg.......,-[8) 


which is the small correction necessary for camber angles. 

The problem is to find the appropriate stagger angle y,,,. 

4 is determined from Equation [3]. With this value of 6, 
and knowing ¢, a Il value is found from Fig. 3. We now use the 
chart in Fig. 2 to determine the stagger value yo, associated 
with % and M = 0. From 6) and yo, we calculate 


in = V1 — Mi 


m 


—a— 9 


This method of correcting the incidence and deviation for 
Mach number is due to Eckert.? 
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Discussion or THEORY OF CORRELATION-CHART 
CONSTRUCTION 


The correlation chart, Fig. 2, is based on the premise that for 
any one cascade (camber, solidity, stagger all given), there is a 
linear relation between the cotangents of a and ae, as the en- 
trance angle varies. This is exactly true for incompressible per- 
fect fluids, as shown in the Appendix. 

With this principle in mind, the results of tests on many cas- 
cades at low Mach numbers were plotted with cot a, as a function 
of cot as. 

In Fig. 4 are shown some of the straight lines obtained by 
these tests. A few characteristic test points are shown to illus- 
trate the agreement with linearity. 

It is to be noted that all the lines representing tests made at one 
stagger, regardless of camber and solidity, pass through one 
point on the left side of Fig. 4. 

On the other hand, one camber and one solidity, tested at 
different staggers, produced the lines A, B, and C in Fig. 4. 

In order to define the slope of a particular line, a function of 
camber and solidity must be used. 

From the test data it was seen that there are sets of camber 
and solidity values which have the same aerodynamic character- 
istics for the same stagger. Hence the curve A, Fig. 4, does not 
define uniquely one camber-solidity combination. For example, 
for any one stagger in the working range, the combination 6) = 
30 deg, ¢ = 1.0, and the combination 6 = 35 deg, « = 0.86 are 
identical with regard to their turning angle versus entrance 
angle curve. This means that a parameter II can be invented 
and defined to be identical numerically for such pairs of camber 
and solidity values. 

Referring back to the A, B, and C-lines, we can lay out a stag- 
ger scale on the right side of Fig. 4, and note the respective 
intersections, a, b, and c. These points must now all be on one II 
line, by the definition of the II parameter. All the pairs of cam- 
ber and solidity values which perform similarly to the A, B, and 
C-lines, are plotted in Fig. 3 on one constant II line. 

The complete chart in Fig. 2 was constructed from turning 
angle versus entrance angle test data covering the following 
ranges: 
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Camber—27 to 62 deg 
Solidity—0.7 to 1.4 
Stagger—22 to 51 deg 


These test data were checked against calculated cascade per- 
formance,? and the agreement generally was good. Hence the 
range in Fig. 2 was extended beyond the test-data range by the 
calculation methods given by Eckert. The camber range was 
extended down to 20 deg, and the stagger range up to 60 deg. 

One question that must be considered in using these charts 
is the relation between the turning angle and profile drag. Na- 
turally, it is desirable to keep the profile drag as low as possible. 

By examining the test data on loss coefficients, it was seen that 
a region could be mapped in Fig. 4, inside of which the profile 
drag was less than approximately twice its minimum value. This 
region is shown in Fig. 2. Values of a;, and Aa lying inside this 
region are associated with cascades having low profile drag co- 
efficients. This low drag area concept is not rigorous, but seems 
to work satisfactorily in predicting the regions of low profile loss 
for the combinations of camber and stagger likely to occur in 
practice. For many cascades there is a degree of correlation 
between the profile loss and the incidence angle. This could be 
explored further. 


CoNCLUSION 


In conclusion it should be pointed out that the correlation 
chart would be more useful if the stagger range were increased. 
It would also be of interest to attempt to make such a chart for 
profile families other than the NACA four-digit series. The 
author has been unable tg explain the observed formation of 
intersections along the left-hand stagger curve in Figs. 2 and 
4, which is one major key to the simplification produced by this 
correlation method. 


Appendix 


Proof is given for incompressible perfect fluids, which shows 
that for a given cascade, as the entrance angle of the flow is 
changed, there is a linear relationship between cot a; and cot az. 

Consider the cascade shown in Fig. 5. For a purely axial enter- 
ing velocity of unit magnitude, the discharge velocity will have 
an axial component ef unit magnitude and a tangential com- 
ponent of magnitude \, Fig. 5(a). For a purely tangential enter- 
ing velocity of unit magnitude, the discharge velocity will be 
purely tangential, of magnitude u, Fig. 5(b). By superimposing 
unit axial velocity and k times unit tangential velocity, as in 
Fig. 5(c), the discharge velocity will be as shown, with unit 
axial component, and (ku + 2) for the tangential component. 
We now have, for Fig. 5(c) 


Cot a1 =k 
Cot ag = ku +r = woot ar +A 


in which » and ) are constants identified with the cascade.* 


Discussion 


J. R. Bressman.’ This paper is an empirical approach to the 
problem of determining the proper relationships for axial-flow- 
compressor blade cascades. When compared with theoretical 
investigations dealing with this problem, it is unique in that only 
purely physical quantities are considered rather than such mathe- 
matical tools as the mean streamline, equivalent vortex, source- 


4 This proof was advanced by Dr. A. Vazsonyi, formerly of the 
Elliott Company. 

§ Research Engineer, Aircraft Gas Turbine Division, De Laval 
Steam Turbine Company, Trenton, N. J. 
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Fig. 5 DiaGraM For Proor or Cot a: = Cor a; + A 


and-sink strengths and distributions, and the resulting incidence 
and deviation angles. However, care must be taken when it is 
desired to systematize and simplify the solution of such a com- 
plex problem as the flow in an axial-flow compressor. 

Obviously, it is the goal of every axial-flow-compressor design 
to perform the compression required in the most efficient man- 
ner or with a minimum of losses. In this case it is impossible 
to choose arbitrarily the four quantities, entrance and turning 
angles, solidity, and camber. For fixed quantities of the two 
independent variables, entrance and turning angles, there is an 
optimum value for the solidity, camber, and stagger, each of the 
latter group being related for maximum efficiency. It is true 
that when a designer is limited by economic considerations such 
as the necessity of having all stages of a design with the same type 
of blades, the camber also becomes an independent variable. 
However, it must be expected under these cireumstances, that 
all stages will not work at equal efficiency. With the proper em- 
phasis on compressor efficiency, the importance of the lines in 
Fig. 2 of the paper, showing the limits of low profile loss, can be 
recognized. 

With regard to Fig. 2, the limit line on the left indicates that 
for an inlet angle of 45 deg, deflection angles of 4 deg to approxi- 
mately 12 deg can be accomplished only with high profile drag 
coefficients. There is no apparent reason why this condition 
necessarily exists. 

It might also be pointed out that the definition of incidence 
and deviation angles given in Fig. 1 of the paper, is limited to 
the case of a circular arc or other symmetrical camber line in 
which the inlet and outlet blade angle equals one half the camber 
angle. 
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AuTHOR’s CLOSURE 


Mr. Bressman is entirely correct in emphasizing the importance 
of profile drag in applying cascade data to compressor design, 
and his remarks about the optimum solidity, camber, and stagger 
are pertinent. However, the author knows of no correla- 
tion system that defines the optimum cascade for a given ap- 
plication. 

The method described in the paper supplies all the information 


for design except the profile drag. This means that several trials 
of camber, solidity, and stagger may be necessary to find one with 
satisfactorily low drag losses. But, even so, the method proposed 
offers a rapid means of selecting values of camber, solidity, and 
stagger that will match the velocity diagram. 

In addition, we have a convenient means of calculating off- 
design characteristics by using the straight line Y-X-Z, Fig. 2, to 
represent the cascade performance with varying inlet angle. 
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Fluid Devolatilization of Coal for Power- 
Plant Practice 


By ALAMJIT D. SINGH? anv LESLIE J. KANE,*? CHICAGO, ILL. 


A brief: review on the desirability of burning char in 
central power stations and the technical as well as eco- 
nomic factors which prevented the development of a 
satisfactory process in previous years for the production 
of char, are given. Application of the fluidization process 
to devolatilization of coking bituminous coal is described, 
and specific results are presented on Kincaid coal from 
seam No. 6, Christian County, central Illinois. Composi- 
tion, yield, and physical characteristics of the important 
products obtained in fluid devolatilization of Kincaid coal 
are given to facilitate technical and, to a certain degree, 
economic evaluation of the process. Reference is made to 
other recent developments which are expected to play an 
important role in the successful application of this process 
in steam and power-generating stations. 


HE direct combustion of high-volatile coal for the pro- 

duction of heat energy has long been regarded as subject 

to certain drawbacks. Principal objections to direct com- 
bustion have been (a) atmospheric pollution in large industrial 
areas; (b) loss of valuable products of industrial importance 
through the combustion process; (c) low rates of heat release per 
unit volume of furnace; and (d) the loss of latent heat of water 
vapor resulting from the combustion of hydrogen in coal. 

During the decade following World War I, considerable engi- 
neering talent and funds were spent on the attempted develop- 
ment of a satisfactory process for the production of power char 
from agglutinating bituminous coals. Gentry (1)4 in summariz- 
ing the work of several investigators in low-temperature coal 
carbonization concluded that power char possessed certain dis- 
tinct advantages over raw coal as a fuel. The advantages cited 
by Gentry are as follows: 


1 Power char is spongy and easily friable. In comparison to 
coal, in the pulverization step the power requirement would be 
20 per cent less and maintenance generally lower due to de- 
creased abrasion. 

2 Higher rates of combustion with a considerably shorter 
flame, resulting in increased furnace capacity. 

3 Saving of 4 to 5 per cent in fuel due to appreciably lower 
hydrogen content of the char and reduced surface moisture. 

4 Char is considerably more free-flowing compared to coal in 
pulverized form, thus simplifying the handling problem. 

5 Danger of spontaneous combustion is almost entirely 
eliminated. 


; Soule (2) studied the economics of pulverized-coal carboniza- 


' This paper is based on the work done for the Illinois Coal Product- 

Commission, Springfield, Ill. 
_* President, Singh Company, Chicago, Ill.; formerly Research En- 

gineer, Institute of Gas Technology. Mem. ASME. 

* Chemical Engineer, Bureau of Mines, Morgantown, W. Va.; for- 
merly Associate Chemical Engineer, Institute of Gas Technology. 

‘ Numbers in parentheses refer to the Bibliography at the end of 
the paper. 

Contributed by the Fuels Division and presented at the Semi- 
Annual Meeting, Chicago, Ill., June 16-19, 1947, of Tae AMERICAN 
Socrery oF MECHANICAL ENGINEERS. 

Nore: Statements and opinions advanced in papers are to be 
understood as individual expressions of their authors and not those of 
the Society. 


tion in power plants and concluded that both from a standpoint 
of initial investment and net savings, it offered interesting pos- 
sibilities. For instance, this authority gave $1000 per net ton 
of raw coal per day as the investment cost for the carbonizing 
plant and indicated that after making due allowance for by- 
products, the net cost per ton of power char would be $2.85, as 
compared with $4.50 per net ton of raw coal. These estimates 
were based upon price levels prevailing in 1928. Similar conclu- 
sions were drawn by other investigators, and before engineering 
conservatism had the opportunity to raise a note of caution, the 
“gold rush” was on. As a result, several costly experiments 
on a large scale ended in complete failures. In general, the 
reasons for such failures were twofold; (a) technological and 
(b) economic. 

The equipment used in low-temperature carbonization was 
usually cumbersome and owing to a small temperature gradient 
between the heated walls of the carbonizing chamber and_ the 
coal charge, the production rate was low in comparison with 
high-temperature carbonization. This was especially true where 
a lump semicoke was the desired product. In order to overcome 
the disadvantage of low heat-transfer rates, attempts were made 
to carbonize pulverized coal for power-plant use by dropping it 
down vertical retorts countercurrent to the ascending gases and 
vapors. Systems involving both indirect and direct heat transfer 
were employed. In each case, no improvement in heat trans- 
fer was noted, however, because of the insulating gas film sur- 
rounding each tiny coal particle. Actually, the heat-transfer rates 
were found to be less than in systems used for producing lump 
semicoke. Still another difficulty encountered was the inability to 
keep gas off-take systems from plugging due to deposits formed 
by coal particles and condensing tar vapors. 

It was hoped by the proponents of low-temperature carboniza- 
tion that smokeless semicoke would compete with raw coal on the 
market, with the gas and tar by-products absorbing all the oper- 
ating costs and yielding a certain margin of profit. Actually, this 
hope was not realized because the yield of gas was relatively low, 
and there were no existing markets for the low-temperature tar. 

Changed economic aspects of coal in relation to other com- 
petitive fuels and certain recent developments in engineering 
techniques have again revived interest in the problem of power 
char production. With increasing production costs of coal, it 
has become necessary to consider some method of processing it 
which would yield by-products absorbable on the existing markets 
and produce a power char costing less than raw coal to generate 
a kilowatthour of electrical energy. Increasing public demand 
for cleaner air in urban areas is another factor responsible for’ 
current interest in rendering coal smokeless prior to its com- 
bustion. 

Several new engineering developments, which have either been 
applied successfully on a commercial scale or show a good promise 
of practical application are expected to have an important bear- 
ing on the problem of char production and utilization. One of 
these developments is the fluidization process used extensively by 
the petroleum-refining industry in the production of high-octane 
gasoline, and which has been studied at The Institute of Gas 
Technology (3) for application to devolatilization of bituminous 
coal, 
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Another development which has been studied at The Institute 
of Gas Technology is the flash pulverization of coal and other solid 
substances (4). The flash-pulverizer system has been modified 
to incorporate a ‘‘cyclonizer’’ chamber, of which the pulverizing 
nozzle is an integral part. By introducing hot combustion gases 
into the cyclonizer, char may be flash-pulverized so that about 
80 per cent of the product will pass a 325-mesh screen. Hence 
this method shows promise for utilizing char in existing pulverized 
fuel installations. 

In addition to the foregoing developments, the successful 
application of the cyclone-type furnace (5) at the Calumet Sta- 
tion of the Commonwealth Edison Company in Chicago, is con- 
sidered highly significant with respect to the possibilities in the 
burning of hot char coming from the fluid devolatilization of coal. 

Originally the object of the fluid devolatilization of bituminous 
coal, as carried out at The Institute of Gas Technology, was to 
produce a char as a substitute for low-volatile Pocahontas coal 
used in the production of metallurgical coke. Recently this 
study has been extended further to explore the possibilities of 
power char production, the results of which are described in this 
paper. 


EXPERIMENTAL EQUIPMENT AND PROCEDURE 


Partial devolatilization studies on Kincaid coal from central 
Illinois were carried out in the fluid char maker and the by- 
product recovery train shown in Fig. 1. The retort consisted of 
a stainless clad steel cylinder, 6 in. in diam and approximately 
6 ft high. An electric furnace equipped with a power-input con- 
trol system to maintain uniform temperatures, was used to trans- 
fer heat through the retort walls to the fluid bed of char. At the 
bottom of the retort a connection was provided for blowing in the 
raw coal and steam continuously. A side arm near the upper end 
of the retort formed an outlet for the char and gaseous products, 
and was connected to two electrically heated cyclones in series 
for separating the char from the tar vapors and other gases at 
high temperatures. Following the second cylone were two tubu- 
lar surface condensers in series, with a tar receiver under each 
condenser. For final cooling of gas and condensing of tar vapor, 
a water-spray condenser was provided. A packed column was 
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installed after the second surface condenser to remove entrained 
mist of water and tar, and a dry meter was used for measuring 
the volume of gas liberated during devolatilization of coal. 

When making char, the feed consisted of a 50-50 mixture of 
coal and char, crushed to pass a 20-mesh U.S.S. sieve and super- 
heated steam was used as the fluidizing medium. Temperature 
measurements were taken on the retort wall, at various levels in 
the fluid bed, on the walls of the cyclones and char receivers, and 
at a point immediately before the dry meter. Pressure taps were 
located at the bottom and top of the retort, after each of the 
two cyclones and at a point just before the dry meter. By ob- 
serving carefully the pressures at the various points indicated, 
it was possible to ascertain whether or not the operation was pro- 
ceeding smoothly. 

The coal used in this entire investigation was obtained from the 
Peabody Coal Company Mine No. 9 in central Illinois. Its 
average composition is shown in Table 1. 


TABLE 1 PROXIMATE ANALYSIS OF KINCAID COAL SAMPLE 


AS RECEIVED 


Production of Char. Fluid-devolatilization studies on this coal 


were carried out in a temperature range of 752-1472 F (400-800 
C). A 50-50 mixture of crushed coal and char (—20 U.S.S. 
sieve) was successfully used up to a temperature of 932 F (500 
C), but above this temperature operating difficulties due to 
agglomeration of coal particles were encountered. In order to 
extend the temperature range beyond 932 F (500 C), it was found 
that a partial reduction in the agglomerating property of raw coal 
was desirable before admitting it to the fluid bed for devolatiliza- 
tion. Fiuidization of raw coal with air at 536 F (280 C) for short 
periods gave a satisfactory reduction in its agglutination. The 
coal sample so oxidized was then successfully devolatilized in ad- 
mixture with an equal weight of char up to a maximum operating 
temperature of 1472 F (800 C). At this temperature volatile 
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matter of the char product was less than 2 per cent. A summary 
of results in the afore-mentioned two temperature ranges is given 
in Tables 2 and 3. 

The char product at 932 F (500 C), contained approximately 
12 per cent volatile matter, 15 per cent ash, 2.88 per cent sulphur, 
and slightly over 1 per cent moisture. The heating value of this 
char was 11,740 Btu per lb, compared to 11,560 Btu per lb, of the 
raw coal from which the char was made. The coal on “‘as shipped”’ 
basis, with about 15 per cent moisture, had a heating value of 
about 10,000 Btu per Ib. It is interesting to note that the ash 
content of the char, on a dry basis, remained practically un- 
changed, while the volatile matter, on a similar basis, decreased 
from 38.2 per cent in raw coal to 10.29 per cent in the char. This 
is considered significant since it points to a possibility of render- 
ing high-ash Illinois coals into a smokeless char without raising 
unduly the ash content of the final product. Mechanical sepa- 
ration of high-ash-bearing fractions of coal fines and of ash par- 
ticles in the fluidizer probably was a primary contributing factor 
in reducing the ash content of the char product, with the ash 
finally being entrapped by the condensing tar in the surface con- 
densers. Another important improvement noted in the char pro- 
duced was that its sulphur content was 2.88 per cent compared 
to almost 4 per cent in the raw coal on a dry basis. 

Raw coal crushed to pass a 20-mesh sieve, after an oxidizing 
treatment with air as the fluidizing medium at 536 F (280 C), 
subsequently was devolatilized successfully at all temperatures 
from 932-1472 F (500-800 C). At 1472 F (800 C), the char 
produced had less than 2 per cent volatile matter, 17.35 per cent 
ash, and 2.98 per cent sulphur. The heating value of the char 
was 12,100 Btu per lb, compared to 11,740 Btu per Ib of the raw 
coal, both expressed on a dry basis. Again, the ash content of the 
char product in a temperature range of 932-1472 F (500-800 C) 
did not increase proportionately to volatile-matter reduction, and 
was only about 2 per cent higher compared to the ash content 
of the untreated dry raw coal. Total reduction in the volatile- 
matter content during the foregoing temperature range was 
from 38.2 per cent in the dry raw coal to 16.5 per cent in the 932 F 
(500 C) char, 9.95 per cent in 1292 F (700 C) char, and less than 
2 per cent in the 1472 F (800 C) char. Sulphur content of the 
char made at temperatures above 932 F (500 C) was substantially 
unchanged from the residual sulphur obtained at 932 F (500 C). 
Graphical representation of the volatile-matter content and yields 
of the various chars made from raw as well as oxidized-coal sam- 
ples is shown in Figs. 2 and 3. 

The maintenance of a satisfactory fluid bed of char in the de- 
volatilizing retort is dependent to an appreciable extent on the 
average particle-size distribution in the material involved. 
Furthermore, if ultimate combustion of such char is contemplated 
in a cyclone furnace, it is important to know the particle-size 
range in the char product. Typical screen analyses on the coal, 
char mixed with coal for feed purpose, and the char product are 
given in Table 4. 

The particle-size range shown for the various materials in 
Table 4 does not represent a definite limit within which the 
fluidization operation must be carried out. Materials, which may 
be either coarser or finer than unose shown, can be handled, de- 
pendent on the velocity of the fluidizing medium through the 
retort. 

Production of Gas From Raw Coal. The volume of gas pro- 
duced steadily increased with temperature and at 932 F (500 C) 
the gas yield amounted to an average of 2500 cu ft per ton of 
dry raw coal or about 2100 cu ft per ton of coal with 15 per cent 
moisture. An increase in operating temperature resulted not 
only in a greater volume of gas evolved, but also in a lower 
percentage of carbon dioxide in the gas made. The actual vol- 
ume of carbon dioxide produced increased with temperature, but 


TABLE 2 SUMMARY OF OPERATING RESULTS IN FLUID CHAR 
MAKER USING RAW OR UNOXIDIZED COAL 


Temperature: deg F............. 752 842 932 932 
ae 400 450 500 500 
1 Coal analysis as charged: 
Moisture, percent.............. 6.86 7.64 7.64 8.54 
Volatile matter, percent........ 33.68 34.32 34.32 33.06 
Fixed carbon, percent.......... 45.00 45.24 45.24 44.20 
14.46 12.80 12.80 14.20 
Total, per cent. . 100.00 100.00 100.00 100.00 
Sulphur, per cent. 3.33 3.66 3.66 3.27 
Volatile matter (ash ‘and moisture 
free), percent. 42.8 43.2 43.2 42.8 


Heating value, dry basis, “Btu per Ib 11330 11560 11560 11550 
2A Yield, per ton of coal as shipped :* 


Gas, cu ft.. 865 2050 2150 

Tar, lb . dry .. 168 230 354 310 
2B Yield, per ton of dry coal: 

Char, percent... 91.5 81.2 

Gas, cu ft.. .. 890 1080 2410 2530 

Gas, therms............. mie 2.41 7.40 3.9 ea 

Tar, lb. dry 271 417 366 
3 Char composition: 

Moisture, percent.............. 0.0 0.50 1.59 

Volatile matter, percent... .. 30.6 26.4 10.29 

Fixed carbon, percent.......... 52.5 57.0 73.07 

Ash, percent...... 16.9 16.1 15.05 


Sulphur, per cent. pee 2.89 2.88 _— 
Heating value, per Ib dry basis, Btu 11310 11500 11740 11780 
4 Gas made: 
Analysis (raw gas): 


Unsaturates, per eomt..... re 6.5 7.6 4.1 5.0 
Oz, percent...... 2.3 0.0 2.5 1.2 
Hz, per cent. . 3.0 5.5 20.3 12.7 
Saturates, per cent. Sunmenees 27.1 35.9 32.1 37.8 
Ne, percent..... 24.5 4.9 4.5 
per cent. . 3.4 4.4 8.7 7.4 
Specific gravity of raw gas. 0.986 0.963 0.849 0.836 
Heating value of H.S free gas, Btu 
Analysis of H:S and CO: free gas: 
percent ...... 8.4 11.1 5.4 6.5 
Ox, per cent... 3.0 0.0 3.3 1.6 
Hy, percent..... 3.9 8.1 26.9 16.6 
17.8 20.2 15.8 16.4 
Saturates, 35.2 53.3 42.7 49.5 
31.7 7.3 5.9 9.4 
specif gravity of H:S and CO: free 
0.953 0.851 0.664 0.720 
value of HS and free 
gas, Btu percu ft.. 802 1014 878 
5 Tar made: 
Moisture, percent................ 13.1 26.8 26.0 9.39 
Free carbon, percent............. 9.24 10.51 14.89 21.87 


@ Based on moisture content of 15 per cent in coal as shipped. 


at a slower rate than the production of other gas constituents. 
The major portion of carbon dioxide may be attributed to the 
reaction 


H.,0 + CO = Hz + Co, 


With an enormous surface area due to pulverized coal, the rate of 
carbon-dioxide production would be increased, since the reaction 
is assumed to take place in the gas film surrounding each carbon 
particle. 

The heating value of the gas produced generally decreased with 
increasing fluid-bed temperature except at 400 C, when the indi- 
cated heating value was lower than anticipated due to the dilu- 
tion with nitrogen. At 752 F (400 C), substantially all the nitro- 
gen occluded in the surface of the coal particles is driven off and 
the decomposition of the nitrogenous compounds in coal results 
in the evolution of additional quantities of nitrogen as such in- 
stead of its conversion into ammonia due to lack of sufficient 
hydrogen. Since the volume of gas given off from the carboni- 
zation of coal at 752 F (400 C) is relatively small, the effect of 
dilution with nitrogen from various sources becomes large. 

Production of Gas From Oxidized Coal. The volume of gas 
evolved from coal previously dried and oxidized with air at 536 
F (280 C) rose rapidly in a temperature range of 932-1472 F 
(500-800 C). At 1472 F (800 C), the gas production amounted 
to 14,800 cu ft per ton of dry coal or 12,700 cu ft per ton of coal 
with a 15 per cent moisture content. The heating value of the 
raw gas was 578 Btu per cu ft. 


: 
5 
> 
# 
2 
ay 


1 


TABLE 3 SUMMARY OF OPERATING RESULTS IN FLUID CHAR MAKER 


Temperature: deg F....... 
Coal analysis as charged: 
Moisture, percent....... 
Volatile matter, per cent. 
Fixed carbon, per cent. 
Ash, percent........... 
Total, percent.......... 
Sulphur, percent........ 
Volatile, matter (ash and 
moisture free), per cent 
Heating 
Btu per lb.. 


Yield, per ton my oul as 


Yield, per ton of dry coal: 
Char, percent.......... 
Gas, therms............ 


Char 
Moisture, per cent. 
Volatile matter, per cent. 
Fixed carbon, percent .. 
Ash, per cemt........... 


Total, percent.......... 
Sulphur, per cent........ 
Heating value, dry basis, 
Btu per |b 
Gas made: 
Analysis (raw gas): 
per cent. 
Unsaturates, per cent. 
He, per cent. 
co, per cent... 
Saturates, per cent...... 
Ne, Gent... .. 
Hes, peroent........... 
Specific gravity of iy gas 
— of free 
as, Btu oer cu ft 


of H2S-CO> free gas: 


Unsaturates, per cent. 
O:, per cent 


Specific eravity of H:S-CO, 
Heating of 
free gas, Btu per cu ft 
Tar made: 
Moisture, percent....... 
Free carbon, percent..... 


+ From first condenser. 
© From second condenser. 


932 1022 
500 550 
1.35 1.09 
29.93 31.04 
54.33 55.42 
__14.39 _12 45 
100.0 100.0 
4.11 4.00 
35.1 35.9 
11200 11460 
61. 60.7 
2045 2230 
9. 
236 163 
71 71.5 
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@ Based on moisture content of 15 per cent in coal as shipped. 
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The concentration of carbon dioxide in the gas produced from 
oxidized coal decreased with increasing temperature by virtue 
of the large yield of gas at the higher temperature. The actual 
volume of carbon dioxide produced, however, increased with in- 
At 932 F (500 C), the production o! 


creasing temperature. 


carbon dioxide was 715 cu ft per ton of dry oxidized coal, and at 
1472 F (800 C), this rose to 1610 cu ft. 
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TABLE 4 SCREEN ANALYSIS OF CHAR Oo MATERIALS USED IN FLUIDIZATION 


Fluid-bed 

-— temperature— = 

Deg F Deg C Material 

1022 550 Coal 0. 
Char in feed 0. 
Char product 0. 

1051 566 oal 0 
Char in feed 0 
Char product 0 

1112 600 Coal 0 
Char in feed 0 
Char product 0 

1292 700 Coal 0. 
Char in feed 
Char product 0.2 

1472 800 Coal 0.0 
Char in feed 0.0 
Char product 0.0 


From the analyses of raw gas in Table 2 it will be noted that 
at 932 F (500 C) the ratio of hydrogen to carbon monoxide is 
about 0.5, and at 1472 F (800 C) this ratio rises to almost 2.5. 
A part of the excess hydrogen is believed to have resulted from the 
increased cracking of the paraffinie hydrocarbons, which the 
analyses show have decreased from 28.4 per cent at 932 F (500 
(*) to 14.2 per cent at 1472 F (800 C). 

Since the normal concentration of carbon monoxide in ordinary 
coke-oven gas is of the order of 4 to 10 per cent, its concentration 
of almost 20 per cent in the gas from fluid devolatilization of coal 
(together with the high hydrogen content) would indicate that 
the reactions 


2H.O + C = 2H: + CO, 
CO. + C =2CO 


did occur to an appreciable extent at 1472 F (800 C). 

The yield of gas by the fluidization process was noted to be 
about 25 per cent higher than is usually obtained in- commercial 
coking practice from premium-quality coking coals. 

The effect of fluid-bed temperature on the production of gas 
from raw and oxidized-coal samples is shown in Fig. 4. In Fig. 
5 the effect of fluid-bed temperature on the gas therms produced 
is plotted, since the value of any gas made is determined not by 
its volume alone, but by its heating value as well. 

Production of Tar. Using unoxidized raw coal as feed material, 
the yield of tar increased with temperature, and a maximum pro- 
duction of 417 lb (about 46 gal) of tar per ton of dry coal was ob- 
_ tained at 932 F (500 C). This is probably the highest yield of 
low-temperature tar obtained in any process reported to date, 

Using coal previously dried and oxidized at 536 F (280 C), by 
fluidization with air, the production of tar declined to 278 lb per 
ton of dry coal at 932 F (500 C). A similar effect of coal oxidation 
on tar yield has been noted previously by other investigators 
(1). Ina temperature range of 932 to 1472 F (500 to 800 C), the 
vield of tar from oxidized coal steadily decreased, and at 1472 F 
(800 C), it amounted to only 97 Ib per ton of dry coal. A de- 
crease in tar production was accompanied by an increase in gas 
production due to thermal cracking of the tar. This behavior 
points to the possibility that the fluidization process may be 
operated to produce power char and high Btu gas as the mai. 
products with tar as a minor by-product. Fig. 6 shows the effect 
of fluid-bed temperature on the production of tar. 

Sulphur Removal. Snow (6) in investigating the elimination of 
sulphur from coal in streams of various gases reported that 27 to 
S4 per cent of original sulphur in coal could be removed in the 
presence of steam at temperatures of 752-1472 F (400-800 C). 
During the present study, however, Snow’s results were not en- 
tirely confirmed both with respect to sulphur elimination and loss 
in weight of coal. It was further noted that desulphurization in 
the fluid state takes place at a considerably faster rate compared 
to the static-bed method used by Snow. Results on desulphuriza- 
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tion of coal with steam as a fluidizing medium at different tem- 
peratures are shown in Table 5. 

From the results given in Table 5 it appears that both for raw 
and oxidized coal, elimination of sulphur increases steadily up to 
1112 F (600 C), approaching a maximum of about 76.5 per cent. 
Above this temperature increasing amounts of sulphur seem to be 
retained by the char and at 1472 F (800 C), the removal of 
sulphur drops to 38.5 per cent. This last behavior is substan- 
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tiated by high-temperature coking results in commercial ovens 
in which the coke retains between 60 and 70 per cent of sulphur 
originally present in the coal. 

Sulphur elimination from coal occurs in this process mostly in 
the form of H,S gas evolution. Several commercial processes 
exist that can be employed to remove H,S from the gas made. 
After its concentration, H,S may be burned into SO, and con- 
verted into commercial grades of sulphuric acid or changed into 
elemental sulphur by its partial combustion into SO, and then 
reacting H,S and SO, to form sulphur and water. This last 
method has been used recently in Germany on a commercial 
scale. 


TABLE 5 REMOVAL OF SULPHUR FROM KINCAID + DUR- 
ING FLUID DEVOLATILIZATION WITH STE 


Type of coal -——Temperature— removed, 
sample Deg F Deg C per cent 
Oxidized 932 500 33.50 
Oxidized 1050.8 566 63 .60 
Oxidized 1112 600 77.00 
Oxidized 1202 650 47.00 
Oxidized 1292 700 44.50 
Oxidized 1472 800 38.50 
Raw 752 400 7.50 
Raw 842 44.50 
Raw 932 500 51.50 
Raw 1112 600 76.00 


Material Balance. ‘The material balances have been calcu- 
lated for the tests conducted on oxidized coal in the temperature 
range of 932-1472 F (500-800 C) on two separate bases. In the 
first case, the weight of the dry coal fed has been compared with 
the total combined weights of char, gas, and tar produced. These 
are shown in Table 6. It will be noted that for the temperature 
range of 932-1202 F (500-650 C), there is a loss in weight of 5.7 


TABLE 6 WEIGHT BALANCE ON COAL CHARGED AND CHAR, 
GAS, AND TAR PRODUCED. BASIS: 1 TON DRY COAL 


Weight, 
-— Weight recovered, lb— —per cent—~ 
Deg Deg F Char Gas Tar Total Gain Loss 

500 932 1436 172 278 1886 5.7 
550 1022 1430 213 192 1835 8.3 
600 1112 1320 298 199 1817 9.2 
650 1202 1296 358 187 1841 8.0 
700 1292 1328 485 135 1948 she 2.6 
800 1472 1230 840 97 2167 8.4 is 


per cent to slightly over 8 per cent in the various products re- 
covered. Since the oxygen content of Kincaid coal is about 7.9 
per cent on a dry basis, the weight loss noted in products may be 
logically attributed, aside from experimental deviations, to the 
formation of liquor during the devolatilization step. For 1292 
F (700 C), the weight loss due to liquor formation decreases, 
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because of the accelerated reaction between carbon and oxygen 
to form CO and CO,. At 1472 F (800 C), there is actually a gain 
in weight of products, amounting to 8.4 per cent, which may °4 


TABLE 7 WEIGHT BALANCE ON CARBON IN COAL CHARGED 
AND CARBON IN CHAR, GAS, AND TAR RECOVERED. BASIS: 
1 TON DRY COAL—1360 LB CARBON 


Deviation- 
Lb of carbon weight, 
-—Temperature— -——recovered in——. cent—- 
Deg C Deg F Char Gas Tar Total Gain Lo 
600 1112 1137 78 180 1395 2.44 
650 1202 1117 108 168 1383 2.42 . 
700 1292 1158 158 125 1441 5.95 te 
800 1472 1020 238 87 1335 


attributed to the various reactions between carbon and steam. 
In the second case, a carbon balance has been worked out be- 
tween the carbon content in the coal fed and the carbon found in 
the various products. These results are shown in Table 7. Con- 
sidering the fact that multiplying factors of 20 to 50 were em- 
ployed in changing the experimental data to express yields of 
various products on a basis of per ton of dry coal, any experi- 
mental errors were unduly magnified. 

Application of Fluid Devolatilization of Coal in Power Plants. 
The results on the fluid devolatilization of a bituminous coal 
just presented offer some interesting possibilities in power-plant 
practice. For a combined gas and electric utility enterprise, the 
process should- be particularly attractive from a standpoint of 
handling the two main products, i.e., char and gas. Unless there 
is a profitable market for tar, its complete disposal may be 
achieved through gasification. Thus it should be possible to ob- 
tain power char, with gas suitable for utility distribution, as the 
only other product. The requisite of developing special markets 
for tar obtained in low-temperature distillation of coal can thus 
be completely eliminated. 

Technologically, the prospects are definitely encouraging. In 
previous investigations, two serious difficulties were encountered 
in the production of power char from pulverized bituminous coal. 
These difficulties as discussed before are as follows: 

1 Plugging of cyclones with fine sticky plastic coal particles. 
In some earlier attempts the products of distillation were with- 
drawn countercurrent to the crushed-coal feed, and a portion of 
the falling coal particles was entrained in the off gas and was de- 
posited with the condensing tar vapors, resulting in the plugging 
of gas line. 

2 Lowrates of heat transfer to the finely divided coal particles, 
in both external and internal heating systems, due to an insulating 
gas film surrounding each particle. 

Both of these difficulties have been eliminated successfully in 
the fluidization process. Of the several systems attempted, the 
one involving an overhead draw-off for char, gas, and tar vapors 
into heated cyclones has préved to be most satisfactory. By 
maintaining the cyclones at substantially the fluid-bed tempera- 
ture, condensation of tar vapors is reduced to a degree where it 
no longer interferes with the cyclone efficiency. The scouring 
action of the coarser fractions of the char product effectively pre- 
vents any “build-up” from fine sticky coal particles passing 
through the plastic zone. 

The rate of heat transfer in the fluid bed has been found to be 
four to sixfold, compared to conventional coking methods. 
This has been made possible due to effective scrubbing action on 
the gas film surrounding each coal particle in the fluid bed. 

The successful development of the cyclone-type furnace on 3 
commercial scale has opened an ideal possibility to burn the 
hot char as it leaves the fluidizer. The char product at tempera- 
tures ranging from 1292-1472 F (700-800 C) in the form of hol- 
low crude spheres, should be an excellent fuel for the cyclone fur- 
nace. It is expected that the combustion of highly preheated 
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and activated char will result in heat releases greater than 15,000, 
to 22,000 Btu per cu ft of total combustion volume per hr for 
pulverized-coal burners and 30,000 to 40,000 Btu for cyclone-type 
installations. 

If it is desired to save high-Btu gas and tar as valuable by- 
products in the production of char for pulverized-fuel installa- 
tions, a combination of fluid-devolatilization system and the flash 
pulverizer-cyclonizer system may be employed. The char pro- 
duced in the fluidizer may be separated from gaseous by-prod- 
ucts at high temperatures and subsequently flash-pulverized for 
pulverized-fuel burners. 

In the burning of char, heat economy of 4 to 6 per cent may be 
made possible due to its lower hydrogen content. The desul- 
phurization of the coal in the fluidizer will reduce sulphur emis- 
sion from stacks to the extent of 25 to 35 per cent. 

Other advantages from the burning of char will be in the form 
of eliminating soot deposits on tubes permitting higher furnace 
temperatures, faster rates of combustion, and a comparatively 
less visible stack discharge. The decrease in visibility of the stack 
discharge is due to two effects; first, the fuel has been rendered 
smokeless prior to its combustion; and second, the reduction in 
the hydrogen and surface moisture results in appreciably less 
water vapor in the flue gases. The water vapor normally present 
in the flue gas from coal combustion is objectionable when 
rendered visible by cold weather. 

As previously mentioned, the char is relatively less abrasive 
and more easily pulverized than raw coal. Combustion of char 
in pulverized-fuel installations therefore should be feasible and 
this, in fact, has been confirmed by actual tests on a boiler with 
a steam capacity of 40,000 to 50,000 Ib per hr (7). A further ad- 
vantage in using char would be that its finely divided particles 
will not form agglomerates as do the coa! particles, thus resulting 
in rapid and more complete combustion. Eastern coals, which 
coke more easily compared to the high-oxygen coals, will be con- 
siderably improved in their burning qualities in pulverized form 
on being converted into a char first. The high-oxygen coals will 
be improved in calorific value due to removal of oxygen in the 
devolatilization step. 

The over-all economy obtainable from a combination of fluid 
devolatilization of coal and burning of the char will depend upon 
conditions in individual localities. The data presented so far 
can be used to a certain degree, to calculate the possible economy 
for a given location. For plants burning Kincaid coal, pre- 
liminary calculations have indicated that a substantial over-all 
economy may be possible by the use of power char system. 


CONCLUSIONS 


| Kineaid coal has been successfully made into a char by 
the fluid-devolatilization process. At 1292 F (700 C), the yield of 
char amounted to 1328 Ib per ton of dry coal. The char contained 
10 per cent volatile matter and showed a heating value of 12,180 
Btu compared to 11,460 Btu per lb of raw coal on a dry basis. 

2 The gas yield was 8300 cu ft at 1292 F (700 C) and 14,800 
cu ft at 1472 F (800 C) per ton of dry coal. In terms of heat units, 
the gas amounted to 40 therms at 1292 F (700 C), and 84 therr.s 
at 1472 F (800 C). 

3 The tar yield was 15 gal per ton of dry coal at 1292 F 
(700 C), and 11 gal at 1472 F (800 C). . 

4 The ash content of the char is 2 to 3 per cent higher than 
in coal when the process is operated at 1292-1472 F (700 to 800 
C). At temperatures below 1022 F (550 C), the increase in ash 
content of char is insignificant. Reduction in ash content of char 
made in a temperature range of 752-1472 F (400 to 800 C) is 
believed to be due to mechanical separation of the high-ash- 
bearing fractions of coal and ash particles in the fluidizer. 

5 Substantial desulphurization of coal is effected with steam 


during the devolatilization process, ranging from 38.5 per cent at 
1472 F (800 C) to as high as 76 per cent at 1112 F (600 C). 

6 The char produced consists of hollow spheres and is in an 
activated condition. It is believed to be ideally suited for a 
evclone-type furnace. 

7 The char has been found to be more pulverizable than raw 
coal and therefore is considered applicable in pulverized-fuel- 
burner installations. 

8 Heat economy of 4 to 6 per cent should be possible due to 
lower hydrogen losses, as well as due to sensible heat that may 
be carried into the furnace by the char. 

9 The technological difficulties, which prevented the suc- 
cessful production of power char from finely crushed coal in pre- 
vious investigations, have been overcome effectively by the ap- 
plication of the fluid technique and other improvements. 

10 The process seems to offer excellent opportunity for com- 
bined gas and electric utility systems. 
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Discussion 


R. A. SuermMan.’ The authors hold out considerable hope that 
the fluidization technique, as reported in their paper, will solve 
the many problems relating to the preparation of low-tempera- 
ture coke which have prevented successful operation of processes 
previously proposed. All will hope that the predictions of the 
authors will be realized because a successful method of low-tem- 
perature carbonization of coal has long been sought. 

The success of this or any other method of low-temperature 
carbonization depends upon the economics and, despite the con- 
siderable amount of data included in the authors’ paper, the data 
required to judge the economics of the process are lacking. For 
example, no information is presented in the paper on the through- 
put of coal. This is most important as it is the rock upon which 
practically all other processes have been wrecked. Still further 
information that could be desired by an engineer or an economist 
looking at the process is the amount of steam used per pound of 
coal. ‘ 


6 Assistant Director, Battelle Memorial Institute, Columbus, Ohio. 
Mem. ASME. 
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A complete material balance is not given in the paper. The 
tables show, in general, a deficiency of 2 to 8 per cent in the 
weight of the product below the weight of the coal used, but 
if the steam were included, the deficiency would. be of greater 
amount. 

A heat balance should also have been included in the paper. 
It is not to be expected that the heat balance on a large plant 
would be the same as that on a pilot-scale plant such as the 
authors used, but it would have been indicative of what was to 
be expected. A rough approximation has been made by the 
writer on one run of oxidized coal at 800 C, which gives results 
as follows: There were recovered per ton of coal approximately 
8,000,000 Btu in the form of gas, 14,400,000 Btu in the form of 
char, and about 2,000,000 Btu in the form of tar, if we assume that 
the tar has a heating value of about 20,000 Btu per lb. This 
totals 24,400,000 Btu per ton, whereas the heating value of the 
original coal was 23,200,000 Btu per ton. The additional heat 
obviously came from the steam and from the heat put in, in the 
form of electrical energy, to heat the retort. No figures are given 
on the amount of electrical energy, put in and thus the efficiency 
cannot be determined. 

The large yields of gas are particularly cited by the authors. 
These are interesting, but not surprising as they must come from 
the water-gas reaction between the steam and the coal or char, 
and the heat energy required comes from an electrical-energy 
input. 

The authors call attention to the lack of increase in the ash 
content of the char as compared to that of the coal. This is 


indeed noteworthy and is ascribed by the authors to the fact 
that there is a separation of ash in the fluidized bed. The ques- 
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, tion arises, however, as to what eventually becomes of this ash. 
It must at some time be removed from the system. 

The suggestion that the char be used in a cyclone furnace and 
pass directly from the carbonizers to the furnace without loss of 
the sensible heat is most interesting. It may be a difficult prob- 
lem to handle this high-temperature char, and there is a question 
as to how it is to be introduced into the furnace without ignition. 
The present system of introducing the coal into the cyclone fur- 
nace is in suspension in a part of the air required for combustion. 

The authors also suggest the use of the char in pulverized form 
and predict that it would have a high reactivity and a high grinda- 
bility. A number of years ago at Battelle, the White process 
of carbonization, in which particles of crushed coal were dropped 
through an externally heated refractory retort, was quite thor- 
oughly investigated, and the writer conducted tests on the com- 
bustion of the char made by this process in pulverized form. The 
results are reported in the Proceedings of the American Gas 
Association for 1931. The chars produced in that process were 
varied as desired in volatile content from 10 to 16 per cent. It 
was possible to burn them in pulverized form, but the time re- 
quired for combustion was greater than that for high-volatile 
bituminous coal as was to be expected. No steam was used in 
that process and the char was possibly less reactive than the 
char produced in the process described by the authors. 

The writer hopes that the authors have the complete answers 
to the questions that he has raised about the process and that the 
indications will be so favorable to a continued research on this 
process that it can be pushed forward to get all the answers. 
Finally, it is hoped that the process will work as well as the 
authors have predicted. 
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Ball-Bearing Slides 


By CONRAD JOBST,'! TOLEDO, OHIO 


From personal experience the author gives examples of 
progress made in reducing friction in sliding movements 
to a minimum, with the addition of preloading of the slide 
mechanism, so that higher operating speeds, greater pre- 
cision of product, and longer life at lower cost are possible. 
Such preloading produces high stability in a slide because 
operating loads merely modify the total load, either in- 
creasing or decreasing it, in contrast with conventional 
slides in which the live load changes from no load to full 
load, and usually with no reversal of load permissible. 
Actually, from the standpoint of mechanics, preloaded 
slides constitute the introduction of couples into the sys- 
tem which are available to resist other couples such as 
those due to eccentric loads. 


ESIGNERS of machines and apparatus, during the last 

30 years, have applied annular ball bearings to spindles 

and shafts. Relatively recently, preloaded ball bearings 
were developed for machines when extremely accurate and lasting 
performance was essential. 

For straight-line movements, friction slides are still common, 
and in a few cases V-type roller bearings are applied to machines 
such as thread grinders, etc. However, on larger machine tools, 
friction slides are universally used. 

As a background for comparison, Figs. 1, 2, 3, and 4 show con- 
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ventional slides which must be provided with adjustments for 
wear and oil clearance. All loads must be arranged near to the 
center of the slide if cocking and binding are to be prevented. 
The slides are necessarily loose in the conventional sense in order 
to permit free motion, and if any additional load is applied, a 
certain amount of instability must be exhibited, that is, insta- 
bility in the realm of extremely accurate motions. For those not 
familiar with such accuracy, an example would be the change 
in location of a cutting tool due to change in thickness of the oil 
film in the slide. The simplest procedure to provide stability in 
a mechanism is to preload the entire assembly. This has been 
accomplished by designing a rolling contact between two slide 


' Consulting Engineer, Owens Brush Company. 

Contributed by the Machine Design Division and presented at 
the Annual Meeting, Atlantic City, N. J., December 1—5, 1947, of 
THe AMERICAN Sociery oF MECHANICAL ENGINEERS. 

Nore: Statements and opinions advanced in papers are to be 
understood as individual expressions of their authors and not those 
of the Society. Paper No. 47—A-42. 


members, with the initial preload so large that subsequent load 
are small by comparison. 

To overcome these serious objections of instability in motions 
supposedly accurately controlled, the author replaced the sliding 
surfaces with preloaded ball-bearing tracks as shown in Fig. 5. 


Fig. 5 


Preloading is produced in the desired amount by the tolerances of 
the slide members prior to assembly. Manual adjustment sub- 
sequent to assembly was omitted purposely. This particular 
mechanism illustrated is the cross slide on a machine in which the 
alignment between two-positioned operations must be kept .per- 
fect in order to make a high-grade product. It was found that 
this accurate alignment, due to the preload principle, has actually 
been maintained for over 20 vears of operation, and the original 
machine is still in operation. 

Fig. 6 shows the complete unit which is composed of two tracks, 
1 and 2, and spacer 3, with steel balls 4. Dimensions A and B 
may be kept standard for interchangeability. There are many 
methods of dirt protection for such slides which depend greatly 
on the location of the slide. The position of such a slide in a de- 
sign may be chosen for convenience, because any eccentric or 
off-center load does not impair its precise movement, and cocking 
of the ball-bearing slide, in the sense of cocking of a conventional 
slide, is impossible. 
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Fig. 7 shows the assembled slide unit; B is the male, and A is 
the female slide. Dimension D is made oversize, and therefore 
establishes the preload, or prestress, desired. From a prac- 
tical standpoint, dimension B, for both slides should permit a 
press fit for the tracks. 


. V-Type Srraicnt-Line VERSUS STRAIGHT- 
Line BEARING 


Fig. 8 is a comparison between a V-type straight-line roller 
bearing used in the latest precision machines, and the preloaded 
ball straight-line bearings which have been in operation for many 
years. 

V-type straight-line roller bearings must be provided with 
adjustments because they are cylindrical in shape, and the run- 
ning surfaces must be parallel with each other. On the other 
hand, in the straight-line ball bearing, no parallelism of the balls 
exists; therefore a lateral springing or yield in the frame members 
does not alter the relation of the tracks to each other. In such a 
bearing, the spherical contacts are precisely the same regardless 
of the movement in the parts, whereas such movements would be 
detrimental to long life in roller bearings. Proper compensation 
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would be necessary for roller bearings in the form of a self- 
aligning mechanism which would be, after all, partly spherical. 
Since the ball will always keep perfect contact with its track, an 
angular movement does not impair its precision. The movement 
rotates on the ball. Adjustments are not necessary in straight-line 
ball-bearing slides if properly preloaded. 


GREAT Propvuction Cost SAVINGS 


During the recent war, in making aluminum and zinc shell 
noses and fuse parts for the 20 to 47-mm sizes, the production 
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requirements ran into the billions of pieces. Prior to the author’s 
investigation of the problem, threads were cast in the die or mold 
for these noses, making complicated molds necessary. In spite of 
careful workmanship, there was always a flash on the threads 
which necessitated complicated cleaning, trimming, and inspec- 
tion operations. Dimensional stability was very poor and¥pro- 
duction costly. It was suggested that straight-line ball slide 
units be installed to support an acorn die to chase the threads 
after a form-tool operation. A cross slide of the same construc- 
tion as shown in Fig. 9 was used and there was no cock in the 
slide, nor was there any lateral drag on the chaser. The result. 
was a very smooth thread, because the sharp edges of the chasers 
were not held back by drag and could not cut into the sides of the 
thread in spite of the softness of the material. The smooth thread 
was particularly significant in the soft metal because spindle speed 
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was 500 rpm. Thereafter the die castings were made in a mold 
without threads in the cavity and the first cost of the molds was 
thereby reduced greatly. Maintenance of molds was small in 
comparison with the former method, and costs were reduced still 
more. A total of 2000 pieces of 47-mm parts was made per hour, 
and 300,000 pieces per grind of the dies was common practice. 
The final cost of the part was only a fraction of the original. 


UNIVERSAL APPLICATION 


There are innumerable designs and mechanical constructions 
where the installation of straight-line ball bearings is essential 
if lasting precision results are important. This includes all special 
machines for the duplication of parts with dimensions of high 
tolerance, many machine tools, boring mills, and most important 
of all, instruments of inspection. Old machines with friction 
slides can be made up to date by machining space for the ball 
unit of proper size into the now-existing friction slide. It will 
make the old machine better than it was when new, as shown in 
Vig. 10. Great economy can be obtained and the machine itself 
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will be more efficient than it was before. Since there are no 
adjustments, incompetent maintenance men or laymen cannot 


change or tamper with the original precision established by the 
builder. 


Heavy Macuinery WITH SUPERSENSITIVITY 


An example of heavy machine design is shown in Fig. 11, 
which is a mold-clamping device with 1,000,000 lb clamping pres- 
sure, but having a sensitivity which makes complete mold pro- 
tection possible. It takes only 150 lb, spring pressure to move 
the carriage which weighs 5000 lb, including the die. The pre- 
load on all the balls, 18, is approximately 50 tons. The meeting 
of the die or mold faces is extremely accurate and does not de- 
pend upon pin and bushing, in fact, no pins are used at all. 
Because of the absolutely parallel meeting of the die faces, and 
because of the free movement in the slide, mold-protection pos- 
sibilities suggested themselves. 

If foreign matter thicker than 0.001 in. lodges between the die 
faces, particularly parts left over by flashes of the plastic mate- 
rial, or, if the whole molded piece is left in the mold, the carriage 
cannot complete the entire stroke, so that safety microswitch 
60 would not be opened, and springs 50 would compress, owing 
to the forward motion and actuate switch 54 to reverse the motor 
and prevent pressure being applied to the die faces. It would 
prevent closing switch 49 which controls the torque-unit gear 
motor. This torque-gear mechanism applies 500 tons pressure to 
the mold faces, and that pressure would never be created if the 
mold faces are separated more than 0.001 in. 

Such precision is not possible with conventional slides. It has 
been found that a cigarette placed between the mold faces has 
sufficient compressive strength to actuate spring 50 without 
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breaking the paper. The cigarette did not resist the whole 150 
lb required to move the carriage, but it did build up sufficient re- 
sistance to produce thrust against the forward movement, 
which, being free, would yield and actuate a microswitch. 

The placing of a 0.001-in. shim or tissue paper at any part of 
the mold face over a 20-in-square area would actuate*the micro- 
switch, proving that the lateral movement of the carriage is 
negligible. This particular molding machine has been in opera- 
tion for 3'/2 years. A test revealed that it took the same twisting 
force against the platen to show deflection reading after 3!/2 
years as it did after it was 3 months old. This comparison was 
made after the initial 3 months, rather than when new, to permit 
plastic flow, or ‘‘cold flow,” to become negligible. 


GREATEST PRESSURE PER SQUARE INCH WiTH SMALLEST Equir- 
MENT 

The principles of the straight-line preloaded ball bearing can 
be applied to the helix, and thereby obtain similar results in ro- 
tary motions. 

To provide power for the closing of a mold and injection of the 
plastic material into the mold, a helical ball bearing was used 
which creates pressure by rotation (a screw). 

To illustrate application to the screw, Fig. 12 is a short male 
element, Fig. 13 is a long male element, Fig. 14 is an outer race 
only, and Fig. 15 is a bearing assembly. 

In operating these two units (the screw and the slide) for mold- 
ing thermoplastic resins, it was found that the cost of electric 
current for the 10-hp motor to operate them was less than the 
cost of cooling the oil for the hydraulic machine of the same ca- 
pacity which required a 35-hp motor. 

Motors of surprisingly small horsepowers are fixed to either or 
both rotating members, which, with proper electrical controllers, 
can be cycled automatically, or by manual control, for continuous 
production. A surprising sensitivity is obtained. The pressure 
output is many times greater than for a hydraulic system, and 
this higher pressure is obtained by the short-time overload which 
the motors can withstand and will provide. In a hydraulic 
system, oil pressure can be no greater than that for which the 
pumps were designed, not even for short intervals. 

Fig. 12 is the injection element used on a plastic injection 
machine. This element is stopped by a limit switch, actuated 
by a spring-loaded plunger which extends into the runner cavity. 
As the pressure builds up in this distributor cavity, a spring will 
deflect to actuate a switch to cut off power prior to the completion 
of the full stroke. All during the injection time for molding, the 
speed of the plunger, unlike that of a hydraulic system, is con- 
stant, and the heated plastic material therefore will lose no ap- 
preciable heat. Loss of heat produces laminated plastics which 
are undesirable. 

It should be noted that the work of final filling of the cavity 
is done by the inertia of the element. This accounts sor the small 
use of power. The element, Fig. 13, remains stationary, much 
the same as a nut once tightened requires no pressure to hold it 
locked. The functions ef these parts are quite different from 
those of a hydraulic system which require continuous pumping 
against the pressure induced in molding. 

This pressure by ball-bearing screw can be applied to any type 
of press. The general over-all dimensions of such a machine 
would be small in comparison to an hydraulic machine of the 
same power. 


PERFECTION OF SPHERICAL BopIEs 


All experience shows that the spherical shape of the ball per- 
mits it to withstand terrific loads with minimum wear, which 
will stabilize the motion of any part or parts when built into the 
mechanism. No one can appreciate the mechanical excellence 
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of such a movement until he can visualize a preloaded annular 
precision bearing converted into straight-line motion. 


PRELOAD Is FUNCTIONAL 


There is always a deformation of metal under stress and if 
this deformation is controlled in mechanisms, nominally fixed 
positioning of component parts is obtained. If use is made of the 
deformation of metal (apart from dead load) to produce stability, 
such use may be called preload. If, for example, the preload is 
1000 Ib, and the functional load is 200 lb, precise positioning of 
the component parts will be the normal outcome. Preload repre- 
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sents potential energy, which can be used to resist working 
stresses. 


In the mechanism described, no conventional sliding sur- 
faces were used, the movements were extremely free, and the 
motion was as precise as the precision of the ball itself, for which 
dimensional stability of !/:9.c9) in. is common practice. 
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Analysis of Heat Transfer Over a Small 
Cylinder in Icing Conditions 
on Mount Washington 


By MYRON TRIBUS,' G. B. W. YOUNG,? ano L. M. K. BOELTER#* . 


The data reported by Schaefer (1)‘ for the heat required 
to maintain a heated rod (Calrod) dry and with a small 
trace of ice are compared to the heat requirements deter- 
mined analytically. Satisfactory agreement (within the 
limits of the simplifying assumptions) was obtained for 
the first case only. Discrepancies between experimental 
and computed results are discussed. A new design for 
the heated cylinder is proposed as a possible means of 
measuring liquid-water content and drop size in flight 
through clouds. 


NOMENCLATURE 
The following nomenclature is used in the paper: 


A = xD = area per unit span, sq ft 
a = droplet radius, ft 


B = barometric pressure, in. Hg 
C,, = constants 
C = Specific heat of water, ice, Bfu/(Ib) (deg F) 
D = cylinder diameter, ft 
Ey = percentage catch for cylinder, dimensionless 
h. = unit thermal conductance for convection, Btu/(hr) 
(sq ft) (deg F) 
h, = equivalent unit conductance for radiation, Btu/ 


(hr) (sq ft) (deg F) 
h,, = unit conductance for mass transfer, lb/(hr) 
(sq ft) 
H,,H~ = absolute humidity at surface, in free stream, lb/Ib 
k = thermal conductivity of the Calrod material, 
Btu/(hr) (sq ft) (deg F/ft) 
L = heat of vaporization (or of fusion) of water, Btu 
per lb 
P,, Pw» = vapor pressure of saturated water at t,, ro, in. Hg 
Ge» Yer Ye» = heat (or energy) exchange due to convection, 
Gv: Vir Vu radiation, evaporation, sensible heating of liquid 
water, sensible heating of liquid water and ice, 
Btu/(hr) (ft) span 
R,, = rate of water catch, lb per hr, ft span 
R = Reynolds modulus of droplet 


' Research Engineer, Department of Engineering, University of 
California. Jun. ASME. 

? Department of Engineering, University of California. 

3 Dean, College of Engineering, University of California, Los 
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*‘ Numbers in parentheses refer to the Bibliography at the end of 
the paper. 
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2a 
= dimensionless 


ll 


s’ = humid heat of air, Btu/(Ib) (deg F) 
7, = absolute temperature of free stream, surface, 
average of free stream and surface, deg R 
t, = temperature of surface, deg F 
to = temperature of free stream, deg F 
U. = freestream velocity, fps 
W, = liquid-water content of cloud surrounding cylinder, 
Ib per cu ft (1 g per cum = 62.4 X 10-$ lb 
per cu ft) 


D 
scale modulus, y = et 
2 ay, 


Yq = weight density of air, lb per cu ft 
y, = weight density of droplet, lb per cu ft 
= Stefan-Boltzmann constant, 0.173 Btu/(hr) 
(sq ft) (deg R‘) 
€ = emissivity of Calrod, (= approx 1.0) 
(), = subscript o, designates property at stagnation 
point 
limiting value of percentage catch over small area 
at stagnation region, dimensionless 
viscosity, lb-sec/sq ft 
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INTRODUCTION 


The problem of the measurement of the characteristics of icing 
conditions has received a great deal of attention in the last few 
years. A summary of some of these investigations is contained in 
references (5) and (9). One of the objectives of the current re- 
search and development is the design of a simple device for 
measuring the liquid-water content and droplet sizes in an icing 
condition. It has also been the hope of some investigators that 
a simple device might be used as an interim ‘‘yardstick’’ of icing 
intensity; some type of comparing device which would indicate 
the relative icing intensity between two storms, for use until 
an adequate instrument to measure liquid-water content and 
drop size is available. One such comparing device is the G. E. 
Calrod unit for anti-icing studies. This unit was investigated 
experimentally by Schaefer (1) and is the object of analysis of 
this paper. This unit is shown in Fig. 1. The dimensions of the 
Calrod itself are 0.81 cm diam X 40.5 cm long. 

With the Calrod unit mounted transverse to the wind, data 
were taken on the electrical power input regulated to produce 
surface conditions that were visually found to be: (a) without any 
moisture; (b) with a slight trace of moisture; (c) with a very wet 
surface; and (d) with a trace of ice during exposure to icing con- 
ditions. Reported with each set of power input data was the 
following information: Liquid-water content, effective particle 
size, air speed, air temperature, snow intensity, and rate of 
deposition on cylinders. . 

It is the purpose of this paper to explain how the power re- 
quired for these conditions varies with the droplet size, liquid- 
water content of the cloud, air density, air velocity, air tempera- 
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ture, cylinder diameter, and thermal conductivity of the Calrod. 
An analysis is given taking into account these variables and 
then a comparison to the experimental results is made. 


Fic. 1 Genera Evectric CaLtrop Unit ror AntTI-IcING STUDIES 
(Mt. Washington Observatory, General Electric Research Laboratory.) 


ANALYSIS 


The power requirement for the two surface conditions (a) sur- 
face kept dry, and (6) surface with a trace of ice are analyzed 
and are predicted analytically herein. 

When the surface is kept dry, a heated cylinder, exposed to an 
air stream containing small suspended drops of supercooled water, 
is subjected to four types of cooling: (a) cooling due to the forced 
convection by the air stream; (b) cooling due to the evaporation 
of the impinging moisture; (c) cooling due to radiation to the sur- 
rounding objects; and (d) cooling due to the sensible heating of 
the impinging moisture. 

For the surface with a trace of ice, the heated cylinder may 
undergo one other form of heat transfer. Under the postulate that 
the surface is just at the freezing temperature, heat is added to 
the cylinder by the formation of ice from supercooled water. It 
was not included in the ‘“dry-surface’’ analysis since any ice 
formed was considered as remelted. 

The total convective heat transfer from a circular cylinder is 


{1] 


where h,, the average unit thermal! conductance over a cylinder 
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exposed to an airstream flowing at right angles to the cylinder 


axis (2, 3) is given by * 


(U 
h, = 0.211 ————_ 
D 


For the case of a surface kept dry, the moisture impinging 
upon the surface must be evaporated as quickly as it arrives. The 
total energy lost by evaporation is therefore 


The rate of water catch Ru, is a funetion of the liquid-water con- 
tent of the cloud, the percentage catch (£1), the cloud velocity, 
and the diameter of the cylinder. The relation is 


= 3600 EyW,U.2D 
The percentage catch Fy, is determined by the parameters 


R = 2aU 
ug 
and 
9 Dy, 


2 ay. 


These two parameters,® R and y, permit one to enter the charts 
of references (4, 5, 10) and determine the percentage catch de- 
fined by 


E, « = f(R,¥)......... 
“3600 U.DW, J&R, 


The heat loss by radiation is of lesser magnitude. It is com- 
puted from the Stefan-Boltzmann equation 


The heat loss due to sensible heating of the moisture is also of 
lesser magnitude 
= RC p(t, te) i6] 


The heat liberated by the formation of ice from supercooled 
water is 


q: = R,[144 — C,,(82 — ta) — C, — ¢,))...... 17) 


Equation [7] represents an enthalpy balance in going from super- 
cooled water at ¢ deg F to ice at ¢,. It is independent of the 
path. (This equation is valid only for t, < 32). 

The power required to keep the surface of the heated evlinder 
dry is that which will balance the total heat loss 


The values of q,, g,, and g, as shown in Equations [1], [5], and 
([6], contain the unknown average surface temperature t;, which 
is computed approximately in the manner given in Appendix 1. 
In the case of the surface with a trace of ice, a heat balance is 
made at the stagnation region. The equation of balance is 


Go ™ Geo + Geo + Gro — 
= heo (ts — to) + (H,— +h, (t, — te) 
— Bol oW,[144 — 32 + — 0.5(32 — .... . [10] 
Now let 
(11 
heo 


5 The parameters used in references (4, 5) are K = R/y, and # = 
Ry. 
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and in dry and wet air. The heat required should follow the equa- 
p tion 
H,— Ha = 0.62 [12] 


and the radiation term be small, then 


0.62(P; — Po)L 


A 


t.— te + — 6(96 + to —0.5t,). . [13] 
If the surface temperature (¢, is above 32 F, Equation [13] is 
invalid and Equation [14] is used 


qo 


0.62L(P, — Po) 


Appendix 2 gives the variation of he, Versus t, for varving 
c,0 


‘values of b, above and below freezing. 


Discussion 


Reference (1) gives data on the heat required to maintain a 
heated cylinder (Calrod) dry, moist, wet, and with a trace of ice. 
The first two data should bracket the computed value for the 
heat required to just evaporate the moisture as rapidly as it im- 
pinges. Table 1 compares these data to the computed values. 
In Table 1 the values of t;, computed as shown in Appendix 1, 
were used as the average temperature of the cylinder surface. 

Of the 22 runs under consideration, 13 sets of data show ac- 
ceptable agreement between the computed and measured data. 
Of the remaining 9 sets, one, run No. 17, obviously is in error 
since the quoted heat requirements appear to be reversed. 

The fact that the snow catch was not included in the compu- 
tation makes it difficult to understand why the agreement noted 
was attained. The runs in which agreement was not obtained 
showed no consistent variation with snow conditions as esti- 
mated. 

‘In addition to the data given in the Schaefer report (1), 96 
more sets of data were sent by Schaefer to the authors of this 
paper and were analyzed as noted herein. Of the 96 runs, all but 
approximately 10 per cent of the observations were within 30 per 
cent of the calculated heat requirements. Most were within 
15 per cent. 


CONCLUSION 


A simple meter for measuring the liquid water content of a 
cloud through which an airplane is flying can be designed, based 
upon the heat required to run the instrument “dry.” The in- 
strument should be designed as shown in Fig. 2 to eliminate the 
necessity for making some of the assumptions used in the fore- 
going analysis. The copper tube will assure a uniform cireum- 
ferential temperature and the thermocouple will permit calibration 


tao —— 7.1 x 


0.4 


q = rD0.211 


The equation can be rewritten as 


q = — to — 7.1 X 10-* 
(16] 


where the constants C, and C, can be measured or computed. 
Having obtained C; and C, over the desired range of flight speeds 
and altitudes for several sized cylinders, it is necessary to fly 
into a cloud and measure simultaneously the cylinder tempera- 
tures, heat input, air temperature, density, and velocity. From 
the calibration curves of each cylinder the terms (Ey x W)) 
for each cylinder can be rapidly computed. If these terms 
(Ey X W)) be plotted against cylinder radius on log-log co-ordi- 
nate paper and superimposed on curves 23a to 23f of reference 
(1), the separate values of (£4) and (W;) can be computed by 
noténg the vertical and horizontal displacement required to match 
the data to the curves. This technique of matching these points 
to the data of reference (1) has been in use with ice-coated rotat- 
ing cylinders for 3 years and has given excellent results (11). 
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12 ‘Principles of Chemical Engineering,’"’ by W. H. Walker, 
W. K. Lewis, W. H. McAdams, and E. R. Gilliland, third edition, 
McGraw-Hill Book Company, Inc., New York, N. Y., 1937. 

“Modern Developments in Fluid Dynamics,’’ by 8. Goldstein, 
Clarendon Press, Oxford, England; Oxford University Press, New 
York, N. Y., 1938. 


Appendix | 


If the cylinder is heated so that its surface temperature is just 
sufficient to evaporate the moisture as rapidly as it impinges, it 
is possible to calculate this minimum surface temperature from 
theanalogy between heat and mass transfer. The greatest evapo- 
ration requirement occurs at the stagnation line of the cylinder. 
If attention is confined to the area in this region, the following 
mass balance can be applied: 

Rate of water impingement = evaporation rate or 


The mass-transfer conductance can be calculated from the 
analogy by (12) 


hew 


8 


The local unit thermal conductance at the stagnation point is 
computed from the data of references (2) or (6) 


heo = 0.194 ( [19] 


The percentage catch §o, for the stagnation area is computed 
from the trajectory data, references (3, 4) 


20 


Heat Required per unit areo and unit thermal conductonce, Degrees F 


Bo = ¥) 


The value of t, obtained in this manner applies only to the stag- 
nation region. Because of the low thermal! conductivity of the 
Calrod material, k = 1.5 Btu/(hr) (sq ft) (deg F/ft), reference 
(7), the surface temperature will not be uniform. As a matter 
of fact, the stagnation region is a ‘‘cold spot.”” Thus if the con- 
vective losses are computed on the basis of a temperature derived 
from Equations [17, 18, 19, 20], the results will be low. For a 
detailed analysis of the effect of variation of t, about the Calrod 
see reference (10), where a solution to the heat-transfer equa- 
tions for the Calrod were carried out using IBM punched-card 
equipment in a manner similar to that described in reference (8). 


Appendix 2 


For typical Mount Washington conditions, t2 = 15 F, B = 
620 mm Hg, s’ = 0.24 Btu/(11) (deg F), and L = 1056 for water 
(above 32 F), and 1200 for ice (below 32 F), Equations [13] and 
[14] were solved. The curve in Fig. 3 presents the values of 
= versus (, for varying values of b, above and below freezing. 

For example, if h..o = 69.8 Btu/(hr)(sq ft)(deg F), 85 = 0.74, 
(W,) = 0.62 X 62.4 X 10-* = 3.86 X 10-5 lb per cu ft, Uo = 
89 X 5200 = 422,000 ft per hr, then 


¢,0 


b = 0.173 (Ib) (deg F)/Btu 


From Fig. 3 the possible variations in heat-flow rate at the 


Equations and (17) for: 
tao 15° F. 


8 620 mm ig. 


rate of water catch, Ib./hr. 


thermal conductance, Btu/hr. °F. 
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stagnation ine to produce a 32 F surface temperature are almost 
5 to 1. Proceeding along the surface away from the stagnation 
line, the values of b decrease to zero at 72 F. Thus it is 
shown that for the region of the Calrod +72 deg F from the stag- 
nation region, the heat required is indeterminate by a fairly large 
percentage. 


Discussion 


R.N.Noyes.® The authors presenta method for determining the 
liquid water content W, of an airstream based on an analysis of 
the heat-transfer processes which take place when a heated rod is 
placed in an airstream which contains liquid water droplets at 
temperatures below the freezing point. They conclude, by com- 
paring their results with test data, that for the majority of cases 
they can predict within 15 per cent the heat input to the rod that 
would be necessary to keep its surface moisture-free. 

A method of determining the W, is proposed which consists of 
determining the heat loss due to evaporation EyDU ., by sub- 
tracting the computed heat loss due to convection from the 
measured total heat required to keep the red moisture free. Table 
1 of the paper shows that the heat loss due to convection may 
be as much as 10 times as great as the heat loss due to evapora- 
tion; for the majority of cases, it was at least 2 times as great. 
Thus an error in the determination of the convective heat- 
transfer coefficient will be appreciably magnified in computing 
Wi. 

An additional error arises in the determination of the free 
stream static temperature {~. This temperature must be in- 
ferred from a wet temperature reading; at present a considerable 
uncertainty is involved in this measurement. For example, 
suppose ft. were in error by 5 deg, the correct difference in (7, — 
to) were 50 deg, and the heat loss due to convection was 3 times 
as great as the heat loss by evaporation. Then an error of 30 
per cent would arise in the determination of W,. Reduction of 
convective heat losses by reducing 7’, will not reduce the error 
in W;. Suppose, for the same heat input, heat-transfer coef- 
ficient and same error in 7~ as in the previous example, the con- 
vective heat loss were to be made equal to the heat loss by evapo- 
ration. The temperature difference (7, — ro) would now be 


® Aeronautical Research Scientist, Flight Propulsion Research 
Laboratory, National Advisory Committee for Aeronautics, Cleve- 
land, Ohio. 
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approximately 17 deg, resulting in an error in both convective 
and evaporating heat losses of /:; or approximately 30 per cent. 


AutTuors’ CLOSURE 


Mr. Noyes suggests that our proposed icing meter may not 
yield accurate data on liquid water content because of difficulties 
in estimating the heat loss by forced convection. These errors, 
according to Noyes, should occur mainly due to errors in deter- 
mining the free stream temperature. Mr. Noyes points out that 
the data of Table 1 show that the evaporative loss is sometimes as 
low as 10 per cent of the total energy loss and therefore a small 
error in computed convective loss should lead to large errors in 
water content. 

These criticisms are very much to the point, and it must be 
admitted that at low liquid water contents, the accuracy of the 
proposed meter is least. However, the use of such a device may 
not be as bad as one would infer from Mr. Noyes’s comments. 
For one thing the Calrod data on Mount Washington is for a sur- 
face run ‘“‘dry.”’ If the surface were permitted to run moist on 
the front half, the convective losses would decrease, while the 
evaporative loss would be maintained. Also, at higher speeds 
the ratio of evaporative to convective energy losses becomes more 
favorable, as shown in Table 2, herewith, which is considered 
typical for aircraft speeds (surface run dry). 


TABLE 2 


Cylinder diameter, in...... 1 2 4 


Loss by convection, Btu/(hr) (ft)..._...... 320 550 905 1510 2230 
Loss by evaporation, Btu/(hr) (ft)......... 462 835 1262 1985 2180 


Altitude: 10,000 ft 


True airspeed: 200 mph 
Air temperature: 20 F 


Liquid water: 0.4 g/m! 


Droplet diam: 
15 micron 


It is believed that the error in determining free air temperature 
should be less than 5 deg F. At 200 mph the maximum error is 
7.2 deg F if one does not correct the indicated temperature for 
aerodynamic heating and wet-bulb depression. Applying these 
corrections, the uncertainty should certainly be less than 5 deg 
F. Mr. Carr B. Neel, in presenting a recent paper,’ stated that 
the NACA at Moffett Field had satisfactorily used this technique 
on a P-38 at very high speeds in cloud while a slowly moving 
blimp took simultaneous measurements of the cloud temperature. 


7“The Calculation of the Heat Required for Wing Thermal Ice 
Prevention in Specified Icing Conditions,"’ by C. B. Neel, presented 
before SAF, Los Angeles, Calif., Oct. 2, 1947. 
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Limitations and Mathematical Basis for 
Predicting Aircraft Icing Character- + 
istics From Scale-Model Studies 


By MYRON TRIBUS,! G. B. W. YOUNG,? ano L. M. K. BOELTER® 


The equations governing the motions of a water droplet 
impinging on an aerodynamic shape are discussed in de- 
tail and lead to two dimensionless moduli, one the Reyn- 
olds modulus of the droplet and the other a scale modu- 
lus. The data of Langmuir and Blodgett are shown re- 
plotted according to these parameters. The application 
of these equations to the problem of model studies atop 
Mount Washington indicates that scale models should be 
3 to 4 times larger than the prototype if dimensional 
similarity is to be retained. The application to wind- 
tunnel studies indicates the importance of having the 
spray apparatus sufficiently far upstream and also of 
having the model well back in the throat of the tunnel, 
downstream from the venturi inlet. 


NOMENCLATURE 
The following nomenclature is used in the paper: 


a = drop radius, ft 
C = a characteristic length of body, ft 
Cp = drag coefficient, dimensionless 
Ey = percentage catch, dimensionless 
fi, fo, fs = functions defined by Equation [1] 
F = function defined by Equation [6] 
g = gravitational constant, ft/(sec?) 
Gi", 92", 
G, G’ = functions defined by respective equations 
P = velocity vector difference between air and droplet, 
fps 
S = function defined by respective equation 
t = time, sec 
U = free air stream velocity, fps 
Ua, Ug, We = components of air velocity, fps 
Uy, Ya, We = components of droplet velocity, fps 
r,y, z = Cartesian co-ordinates, ft 
Te, Yo, 20 = initial position of droplet trajectories, ft 
Bo = percentage catch at stagnation point, dimensionless 
Yo = mass density of air, lb per cu ft 
Ya = mass density of droplet, Ib per cu ft 
uw = absolute viscosity of air, lb-sec/sq ft 


= functions defined by respective equations 


Dimensionless ratios: 


' Research Engineer, University of California. Jun. ASME. 

* Department of Engineering, University of California, Jun. 
ASME. 

* Dean, Department of Engineering, University of California, Los 
Angeles, Calif. Mem. ASME. 

Contributed by the Heat Transfer Division and presented at the 
Aviation Meeting, Los Angeles, Calif., May 26-29, 1947, of Tue 
AMERICAN SocreTy of MECHANICAL ENGINEERS. 

Nore: Statements and opinions advanced in papers are to be 


understood as individual expressions of their authors and not those of 
the Society. 


2a P ¥, 
R,, = Reynolds modulus, defined by — 
ug 
2a 
* R, = Reynolds modulus, defined by ———“* 
9C Ya 


¥ = seale modulus, defined by 
Yd 


K = modulus, defined by Rr sy 
@ = modulus, defined by Ry.¥ 


INTRODUCTION 


It has become increasingly apparent that the trajectories of 
the droplets about a streamlined body in an icing condition play 
a large part in determining the heat requirements for the anti-icing 
of that body. It has been demonstrated that the trajectories of 
droplets ahead of cylinders (1, 2, 3),‘ spheres (4), and ribbons (4), 
can be computed accurately by use of solutions to certain differen- 
tial equations. For objects of a more complex shape, the solutions 
become more and more tedious to obtain, even using differential 
analyzers and other computing devices. The solutions to these 
differential equations, however, can be obtained experimentally 
by the use of models, and application of the principles of dimen- 
sional similarity. Thus it is possible to expose a scale model of an 
airplane to an icing condition, measuring the icing rates and the 
meteorological conditions, and then predict the icing character- 
isties of the prototype. 


MATHEMATICAL ANALYSIS 


The field of flow about any streamlined body, considering in- 


Fia. 1 


compressible potential flow, is a function of the shape of the body 
and its orientation in the air stream, that is 


‘ Numbers in parentheses refer to the Bibliography at the end of the 
paper. 
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Us 
Ve zy 2 The Reynolds modulus, Ry, is that which the droplet would 
Se ein {1] have if it traveled in still air at the velocity, U. 
; The simultaneous integration of Equations [4a, b, c], after sub- 
We zy stituting for the values of P/U, u,/U, v,/U, w,/U, and Cp from 
U fs (, C’ ‘) Equations [5], [1], and [7], yields as a solution an equation 


(Equation [9]) which represents a family of lines that are the 
trajectories of the droplets starting at some position 20, yo, and 


water in thie segion wil z and having the initial velocity components uy, = U, v4 = 0, and 


follow the air streamlines, but due to their inertia will travel 


trajectories somewhat less curved. At any point, then, the veloc- ~ 
ity vectors of the air and droplet will differ by a vector P, shown U 
in Fig 1 1 24 U Ug d 
The components of the drag-resistance force on the droplet are v F (R. P (us — Ua) U 
1 
xa? y, — ug) 
| 
— Cp = y, P(vg— 04) [2] Cc P\ P (v, — v4) U 
2 F(Ry- = 
0 U 
1 
— Cp 5 yeP(we — wa) 
The Newtonian equations of motion of the drop are Cc ¥ F (r hy. 3 ) P (w,—w,) \U 
0 
3 Ya at 3 wa" Ya Ug én or 
Yaa {3] Cc (v, Cc’ c' o Ie ta, fs, U 
Equating these forces and transposing to form dimensionless Ry, 3 Sr, fa, | 
ratios 
In order to find the relationship between the position (z/C, y/C, 
d (2) (4a]  2/C) of any droplet in its trajectory and its corresponding initial 
¥ Cp Ue—ue \U position (yo/C, z»/C), Equation [9] is transposed to give 
y 1 24U Vg 
d{—)=-—— ‘ zy 8 P\ 
(2) v Cp [40] (v, Ry, C’ C’ C’ fi, hi, 
z\ 124U_ w, We 
Cp P [4c] (v, Ru, Cc’ C hi, fo, hs, [10] 
where y = & dimensionless modulus, hereinafter Zo 2 P 
referred to as the “scale modulus.” (v, Ru, Cc’ Si, fa, fy = U 
The relation between the vector P and the components of the 
air and droplet velocities is . Eliminating P/U, Equation [10] becomes 
P\? Ue w, wa\? Yo z Xo 
The variable drag coefficient C p is a function of the local Reyn- 20 . R 
olds modulus (R,) of the droplet, that is Ruy Sn 


Cp = F(R,) ~ (6] If is chosen far enough the 
ug values of yo/C and z/C are independent of then 
By definition 
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For any one streamlined shape and orientation of the body, the 
functions f,, fo, and f; are nonvariant and Equation [12] becomes 


Yo zy 2#\) 
= gi Ro, =, =) | 
Cc 92 (v Us 


Cc Ys Us C’ 


Given some surface, S(x/C, y/C, z/C) = 0, on the streamlined 
body upon which the problem of anti-icing is centered, the values 
of x/C, y/C, and z/C in Equation [13) are fixed and 


[13] 


= 957 (Re, | 

[14] 
z 
= gi (R,,, vy) 


Equation [14] states that the initial values of yo/C and zo/C for 
a droplet striking the model at the position z/C, y/C, and z/C 
depend only on the moduli ¥ and R,. The limitations are (a) the 
position 2o/C of the water droplet is far enough ahead in the air 
stream so that it does not affect the values of yo/C and zo/C, and 
(b) the streamline shape and the orientation of the model are 
constant. Thus the limiting trajectories (those which just graze 
the model), the percentage of the droplets ahead of the model 
and located inside the frontal area of the surface under investiga- 
tion and the velocity of impact are functions of the moduli ¥ and 
R,; only under the same limitations. For example the percentage 


catch Ey, is 
Yo 
JS 
f f 
and Be = lim Ey = [16] 
as 


Returning to Equation [8], the term 
24 U 


P\ P 
F (Re 4 


under the integral sign can be rewritten, if Stokes’s law (valid for 
Ry < 1) holds, as follows 


This modulus is not a function of the droplet velocity and can be 
brought outside of the integral sign. Likewise, Equations [13] 


and [14] can be reduced to a one-parameter family of curves for 
Rv <1 


[18] 
ve_ = y 
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and 


References (1, 2, 3, 4, 5, and 6) used the ratio R,/y, represented 
by the symbol A and reference (3) introduced another ratio 
@ = Ryy to correlate the quantities Ey, Bo, and @y about 
cylinders, spheres, and ribbons (@,, is the angle measured from 
the stagnation line to the point beyond which no droplet impinge- 
ment occurs). For most important icing cases, however, the 
Reynolds modulus is well beyond the range of Stokes’s law 
(R,. < 1) and the trajectories, likewise the quantities, Ey, 80, and 
6,,, depend fundamentally upon the two parameters R, and y. 
Thus the data for cylinders of reference (3) have been replotted 
in Figs. 2 to 7, inclusive. These graphs, like those given in refer- 
ence (3), are for uniform drop-size distribution. For other forms 
of droplet distribution, the averaging method given in references 
(1, 2) or (3) is to be used. 

The most startling observation, resulting from the replotted 
curves, is from Fig. 2. This figure shows that for any droplet 
size the maximum or asymptotic value of the percentage catch 
Ey, is not equal to 1 as the velocity or R, increases. Large 
cylinders, even at extremely high velocities, do not yield high 
values of 


APPLICATIONS TO MopEL 


It is evident from a study of Figs. 2 to 7 that the trajectories 
are equally sensitive functions of Ry, and ¥. Thus in any model 
study it can be said that if similarity is to be preserved, the 
values for R,- and ¥ must be the same for both model and proto- 
type. 

Assume, for example, it is desired to make tests in a wind tunnel 
where the droplets are oversized by a factor of 10. In order to 
preserve the value of ¥, it will be necessary to increase the model 
size tenfold. Meanwhile, to preserve the value of R,, the veloc- 
ity must be decreased tenfold. 

Again, assume it is desired to make model tests atop Mount 
Washington, Gorham, N. H. Here the droplet sizes are of the 
same size as in the anticipated icing conditions, but the velocities 
are only of the order of one-third to one-fourth modern flying 
speeds. If the usual size drops are used, y will have its correct 
value when a full-scale model is used. However, R, will be too 
small by '/; or'/,. If the large drops, say, 3 to 4 times normal are 
used, R,, will be correct, but now a model of 3 to 4 times the size 
of the prototype should be used to give y its proper value. This 
is no handicap in testing such devices as helicopters or small 
wings, but may render the testing of large aircraft components 
impractical. 

For large aircraft components, data from both wind-tunnel 
tests and tests atop Mount Washington can be reduced simul- 
taneously to yield valuable information via sensible extrapolation. 
For example, a small model is tested in a wind tunnel over a wide 
range of R, at some value of ¥, and a large model is tested atop 
Mount Washington, over a limited range of Ry at the working 
value of ¥. By comparing the two curves, the information ob- 
tained with the large model may be extrapolated, but with cau- 
tion, beyond the experimental range of Ry. 

Returning for a moment to Equation [8], it will be noted that 
the limits of integration therein imply that the dropiet start at 
some position (z0/C, yo/C, z./C) where their velocity components 
(ug/U, vg/U, wa/U) are (1, 0, 0), that is, there is no relative mo- 
tion between the drops and the air. However, in a wind tunnel © 
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the spray device is necessarily a short distance ahead of the throat 
of the tunnel. As the air enters the throat it is accelerated, thus 
tending to increase any remaining velocity difference between the 
drop and the air. It is not known how serious the deviations in 
the trajectories may be; however, it is evident that the methods 
of minimizing the errors should include having the spray 
device far ahead of the throat and the model well back in the 
throat. 
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The Bending of Symmetrically Loaded Cir- 
cular Plates of Variable Thickness 


By H. D. CONWAY,' ITHACA, N. Y. 


This investigation was carried out with the object of 
obtaining a solution to the problem of a symmetrically 
loaded circular plate with a central hole, the thickness of 
the plate at any section being proportional to the distance 
of the section from the center of the plate. Six particular 
cases were investigated, and the values of the maximum 
stress and deflection calculated for various ratios of the 
external diameter of the plate to the diameter of the cen- 
tral hole. These values were compared with the corres- 
ponding values obtained for plates of constant thickness 


by A. M. Wahl and G. Lobo (1).’ 


NOMENCLATURE 
The following nomenclature is used in the paper: 


external radius of plate 

radius of central hole 

ratio a/b 

intensity of uniformly distributed load 

concentrated load acting normally to middle sur- 
face and uniformly distributed around periphery 
of central hole 

shearing force per unit length acting normally to mid- 
dle surface 

slope of middle surface of plate 

thickness of plate normal to middle surface 

thickness of plate at external periphery 

bending moments per unit length of sections per- 
pendicular to radius and tangent 

radial and tangential bending stresses 
Eh*® 

12(1 — 


a= 


q = 


flexural rigidity of plate = 


Young’s modulus 
Poisson’s ratio 


INTRODUCTION 


The problem of the bending of circular plates of variable thick- 
ness has considerable application in engineering design but it did 
not receive attention until 1918, when a theoretical investiga- 
tion was published by H. Holzer (2). Since that date, a number 
of papers have been published dealing with cases of symmetrical 
bending. Noteworthy among these are the investigations of 
O. Pichler (3) and R. Gran Olsson (4). The bending of circular 
plates of variable thickness under unsymmetrical systems of 
loading has also been considered by R. Gran Olsson (5). 


1 Associate Professor of Mechanical Engineering, Departinent of 
Mechanics, Cornell University. Formerly, Engineering Laboratory, 
University of Cambridge, England. 

? Numbers in parentheses refer tothe Bibliography at the end of 
the paper. 
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AMERICAN Society OF MECHANICAL ENGINEERS. 

Discussion of this paper should be addressed to the Secretary, 
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ceived after the closing date will be returned. 

Nore: Statements and opinions advanced in papers are to be 
understood as individual expressions of authors and not of the Society. 
Paper No. 47—A-35. 


The object of this paper is to investigate the problem of the 
bending of a circular plate of linearly varying thickness under 
a variety of practical systems of symmetrical loading and to 
express the formulas for the maximum stresses and deflections in 
a simple form. The investigation is theoretical and, in so far 
as the author is aware, no published experimental results exist 
at the present time. 

Although only six particular caseS are investigated in this 
paper, the method of solution is general and can be extended to 
include any symmetrical system of lateral loading. 


ASSUMPTIONS 
The following assumptions are made in the investigation: 


(a) The effects of the stretching of the middle plane of the 
plate are negligible. This will be reasonable if the deflections 
are small everywhere compared with the thickness of the plate. 

(b) The maximum thickness of the plate is small compared 
with its other dimensions. 

(c) The effects on deflections of shearing stresses acting on 
normal sections of the plate are negligible. 

(d) Plane sections normal to the middle surface of the plate 
before bending remain plane and normal after bendiiig. 

(e) Stress is directly proportional to strain for the material 
of which the plate is made, and this material is assumed to be 
homogeneous and isotropic. 


Q+dQ dr 
dt 


THEORY 


Fig. 1 shows an element of the plate bounded by two cylindri- 
cal and two radial surfaces. For the equilibrium of the element 


(xr, + ir) (r + dr)do — M,r do — M,ardo 
r 


+ Qrdédr = 0............ 
Neglecting second-order quantities, this equation becomes 
dM, 


Assume the well-known expressions for the bending moments 
per unit length of sections perpendicular to the radius and tan- 
gent 


b 2 
n = 
ae 
| 
= 
h = 
H = a 
Cy Cy = 
+h 
ar 
= 
- 
Hel 
1 


te 


Substituting these expressions in Equation [2] 


df{dd  ¢ dD do 


The thickness h of the plate is given by h = cr, where c is a 
constant and the flexural rigidity is therefore 


Substituting Equation [5} in Equation [4], the differential 
equation can be written as 


de 


Fic. 2 


The solution of this equation is then obtained for the case of a 
circular plate uniformly loaded around the periphery of the cen- 
tral hole, the total load normal to the middle surface of the 
plate being P. This is shown diagrammatically in Fig. 2. For 
this loading, the differential equation is 


do —6P(1 — 
dr? dr wEc*r (7] 
To solve this equation the following substitutions are made 
dr =r dz’ dr? r2\det 
Hence 
do —6P(1 — v*) 
+3 + (3» — 1)¢ [9] 
Consider a solution in the form 
= di t+ [10] 
in which ¢; satisfies Equation [9] and ¢2 the equation 
dd» 
de? +37 + (8» — = 0........... {11] 
—6P(1 — »*) 1 2P(v + 1) | 
oi = | 
3(v — 1) 
and [12] 
= Ae 2 + Be 2 
—3+ V/9—4(3y—1) —3— V9—4(37—1) 
= Ar 2 + Br [13] 


Equation [9] is thus completely satisfied. 
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The subsequent calculations are greatly simplified if a value 
of »y = '/;is assumed. If this is done, the general solution is 


B 4 8P 
Two cases of some practical importance are then considered as 
follows: 
(a) External edge clamped and supported, internal edge 


clamped. The boundary conditions are 
(15) 


The constants A and B found from Equations [14] and [15] are 
thus 


\ 


a? + ab + b? +n+1 (16) 
Hence 
_ 8P wm tne] | 
3rEc*| r? +n + 1) (17) 


do 8P +1) 9 
dr = Lr(n? + n + 1) 


and, using the first of Equations [3], the bending moment per 
unit length perpendicular to the radius is given by 


Pan + 1) (8a 5nr) — r(5a* + n?r?) 


M, = (48) 
127 a’r(n? + n + 1) 
and consequently the radial st ress is 
x 6M, Pa? a2(n + 1)(8a — 5nr) — r(5a? + n? r?) 
h? 2rH? + n + 1) 
At the internal edge 
n*(n + 2)(n —- 1) 
20 
n?+n+1 (20) 


This is the maximum stress in the plate. At the external edge 


—3P (2n + 1)(n — 1) 


= 


To obtain the deflection surface, Equation [14] is integrated 


8P 


where C is another constant of integration. 
If it is assumed that the deflection is zero at the outer edge 


B 8P 
= 23 
where the constants A and B are given in Equations [16]. After 


substituting the values of A, B, and C in Equation [22] and sim- 
plifying 
4Pa 
3xEH* 


(a — r)2(2n*r — na — a) 
r2(n? + n + 1) 


° 
¢ dg 
r dr 
A. 
I 
2 
3 
= 
(21) 
22 
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The maximum deflection occurs at the inner edge and is given 
by 

4Pa? (n— 1)! 
3rEH* n?+n+ 


Onax = 


[25] 


The maximum stress and deflection may be represented in the 
forms 

where a and 8 are numerical factors dependent upon the ratio 
n = a/b and on Poisson’s ratio ». Values of a and 8 for various 
values of n = a/b are given in Table 1, where they are compared 
with corresponding factors calculated for a plate of uniform thick- 
ness H. The latter factors were calculated for » = 0.3 which, 
however, will vary only slightly if recalculated for » = !/5. 


(b) External edge simply supported, internal edge clamped. The 


boundary conditions for this case aré 


. [27] 


r= 


= 0 / 

The constants of integration A and B thus found are 
5a — 8b 8P 
+ 

ab(a® + 5b?) 

a’ + 


n?(Sn 8) 
+ 8) 
a(n? + 5) 
ni + 


a2(n3 
8P 


> . [28] 
B= 


Proceeding as before, the maximum stress for the values of 
n = a/b adopted is found to be radial and to oecur at the internal 
edge. 

It is given by 


3P 


n2(n 


1)(n? bu n + 16) 
+ 8 


Crmax = 


[29] 


Integrating Equation [14] and finding the new constant of inte- 
gration from the condition of zero deflection at the external edge, 
the maximum deflection is given by 


4Pa? (n — 


1)3(n + 11) 
ni+8 


®max = 


The maximum stress and deflection can once more be represented 
in the form 


Pa? 


Trmax = @ HY = 


where a and 8 are dependent upon the ratio n = a/b and on », 
Values of a and 6 for various values of n are given in Table 2 
where they are compared with the corresponding values for a 
plate of constant thickness H. 

The case of a circular plate subjected to a uniformly distributed 
load of intensity q is then considered. This is shown diagram- 
matically in Fig. 3. 


q per unit area 


Fie. 3 


For this loading, the differential equation is 


« do 12(1 — v?) 
+ 4r + (3v 
—6q(1 — v2) (r? — b*) 
qrdr = Ectr [32] 
As before, the substitutions 
do 1 do L do 
=-—,— 33 
are made and hence 
1 —16 
ain + = (1 — be)... [34] 
dz? 3Ec3 
Assume a solution in the form 
= oi + [35] 
in which ¢; satisfies Equation [34], and ¢ the equation 
1? 
dz? dz 


Hence 


3Ec3 | 3v 1 3(v» — 1) 


—16q l b? 


TABLE 1 COEFFICIENTS a AND 8 IN EQUATIONS Pel FOR PLATES OF VARIABLE AND 


CONSTANT THICKNES 
(Concentrated loading, external edge clamped and supported, internal edge clamped) 
n = a/b 1.25 -—1.5—~ -——2 — 3 4 — 
Coefficients a@ 8 a 8 a 8 a 8 a@ 8 a 8 
—— variable, 0.159 0.00174 0.396 0.0112 1.091 0.0606 3.306 0.261 6.549 0.546 10.78 0.876 


(h = er) 
Thickness constant 0.115 0.00129 0.220 0.0064 0.405 0.0237 0.703 0.062 0.933 0.092 1.13 0.114 


TABLE 2 COEFFICIENTS a AND 8 IN EQUATIONS Pl FOR PLATES OF VARIABLE AND 
CONSTANT THICKNE 


(Concentrated loading, external edge simply supported, internal edge clamped) 
n= a/b 1.25 — -——1.5 2 3 

Coefficients a 8 a 8 a 8 a 8 a 8 a) 8 
Thickness variable, 0.353 0.00816 0.933 0.0583 2.626 0.3448 6.877 1.358 11.47 2.387 16.51 3.268 


= cr 
pulchaaes senaties 0.227 0.00510 0.428 0.0249 0.753 0.0877 1.205 0.209 1.515 0.293 1.745 0.350 


i 
b 
a 
r=a,—+yv»- 
wt 
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¢2 = Ae 2 


—3- V9—4(3r-1), 
+ Be 2 


—3-— 
= Ar 2 + Br 2 


where A and B are constants of integration. 
To simplify the calculations a value of » = 
If this is done, the general solution is 


is assumed. 


Some cases of practical importance are then considered: 


(a) External edge clamped and supported, internal edge 
clamped. The boundary conditions are 


r=a, ¢=0 
r=b, ¢=0 
The constants of integration A and B found as before are 


16 1 
A 


1 


1 


and therefore 


16q[ (1 
=” 


| 


dr 3£Ec*| (n?— 1)r* \3 2n? 


> . 


Using the first of Equations [3] 
n ache 
Qn? 


5b? r2 
6r? 


= 


6M, 3qa? 


At the internal edge 


(3 loge n Ont ) + 2) 


This is the maximum stress in the plate for values of n above 
approximately 1.7. 


At the external edge 
3qa* 1 1 
(n* + 8)(n? — 1) 


This is the maximum stress for values of n below about 1.7. 
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To obtain the deflection surface, Equation [37] is integrated 


B 16 
w = —Ar+— + 


where C is another constant of integration found from the condi- 
tion of zero deflection at the outer edge. Evaluating A, B, and 
C, the maximum deflection is found to be 


4qa‘ E — + + 10n — 3) 
n?(n? + n + 1) 
6(n + 1) 


@Omax = 


loge n | [45] 


The maximum stress and deflection may thus be represented in 
the forms 


2 4 


Values of a and 8 have been calculated for various values of n= 

a/b and are given in Table 3, where they are compared with the 
corresponding values for a plate of constant thickness H. 

(b) External edge simply supported, internal edge clamped. 

The boundary conditions are 
r= 4G, 

r=b, ¢=z0 


The constants of integration are 


) 
16g ns 1 n* — § 
An — = + 


1 
l 
Ogeb + 


1 
3 
—16ga* 1 4 n?— 
3Ec(n? + 8)13 ont 


..[48] 


/ 


Proceeding as before, the maximum stress is found to be radial 
and to occur at the inner edge. It is given by 


int 
Ht Ln? +8 


Ormax 


(n — 1)(11n? + 13n — = 


6(n? + 8) 


The maximum deflection is given by 


4qa‘ | n—l On? 33n? + 95 33) 
9EH® |_n?(n* + 8) 
6(n? + 5) 


> 


The maximum stress and deflection are represented in the 
forms 


qa? 


Ormax H? = 


Values of a and 8 are given in Table 4. 


(c) External edge free, internal edge clamped and supported. 
The solution to this case can easily be found by the superposition 
of two of the cases already dealt with, viz., the plate with ex- 
ternal edge simply supported and internal edge clamped (a) with 
concentrated load P around the internal edge, (b) with uniform 
load of intensity q. 


De = —— — | -logr + —]|........ 
3 
i 
| 
3Ec? — 1,3 2n 
b? 1 
— 
) 
9 b 
EH? 
[43] 
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TABLE 3 COEFFICIENTS a AND 8 


Coefficients a 8 a 
Thickness 0.0785* 0.00092 0.208* 0.008 0.52 
variable, 
th = er) 
Thickness 0.041 0.0005 0.114 0.005 0.245 0.023 0.42 
constant 


* Maximum stress occurs at external edge. 
are 0.052 and 0.176, respectively. 


TABLE 4 COEFFICIENTS a AND of, IN EQUATIONS [51 


IN EQUATIONS 
CONSTANT THICK 


(Uniform loading, external edge clamped supported, 


Ae), FOR PLATES OF VARIABLE AND 


8 a 8 a 8 a 8 


0.0495 1.27 0.193 1.94 0.346 2.515 0.482 


0.0635 0.52 0.0925 0.58 0.112 


The coefficients for n = 1.25 and 1.5 at the internal edge 


FOR PLATES OF VARIABLE AND 


ONSTANT THICKNESS 


n = a/b 
Coefficients 8 a 
Thickness variable, 

(h = er) 


Thickness constant 


To obtain freedom of the plate at the rim 


P = qr(a* — b?) = 
n? 


Thus by multiplying the coefficients in Table 2 by the factor 


n?— 1 
n? 


4, the problem is solved. 
be represented in the forms 


) and subtracting the corresponding coefficients in Table 


If this is done the results may again 


ormax = 


where values of a and 8 are given in Table 5 

(d) External edge clamped and supported, 
clamped, balanced loading. 

This type of loading, which is obtained in the case of a pis- 
ton, is shown diagrammatically in Fig. 4. 

This case can be solved by multiplying coefficients in Table 1 


internal edge 


by the factor ) ana subtracting the coefficients given in 
Table 3. The results are then given by 
aa? qa‘ 

Wmax 


~ 


where values of a and @ are given in Table 6. 


Trmax = & 


CONCLUSIONS 


For the six cases investigated 


Maxi ‘ P qa* 
Maximum stress = a — ora — 
H? H? 

TABLE 5 COEFFICIENTS a AND 8 


n= 
Coefficients a 8 a 8 


Thickness variable, 
(h = cr) 


25 -— 


8 
0.149 0.00551 0.991 0.0564 2.23 0.412 5.57 1.673 7.78 2 
122 0.00343 0.336 0.0313 0.74 


IN EQUATIONS 
CONSTANT THICKNE 


(Uniform loading, external edge free, internal edge aenget and supported) 
—l1 


(Uniform edge simply supported, clamped) 


a 8 a 8 a 8 a 
786 9.16 3.573 
0.125 1.21 0.291 1.45 0.417 1.59 0.492 
% per unif area. 


Fic. 4 
Maxi leflecti 
Max = — or B —— 
aximum deftiection EH? T EH? 


where the coefficients a and 8 are given in Table 7 for various 
values of n = a/b. Poisson’s ratio is assumed to be '/; in ob- 
taining these coefficients. 
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FOR PLATES OF VARIABLE AND 


— 4—~ — 5 — 


a 8, a 8 a 8 a 8 


0.249 0.00372 0.638 0.0453 3.96 0.401 13.64 2.119 26.00 4.245 40.63 6.283 


Thickness constant 0.135 0.00231 0.410 0.0183 1.04 0.094 2.15 0.293 2.99 0.448 3.69 0.564 


TABLE 6 COEFFICIENTS a FOR PLATES OF VARIABLE AND 


n = a/b 
Coefficients a 8 a 


a 8 a 8 a 8 a 8 


Thickness variable 0.1275 0.00105 0.5145 0.01145 2.051 0.0934 7.965 0.537 17.35 1.261 30.00 2.160 
h = cr) 
didtinen comment 0.090 0.00077 0.273 0.0062 0.7100.0329 1.54 0.110 2.23 0.179 2.80 0.234 


are 
4 
EH: 
3 
> 


JOURNAL OF APPLIED MECHANICS 


TABLE 7 VALUES OF a AND 8 FOR VARIOUS VALUES OF n = a/b 
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n= 
Case Coefficient 
1-25 5 2 3 5 
0-159 | 0-396 | 3:306 | 6549 | 10-78 
Internal edge clamped. : 
| | 0-0606 | 0-261 0-546 | 0-876 
| P| 
External edge simply A 0-353 | 0-933 | 2-626 | 6-877 | 11-47 16-51 
s 
clamped 
0-00816 | 0-0583 | 0-3448} | 2-387] 3-268 
d 0-078, | 0-208 | 0-52: | 1-27 
Internal edge clamped. 

edge simply d ows | oso | 2:23 | 5-57 7-18 | 9:16 
clamped 

00055! | 0-0564 | O-4I2 673 | 2-786] 3-573 
ate a: st 0-249 | 0-638 | 3:96 | 13-64 | 26-00 | 40-63 
p 0°00372} 0-O4535 | 2-19 6-283 
4 | 012% | 0-54, 2-051 | 796, | 17-35 | 30-00 
tp A O-O0105 0-0934| O-S37 1-26! 2-16 
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Critical Shear Stress of Plates Above the 


Proportional Limit 


By GEORGE GERARD,? FARMINGDALE, L. I., N. Y. 


“The secant-modulus method previously used for de- 
termining critical compressive stresses above the propor- 
tional limit has been extended for use in determining 
critical shear stresses above the proportional limit. The 
method was confirmed by an experimental program de- 
signed to check the use of the shear-secant modulus in the 
critical-shear-stress equation. Nondimensional critical- 
shear-stress design curves are presented for use with 
aluminum alloys. 


NOMENCLATURE 


The following nomenclature is used in the paper: 
= panel length, in. 

= panel width, in. 

= modulus of elasticity, psi 
E, = secant modulus, psi 


G elastic shear modulus, psi 
G, secant shear modulus, psi 
2 
K = compressive plate instability eoeficient,K = ——"~ 
12(1 — »?) 
instability coeffie! K mk, 
K, = shear plate instability coefficient, K, = Ra) ae 
t = panel thickness, in. 
z,y = rectangular co-ordinates 
w = displacement out of z-y plane, in. 
¢ = strain, in. per in. 
y = shear strain, in. per in. 
o = stress, psi, or ksi 
7 = shear stress, psi, or ksi ; 
vy = Poisson’s ratio, y = 0.30 for aluminum alloys 
= secant yield stress,* psi 
n = shape parameter of stress-strain curve® 
cr = critical (as subscript) 


INTRODUCTION 


The objective of this investigation is to determine experi- 
mentally the material constant to be used in calculation of critical 
shear stresses when the proportional limit of the material is ex- 
ceeded. 

No literature is known to be available which presents any 


1 Submitted to the Graduate Division of the College of Engineer- 
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of Aeronautical Engineering at New York University. 

2 Principal Research Engineer, In Charge of Structural Research 
Group, Republic Aviation Corporation. Now Member of Teaching 
and Research Staff, Guggenheim School of Aeronautics, New York 
University. Jun. ASME. 

* “Description of Stress-Strain Curves by Three Parameters,” by 
W. Ramberg and W. R. Osgood, N.A.C.A. T.N. 902, July, 1943. 

Contributed by the Applied Mechanics Division and presented 
at the Annual Meeting, Atlantic City, N. J., December 1-5, 1947, 
of Tae American Socrety of MECHANICAL ENGINEERS. 

Discussion of this paper should be addressed to the Secretary, 
ASME, 29 West 39th Street, New York, N. Y., and will be accepted 
until April 10, 1948, for publication at a later date. Discussion re- 
ceived after the closing date will be returned. 

Note: Statements and opinions advanced in papers are to be 
understood as individual expressions of authors and not of the Society. 
Paper No. 47—A-11. 


treatment of the problem of critical-shear-stress determination 
above the proportional limit, except for a cursory examination 
of the problem by Stowell.‘ A considerable amount of litera- 
ture, however, is available in which the problem of critical com- 
pressive stresses above the proportional limit is discussed. The 
various theoretical and experimental results on compressive in- 
stability have been discussed by the author.® 

Since the problem of compressive plate instability above the 
proportional limit has been considered in detail, whereas shear 
instability has not, the approach to compressive instability will 
be considered as a guide in setting up a reasonable experimental 
approach to shear instability. 

For compressive instability, the differential equation of the 
deflected surface when stressed below the proportional limit is 
given by 


Et 
12(1 — v2) ory? 


nontrivial solutions of which are obtained when 


_ (:) 
— 


Above the proportional limit, Timoshenko*® has suggested 
that each term on the left-hand side of the differential equation 
be reduced by a coefficient a;, which is equal to the ratio of some 
reduced modulus to the initial modulus. In this manner the 
equation becomes 


nontrivial solutions of which become 
kx t y 


n = f(a, a2, as) 


where 


By transposing the n term 


Ter krE 
n 12(1 — »?) \b 


and the right-hand side is identical to the elastic value with k 
remaining unchanged. All effects of exceeding the proportional 
limit are retained by the factor 7. 

The geferal manner of employing this theory is to plot the 
elastic value ocr/n as an absgissa and the corrected ocr as an ordi- 


4 “Critical Shear Stress of an Infinitely Long Flat Plate With Equal 
Elastic Restraints Against Rotation Along the Parallel Edges,” by 
E. Z. Stowell, N.A.C.A. A.R.R. No. 3K12, Nov., 1943. 

5“Secant Modulus Method for Determining Plate Instability 
Above the Proportional Limit,”” by G. Gerard, Journal of the Aero- 
nautical Sciences, vol. 13, Jan., 1946, pp. 38-45. 

of Elastic Stability,’ by S. Timoshenko, first edition, 
McGraw-Hill Book Company, Inc., New York, N. Y., 1936, pp. 
386-387. 


+ — } = — — 
oy! dy? 
“ 
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nate since the correction term 7 is some function of oer. The plot 
is entered by calculating the elastic value and then determining 
the corrected value. 

Although several theoretical methods for determining 7 are 
available, none of the methods gave good agreement with test 
data’ on aluminum-alloy plates operating at critical stresses 
greater than the proportional limit. This is probably due to the 
fact that these methods are based upon arbitrary assumptions 
regarding the effective moduli rather than use of generalized 
stress-strain relationships in the plastic range. It has been 
found,* however, that use of the secant modulus’ gives good 
agreement with the aluminum-alloy test data and, consequently, 
it was taken as an experimental fact that for aluminum alloys 


n= E,/E 
The compressive-instability equation, therefore, becomes 


kx*E, (ty 
12(1 — »?) \b 


and since e = o/E, it can be assumed that 


kr? t\? 


The critical-shear-stress equation below the proportional limit 
is of the same form as the compressive-instability equation 


) 
ver ™ 12(1 — v8) \b 
While the appearance of the modulus of elasticity in this equa- 
tion introduces no difficulty in the elastic region, use of the modu- 
lus of elasticity rather than the shear modulus may lead to diffi- 
culties in the plastic range in so far as interpretation of the equa- 
tion is concerned. Since the modulus of elasticity is associated 
with axial stress-strain relationships rather than shear stress- 
strain relations, there is a tendency to use this modulus up to the 
axial proportional limit rather than the shear proportional limit. 
Consequently, to avoid any misinterpretations, the shear modulus 


is introduced into the foregoing equation by the following relation- 
ship 


E 


and therefore 


te = 


2(1 + ») (; ) 
1211—»*?) \b 


To determine critical shear stresses above the proportional 
limit, an approach suggested by the work on compressive insta- 
bility is utilized. The critical-stress equation above the pro- 
portional limit is written as 


tor 21 + (: 
m 121—v) \b 


It is now proposed that the material constant for shear in- 
stability above the proportional limit is 


In terms of critical strain, then (y = +/G,), Equation [1] reduces 
to 
7 Secant modulus is the line drawn from the origin of a stress- 


strain curve to any point on the stress-strain curve. At any point 
it has the value EZ, = a/e. 
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2(1 + t 2 
Yor = 20 — >’) [3] 


The remainder of this paper is devoted to an experimental 
confirmation of the proposed use of the shear-secant modulus in 
the critical-shear-stress equation above the proportional limit. 


SHEAR Srress-STRAIN CURVES 


To verify experimentally the use of the shear-secant modulus 
in the critical-shear-stress equation, it is necessary to determine 
shear stress-strain curves of the material selected for the tests. 
There is no experimental method for determining directly the 
complete shear stress-strain curves of a material without certain 
technical difficulties. Probably the most convenient method 
available is to determine the stress-strain curve of the material 
under axial load and then use affinity relationships* to establish 
the shear stress-strain curve. 

The affinity terms are defined as 


Values for A and B experimentally determined on aluminum- 
alloy 17S-T tubing® are 


A = 0.5 = 11 per cent........ 
B = 1.3 11 per cent........ 


These values are based upon the yield strength with the variation 
from the mean affinity value given by the percentage term. 
These affinity ratios were determined from tensile coupons taken 
in the longitudinal direction of the tube which established ¢ and 
e, and from torsion tests on the tubes which established 7 and y. 

For lack of any other data, these affinity ratios were used to 
establish the shear stress-strain curves for the aluminum alloy 
used in this investigation. However, at variance with. work by 
Stang,® the axial stress-strain curve was taken as the mean of 
tensile and compressive data each at 45 deg with the grain diree- 
tion, rather than in the longitudinal grain direction only. This 
mean curve represents more nearly the properties of the material 
in a shear field than ‘the method used previously,*® since the 
loading on the shear panels was perpendicular to the longitudina! 
grain direction. 

The axial stress-strain curve and affinely derived shear stress- 
strain curve are shown in Fig. 1, for the aluminum alloy 2458-0, 
used in the investigation. The mean of the test data and the 
limits of variation of the six tensile and six compressive specimens 
are indicated on both sets of curves. All specimens, both material 
property and shear panel, were taken from one 48-in. X 144-in. 
sheet of aluminum. 

In running the shear-panel tests, it was possible to obtain 
shear stress-strain data from the SR-4 strain rosettes up to the 
point of critical strain.’ These data provide a check on the 
affinely derived shear stress-strain curve and are shown in Fig. 2. 
Reasonably close agreement is shown between the curves, thus 
substantiating the values of the affinity constants used for 
aluminum alloy 248-0. 


Test PROCEDURE 


Test Method. Several methods are available for loading speci- 
mensin shear. In Stang’s method,® shear is introduced by testing 


8 ‘Torsion Tests of Tubes,” by A. H. Stang, W. Ramberg, and G. 
Back, N.A.C.A. Report No. 601, 1937. 

® As is shown in Fig. 6, the loading on the panels was almost pure 
shear. Negligible eccentricity is indicated by the small amount of 
bending up to the point of instability. 
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tubes in torsion, but the theory available for determining the 
critical stresses of thin-walled tubing appears to be inadequate. 

An alternate method is to introduce shear by placing a flat- 
panel specimen in a loading frame. This method was selected 
for testing in this investigation since a wholly adequate theory 
for determining critical shear stresses has been given previously.‘ 

Loading Frame. The loading-frame design was similar to that 
used by Coker and Filon,’® and will be described in detail sub- 
sequently. Certain general aspects of shear-frame design, in- 
cluding nonuniformity of shear-stress distribution, effect of aspect 
ratio, and effect of bending stresses, are first discussed. 

Nonuniformity of stress distribution along the center line of 
the panel is a function of the panel aspect ratio. The distribution 
rapidly builds up from zero at the ends to a peak value and then 
decreases slowly to the center value as shown in Fig. 3 (data from 
Coker and Filon™). The center value is progressively greater than 
the average value as the aspect ratio decreases and, consequently, 
strain gages placed at the center will read too high relative to 
the average value. 


® “Photo-Elasticity,”” by E. G. Coker and L. N. G. Filon, Cam- 
bridge University Press, 1931, pp. 601-611. 


the opposing effects of nonuniformity of stress distri- 
bution with the aspect-ratio correction, an over-all cor- 
rection for aspect ratio is obtained. The over-all correc- 
tion for various aspect ratios is given in Table 1. 


TABLE 1 ASPECT-RATIO CORRECTION 


a/b Correction 
6 1.03 
7 1.025 
8 1.02 
9 1.01 
10 1.00 


- 


Since for an aspect ratio of 6, the greatest correction is only 3 
per cent, all test panels were made at least of aspect ratio 6, and 
the correction was neglected. 

Bending stresses imposed on the test panels by the method of 
loading were minimized by having aspect ratios of at least 6. 
Calculations showed the interaction effect to be negligible. In 
every case, however, the bending stresses caused instability to 
start at the top of the panel where compression was maximum 
and proceed down through the panel. 

Loading-Frame Design. The general design of the shear- 
loading frame is shown in Figs. 4 and 5.. The sheet specimens are 
clamped between rigid steel strips along the loading edges and are 
supported along the unloaded edges by clamps which support the 
sheet only against rotation. In this manner, the shearing distri- 
bution, shown in Fig. 3, is not disturbed, although torsional sup- 
port is supplied. 

A theoretical calculation of the torsional restraint of the sup- 
porting strips on each side of the specimen indicated that fully 
clamped edge support is achieved for which the plate-instability 
coefficient in shear K, = 8.1 (from Stowell‘). To check this 
theoretical value and determine the over-all effect of the previous 
points discussed, the loading frame was calibrated by using 
0.051-in. 24S-T aluminum-alloy panels 40 in. long of aspect ratio 
6. The results are given in Table 2. 


TABLE 2 CALIBRATION OF SHEAR FRAME 


Critical 
Specimen shear stress, ksi 
—1 4.25 
—2 4.00 
—3 4.04 
—4 4.14 
Average 4.11 
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The average plate instability coefficient was calculated in the 
manner shown in Table 2, and was found to be K, = 6.7, indi- 
cating that possibly the torsional restraint provided by the load- 
ing strips was less than clamped support. The K, obtained from 
calibration was used in the analysis of the test panels. 


DETERMINATION OF INSTABILITY DaTA 


The test panels were of aluminum alloy 248-O of 0.064 in. nomi- 
nal thickness. This material was 
chosen because its large plastic 
range permits ample check of the 
shear-secant-modulus method. 
Shear-panel dimensions are given 
in Table 3, which also includes the 
results of the tests. 

Critical-stress and critical-strain 
test data were determined by the 
“strain-difference’” method, using 
type AR-1 resistance strain ro- 
settes. The determination of insta- 
bility data on a typical panel is 
shown in Fig. 6, in which the bend- 
ing strain is the difference between 
gage readings on each side of the 
panel. The rosettes were mounted 
ed jf OL back to back at the center of each 
3 panel, as shown in Fig. 5, and the in- 

stability data were determined for 
each panel individually. 
+f Stresses in each case are com- 
puted from the applied load and 
cross-sectional area. 
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Test 


The test results are summarized in Table 3. These data are 
plotted in Figs. 7 and 8, to check the proposed critical shear-strain 
equation presented in the introduction. In Fig. 7, the test data 
in Table 3 for the critical shear stresses and critical shear strains 
are plotted to indicate the agreement with the shear stress-strain 
curve of the material. It can be seen that use of the critical 
strain equation, Equation [3], is substantiated for shear in- 
stability. 

Fig. 8 is another method of checking the shear-secant-modulus 
method in a manner convenient to the stress analyst. Equation 


[1] 
Tor t 3 
= K,E (:) 


is plotted as the abscissa and the corrected ter is given on the ordi- 
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TABLE 3 SHEAR-PANEL DIMENSIONS, THEORETICAL AND EXPERIMENTAL CRITICAL STRESSES AND CRITICAL STRAINS 


Experimental ~ 
-——Theoretical——_— - Right ~ Left: 
-———— ter/ Ns, yer, Ter, _ Yer Ter, Yor, 
Specimen a/b t, in. t/b ksi in./in in./in. ksi in./in 
-1 6.2 0.0629 0.00975 6.68 0.00167 4.50 0.00142 4.50 0.00134 
-2 6.2 0.0632 0.00980 6.77 0.00169 4.88 0.00162 > Se 
-3 9.8 0.0629 0.01542 15.50 0.00387 5.80 0.00305 5.80 0.00310 
-4 9.8 0.0629 0.01542 15.50 0.00387 6.30 0.00520 7.30 .0083 
9.85 0.0633 0.01948 26.70 0.00667 7.40 0.00 
-6 9.85 0.0636 0.01957 26.90 0.00674 6.85 0.00550 6.90 0 
-7 10.01 0.0644 0.02240 35.10 0.00836 7.80 0.00910 re ene 
-8 10.01 0.0644 0.02240 35.10 0.00836 8.95 0.01365 
10 The affinity ratios are now manipulated for use with Equation 
{8}. From Equations [4] and [6] 
a From Equations [5] and [7], and since vy = 0.3 
Ks! As given in the introduction, Equation [3] is 
4 + t \2 
TEST Yer = 2(1 + v)K, b 
—— EQUATION (1) 
By combining Equations [10] and [3] 
t 2 
2 b 
° 10 20 30 40 
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8 ComMPARISON OF THEORY AND Test Data AT Stresses ABove 
Proportiona Limit 


nate. Shown in Fig. 8 is a check of the shear-secant’ modulus 
with test data where », is taken to be G,/G in Equation [1]. 


Discussion 


The use of the shear-secant modulus may be considered con- 
firmed for aluminum alloy 24S-O by the test data presented. 
Such confirmation suggests that the shear-secant modulus may 
be generally applicable to other aluminum alloys until further 
experimental confirmation of the method is obtained. The se- 
cant modulus in compression is in reasonably close agreement with 
compressive-instability test data on all aluminum alloys tested 
to date, and this may be taken as an indication that the shear 
modulus will apply equally well to aluminum alloys other than 
248-0. 

Use of the shear-secant modulus in the critical-shear-stress 
equation has no theoretical basis. However, the method 
does predict critical stresses ditectly from the basic stress- 
strain curve of the material and does not require addi- 
tional experimentally determined constants for each ma- 
terial. Consequently, a procedure for determining critical 
shear stresses above the proportional limit from stress- 
strain curves is now presented. 


Design ProcepURE 


The three-parameter method of specifying stress-strain 
curves is given by Ramberg and Osgood.*? Stress-strain 
curves are presented by the following expression 


00.7 0.7 7 


in which it is necessary only to determine the modulus 
of elasticity E, the secant yield stress 9.7, and the shape 
parameter n, to specify completely the curve. 


Now substituting the affinity ratios Equations [9] and [11] in 
Equation [8], an expression for the critical shear stress is obtained: 
in nondimensional form 


2 n 
b gor \oo.7 


This expression is plotted in Fig. 9, for several values of n. 

To determine critical shear stresses above the proportional 
limit, evaluate the average values of the three parameters, E, 
o.7, and n. This average should include the compression and 
tension with and cross-grain properties of the desired material. 
Then determine the value of the abscissa in Fig. 9, and, for 
the value of the shape parameter, find the critical shear stress. 


CONCLUSION 


1 The shear-secant-modulus method for determining critical 
shear stresses above the proportional limit has been substan- 
tiated for aluminum alloy 24S-O by experimental data. 

2 The material constant proposed and verified experimentally 
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for use in the critical-shear-stress equation above the proportional 
limit is 7, = G,/G, where G is the shear modulus and G, is the 
shear-secant modulus. 

3 Use of the design curves presented is recommended, until 
additional experimental confirmation can be obtained. Although 
the method was checked only on aluminum alloy 24S-O, use of 
the shear-secant-modulus method makes it readily applicable to 
other aluminum alloys, and possibly to other materials possessing 
stress-strain curves similar to aluminum alloys. 

4 Confirmation of the secant modulus in shear instability as 
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well as that previously obtained in compression suggests that 
a@ re-examination of fundamental plate-instability theory for 
extension into the inelastic range is desirable. 
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The Flutter of a Uniform Wing With 
Tip Weights 


By MARTIN GOLAND? anp Y. L. LUKE,? KANSAS CITY, MO. 


Forming an extension of a previously published work 
(1),4 the present paper investigates the flutter of a uniform 
wing in free flight carrying a fuselage at its semispan and 
a weight at each wingtip. Wing-tip weights arise in prac- 
tice when, for example, wing-tip fuel tanks are installed. 
The flutter system is studied by solving the differential 
equations for the wing motion. Solutions are carried out 
for two representative airplane configurations and the re- 
sultant speeds, frequencies, and mode shapes at flutter 
are compared with those obtained on the basis of conven- 
tional, Rayleigh-type flutter analyses. The methods of 
the original paper (1) are considerably refined, resulting in 
a significant reduction in the amount of labor required to 
effect a solution. 


INTRODUCTION 


herent in Rayleigh-type flutter analyses are discussed and 

for the case of a uniform wing® a solution is outlined which 
avoids these sources of error. In the original work, a solution 
is obtained for a cantilever wing carrying, no concentrated 
weights along its span and it is shown that a Rayleigh analysis, 
based on the fundamental wing bending and torsion modes, ade- 
quately describes the flutter behavior of such a system. 

The question then arises as to whether this conclusion con- 
tinues in force when auxiliary weights are mounted on the wing. 
These may arise, for example, from wing-engine installations. 
Such weights can frequently be treated as if their attachment to 
the wing is confined to a single chordwise plane, and they are 
then said to be “concentrated” at the appropriate spanwise wing 
station. A concentrated weight is thus characterized by a 
definite mass, static unbalance, and moment of inertia about 
a reference spanwise axis. When dealing with auxiliary weights 
of this kind, it is usual to assume that their presence causes no 
unusual aerodynamic disturbances in so far as the flutter air 
forces are concerned. 

Considerable interest is at present centered on wings carrying 
concentrated weights at their tips, these being represented in 


LI a previous paper (1), the dynamical approximations in- 


1 The material contained in this paper is a condensed version of 
Midwest Research Institute Report No. 1-S36-E-4. The work was 
sponsored by the Army Air Forces, Air Materié] Command, under 
A.A.F. Contract No. W33-039 ac 14868 (33-038) 46-4247-E. 

? Chairman, Engineering Mechanics Division, Midwest Research 
Institute. Jun. ASME. 

3 Staff Mathematician, Midwest Research Institute. 

« Numbers in parentheses refer to the Bibliography at the end of 
the paper. 

‘A uniform wing is one with uniform aerodynamic, inertial, and 
stiffness characteristics along its span. 

Contributed by the Applied Mechanics Division and presented 
at the Annual Meeting, Atlantic City, N. J., December 1-5, 1947, 
of Tae AMERICAN Society oF MECHANICAL ENGINEERS. * 

Discussion of this paper should be addressed to the Secretary, 
ASME, 29 West 39th Street, New York 18, N. Y., and will be 
accepted until April 10, 1948, for publication at a later date. Dis- 
cussion received after the closing date will be returned. 

Nore: Statements and opinions advanced in papers are to be 
understood as individual expressions of their authors and not those 
of the Society. Paper No. 47—A-36. 


practice by wing-tip fuel tanks, or other items with similar 
inertial properties. The present paper is concerned with a sys- 
tem of this kind: An aircraft with a symmetrical plan form has 
a uniform wing with rigidly attached tip weights. The struc- 
turally rigid fuselage is taken as concentrated at the wing root 
and the entire system is studied for the free-flight condition. 

As in the original paper (1), flutter solutions are obtained on 
the basis of the differential equations for the wing motion. The 
results derived in this manner are then compared with those 
arrived at by a conventional, Rayleigh-type analysis in two 
degrees of freedom, making use of the fundamental uncoupled 
wing bending and torsion modes. Since much of the background 
material for the study is contained in the original work, the pres- 
entation here emphasizes only the modifications and extensions 
required of the original analysis. In particular, the manner of 
arriving at the Rayleigh-type analysis for the new system is 
examined only cursorily, and the differential equations for the 
wing motion are not rederived. However, detailed attention is 
given to the development of new methods for solving the dif- 
ferential equations for the flutter mode, in the interests of re- 
ducing the amount of labor required for the dynamically exact 
analysis. 


Tue Ray.eicH ANALYSIS 


The essential elements of the Rayleigh-type analysis have 
been given in detail elsewhere (1, 2) and require no extended 
treatment here. The analysis for the present system differs 
from that previously given for the cantilevered wing with no tip 
weights only in that the wing modes must be altered to fit the 
new airplane configuration. Since the present system is con- 
sidered to be in the free-flight condition, the natural bending and 
torsion modes are taken as those for the airplane supported by 
reactions at the respective bending and torsion nodes, i.e., the 
modes are made to correspond to those for a completely unre- 
strained system. The generalized distortion modes for the two 
degrees of freedom Rayleigh analysis then become the funda- 
mental, uncoupled natural bending and torsion modes for a 
uniform wing carrying a concentrated fuselage and tip weight, 
supported at the respective nodal points. 

The procedure for arriving at the details of the uncoupled 
mode shapes and frequencies, given the system, are well known 
(3, 4) and need not be repeated. (Complete analytic expressions 
for the mode shapes for the present system are given in M. R. I. 
Report No. 1-S36-E-4, footnote 1.) It is to be noted that 
since the aircraft is in free flight, the possibility arises that flutter 
can occur either in a symmetric or an antisymmetric mode. Ac- 
cordingly, flutter analyses based on both the symmetric and 
unsymmetric natural modes for the system must be conducted 
in order to evaluate the lowest critical flight speed. It is readily 
shown that symmetric and unsymmetric degrees of freedom can- 
not couple (2) so that the two types of flutter require independent 
study. 

With the characteristics of the degrees of freedom known, 
generalized co-ordinates are established and the analysis proceeds 
in the usual manner. The equations of motion for the system 
are written with the aid of the Lagrange equations for the gen- 
eralized motion of a dynamical system, and the stability deter- 
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minant then provides information on the flutter parameters of 
the aircraft. The detailed procedure is outlined in the previously 
mentioned references. For present purposes, no dissipation 
function is included in the equations of motion, since the omission 
of structural damping considerations is in the interest of sim- 
plicity and does not affect the generality of the present study. 
While several methods are available for the numerical solution 
eof the stability determinant, a particularly convenient procedure 
is described by Smilg and Wasserman (2) under the title ““Ma- 
teriél Center Method.” This method was used to obtain the 
numerical results presented in this paper. . 


Tue Exact So.LutTion 


It is shown in (1) that the differential equations governing 
the motion of a uniform wing are as follows 


my + 86 + Ely) = L [1] 


Sj + 16-—GJ — =M.. 
ox? 


where 

wing bending displacement at spanwise station z, 

referred to the elastic axis of the wing, positive 

downward, 
@ = wing torsional displacement at station x, positive 
when nose-up. 

m, S, 1 = mass, mass static unbalance, and mass moment of 
inertia, respectively, of the wing per unit span, re- 
ferred to the elastic axis. 

EI,,GJ = flexural and torsional rigidities of the wing 


ll 


and where a dot denotes a differentiation with respect to the 
time co-ordinate. The spanwise co-ordinate z has its origin at 
the wing root. The symbols L and M refer to the aerodynamic 
lift and moment acting on the wing per unit span at station z, 
referred to the wing elastic axis, and these take the form 


L = + + + ai. :....... 
M = w&Myy + wM',y + + (4) 


These expressions apply for a harmonic wing oscillation with 
the circular frequency w. Calculation of the various air-force 
coefficients L,, L’,, and the like, is facilitated by making use of the 
aerodynamic tables published in (2), and in the notation of that 
reference 


Le + iL’s La — Ly('/2 + a)}......... [6] 
M, + iM’, = wpb*{M, — + a)}......... [7] 
Me + = xpb*{ Ma — + a) — M,("/s + a) 


The equations of motion, Equations [1] and [2], must be aug- 
mented by a statement of the proper boundary conditions at 
the wing root and tip. For the case of symmetrical flutter, it 
is readily shown from straightforward considerations that the 
appropriate boundary conditions which must hold for all values 
of the time at the wing root are, for the freely suspended system 


or 
ory 

at z = 0; (y+ = El, {10} 
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at 2 =0; — = GJ 
2q or 


where W, denotes the total weight of the fuselage; es represents 
the distance that the center of gravity of the fuselage lies behind 
the wing elastic axis; and k, is the radius of gyration of the fuse- 
lage about the wing elastic axis. The boundary conditions which 
must prevail at the wing tip for all values of the time are found 
from similar considerations to be 


: 

at z=l; — (9+ ed) = Fl, — (12) 
g 
Ww oo 

at — (eg + = GJ —.. | 13] 
g or 

Ox? 


Here the wing semispan is /; W, is the magnitude of the tip 
weight; eé2 is the distance from the wing elastic axis rearward 
to the center of gravity of the tip weight; and ky, is the radius 
of gyration of the tip weight about the wing elastic axis. When 
arriving at the wing-tip boundary conditions, the inertia of the 
tip weight in roll (i.e., about a chordwise axis through its center 
of gravity) is neglected, since a study based on practical con- 
figurations indicates that this factor introduces only negligible 
bending moments at the wing tip during the flutter motion. 

Although the matter is not pursued here, it is evident that 
analogous boundary conditions can be established for the case 
of unsymmetrical flutter. It is to be noted that only the bound- 
ary conditions at the wing root require alteration for this purpose, 
those at the tip remaining the same. 

While the general procedure for solving for the flutter mode 
is outlined in (1), the present study takes advantage of certain 
simplifications which are described in the discussion which fol- 
lows. It is convenient to first transform the variables in Kqua- 
tions [1] and [2]. Suppose y,@ are solutions of the equations as 
they stand. Now multiply both equations by the imaginary 
quantity 7 and let y,@ be solutions to the new set. Adding the 
respective equations of the two sets, two new equations result 


4V 


ory 
mY + SO + El, - — ¥ 


w? ~ = 0. [15] 


SY + /0 GJ -wM 


- wM'9 = 116! 
which have the solution 
Y=yt+in; =0 +4 i0,....... 


To study the flutter mode, Y and 6 are taken in the dorm 
Y = Y(x)e™; © = [18] 


where Y (x) and @(z) are mode shape functions which depend only 
on the span co-ordinate z. Substituting these forms in Equa- 
tions [15] and [16], the differential equations serving to define 
(x) and @(z) are obtained 


4 


oe Equations [1] and [2] form a homogeneous set after L and M are 
replaced by their equivalents from Equations [3] and [4]. 
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where 


1 iL’ (S + Le + ib 
er, Ly + iL’y); + Le + iL’s) 


w? , w? 
Y= @ (S + M, + iM 6 = Gy Mo + 


The boundary conditions Equations [9] through [14] are trans- 
formed in a similar fashion. Using the notation that Y,(z) de- 
notes the nth derivative of Y (x) evaluated at station z, with an 
analogous meaning for 0,(x), the boundary conditions at the wing 
root become 


Woo? 
EI,Y;(0) = [Y(O) + [22] 
Wor 
GJ0,(0) = - [es¥(0) + k20(0)]........ [23] 
while at the wing tip 
W 
= ——— + e0@)).......... [25] 
Wo? 


The customary flutter point of view is now employed, in which 
the reduced speed parameter V/ba (V = flight speed; b = wing 
semichord) is arbitrarily fixed at several values, and the pos- 
sibility of a neutral stability mode associated with these values is 
investigated. Prescribing a value for the reduced speed in turn 
fixes the values of the air fgrce coefficients, and hence of a, 8, y, 
and 8. Equations {19] and [20] then have the appearance of 
linear equations with constant coefficients and their solution 
offers no difficulty. Making use of the methods of the opera- 
tional calculus for this purpose, and drawing on Equations [21] 
through [23] for the root boundary conditions, the operational 
equations derived from Equations [19] and [20] are (5) 


{pt — a} P(p) — {8} @(p) = [p? + al + pY2(0) 


{vy} P(p) + {p? + 5} O(p) = [p — 
[28] 


where Y(p) and 6@(p) are the Laplace transforms of Y (zx) and @(z), 
respectively, and where 


Wyo? Wyo? 


Equations [27] and [28] can now be solved algebraically for 
?(p) and 6(p) and the inverse Laplace transforms obtained in 
the usual manner. Expressions for Y(z) and @(x) then result 


as follows 
= Y(O) Cir + Co + Y2(0) Csr. . [29] 
A(z) = Y(0) C4, + Cor + (0) Coe. . [30] 


where, as examples 


31 

9'(P) 

fees(d,? + 5) + — ek,?)} [32] 
g'(P) 


where the \, are the roots of the sixth-degree equation in p 


6 
o(p) = [] — >») = + — ap? — (ad — By) = 0.33) 


r=1 
d 
and the notation g’(p),=., denotes the value of re 


when 


p=». 

Attention is now turned to the satisfaction of the boundary 
conditions at the wing tip, as expressed by Equations [24] through 
[26]. The derivatives entering these equations are readily cal- 
culable from Equations [29] and [30]. As an example 


6 6 6 : 
Y.(z) = Y(0) > + O(0) > + Y2(0) dy 


r=1 r=1 
[34] 
so that = 1 
Y2(l) = + O(O)E2 + Y2(O)és......... [35] 


where the &; are constants whose origins appear in Equation 
[34] when the substitution z = / is made in the c,,.. In a similar 
fashion, other constants £;;can be defined so that 


= YO)iu + OO)E2 + .. [36] 
Y3(l) = + O(O)E2 + [37] 
0(0) = YO)ia + + [38] 
0,(0) = + O(O)Ee + [39] 


and then the satisfaction of the boundary conditions, Equations 
[24] through [26], requires that 


{gu} ¥(O) + {&}@(0) + ¥2(0) = 0....... (40) 
fin + + exta)} ¥(O) + { Ese + + 
+ {ts + ea(tis + ¥20) = [41] 
{ — + YO) + { — + 
where 
Wat 


It is evident that the homogeneous equations, Equations [40] 
through [42], must be satisfied at the flutter point so that the 
determinant A formed by the brackets attached to Y(0), 6(0), 
and Y,(0) in these equations must have the value zero. 

The procedure for locating the flutter point for a particular 
wing is thus seen to be as follows: On the basis of estimated 
values for the reduced speed and frequency at flutter, the cor- 
responding &,, are evaluated in the manner already outlined. 
The value of the determinant A is then calculated. If this value 
is not zero, the process is repeated with new values for w and 
V /bw. 

When a sufficient number of calculations have been performed 
without directly locating the flutter point, it is possible to ac- 
complish the same result by interpolating the known values for 
A to determine its vanishing point. A review of the preceding 
work shows that the é,, are, in general, complex numbers; hence it 
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follows that A is, in general, a complex number, whose vanishing 
requires that both its real and imaginary parts equal zero, i.e., 
R(A) = (A) = 0. If R(A) and J(A) are each plotted three- 
dimensionally vs. w and V/bw, the lines of intersection of the 
two surfaces with the respective planes R(A) = 0 and 7(A) = 0 
can be determined. The point where these lines of intersection 
cross each other is the flutter point. The determination of flutter 
points in this way is illustrated by the plots shown in Figs. 2 and 
3. 

With the frequency and reduced speed at flutter known, the 
flutter speed is at once calculable. The mode shape at flutter 
is then available for study from Equations [29] and [30]. 


SIMPLIFICATION OF THE Exact SOLUTION 


The method for flutter analysis just described involves con- 
siderable numerical complication. Thus the roots of Equation 
[33] must be found for each chosen set of w and V/bw; from these 
the various £,, must be calculated, and then the value of A de- 
termined. Actually, the major portion of the work is involved 
in the calculation of the ¢,,. To proceed from the é,, to the value 
of Aisa relatively slight matter. 

An important simplification is now introduced into the analysis 
which permits the calculation of the é,, with little effort. The 
simplification has as its basis the fact that Y(z) and @(r) can 
be expanded into convergent power series in the span co-ordinate 
z. A formal proof of this statement follows without difficulty 
from Equations [29] and [30]. For the fundamental flutter 
mode, the rapidity with which the series converge is excellent, 
causing the solution to become particularly simple. 

Rather than seek the power-series solution for Y(z) and @(z) 
directly in the usual manner, a more convenient approach is 
now outlined.’ It is evident from Equations [29] and [30] that 
if simple forms are found for the various summations ~c,,, then 
the é,, are easily calculable. 
pression for Zc:r;_ the Laplace transform for this sum of terms is 


p> + dp? + ep? — Bere; 
g(p) 


where g(p) is defined in Equation [33]. Treating g(p) as a cubic 
in p?, with the roots (A,?, As”), it follows that 


o(p) = I 


#=1,3,5 Pp 


and, using the binomial expansion theorem 


= 


g(p) 
1 T; 


where the notation 7’, is used to represent the sum of all possible 
symmetric polynomials in (A;2, A3?, 32) which are of degree n in 
these three parameters, each polynomial having a unity coeffi- 
cient attached. 

A discussion of symmetric polynomials is included in most 
higher-algebra texts, such as that of Bécher (6). For the prob- 
lem at hand, it can be shown that the various 7’, are readily evalu- 
ated directly from a knowledge of the values of a, 8, y, and 6 
alone. Information with regard to the roots \, is not required. 


7 For a more detailed discussion of the method used here to develop 
the power-series solution, see ‘‘Note on the Use of Symmetric Func- 
tions in the Solution of Linear Differential Equations With Constant 
Coefficients,” by M. Goland and Y. L. Luke. This note, which 
stresses the general application of the method, is scheduled for publi- 
cation in the Journal of The Franklin Institute. 


Consider as an example the ex- - 
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If Equations [43] and [45] are now combined and use is made 
of the inversion theorem, there results 
6 
Cr = 
r=1 n=0,1,2,... 


(2,)! 


« — B 


(2n + 3)! 


where 7) = land 7'_; = 0. If the substitution z = / is made 
in this series, an expression for £, results. It is found that the 
series so obtained is rapidly convergent, so that only the first 
few terms need be taken into account to remain within the limits 
of engineering accuracy. 

It is readily seen that an analogous treatment is possible for 
the remaining £,,. Hence a method is available which permits 
the rapid calculation of these parameters with a minimum of 
labor. With the &,, known, the flutter solution proceeds in the 
manner previously outlined. 


Samp_Le CALCULATIONS 


Choosing a modern high-speed fighter airplane as a basis for 
study, results are given here for the symmetrical flutter modes 
corresponding to two different wing-tip-weight configurations. 
Although the same tip weights are used in each case, the chord- 
wise location of their centers of gravity are changed. Detailed 
specifications for the airplane dealt with are given in Table 1. 
The configuration where the centers of gravity of the tip weights 
lie on the wing elastic axis is called Case I; for Case II, the tip 
weights have their centers of gravity aft of the wing elastic axis 
by a distance equal to ten per cent of the wing chord. 


Yb (x) 
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TABLE 1 DESCRIPTION OF AIRCRAFT CONFIGURATIONS 


DEALT WITH IN THE SAMPLE CALCULATIONS 


1 The same aircraft is studied for two different chordwise locations of the 
centers of gravity of the tip weights. These locations are as follows: 
Case I—Center of our of tip weights coincident with the chord- 
wise location of the wing elastic axis. 
Case I[—Center of gravity of tip weights located aft of the wing elastic 
axis by a distance equal to 10 per cent of the wing chord. 
Details of uniform wing: 
Semichord of wing: 3.15 ft 
Semispan of wing: 19.4 ft 
Weight perfoot ofspan: 149.5 lb 
Elastic axislocation: 32 percent chord aft of leading edge 
Center of gravity location: 40 per cent chord aft of leading edge 
Radius of gyration about elastic axis: 29 per cent of wing chord 
Flexural rigidity, EJ», of wing: 18.09 x 10®lbft ft 
Torsional rigidity, GJ, of wing: 4.68 X 10*lb ft ft 
3 Fuselage details: 
Total fuselage weight: 7400 lb 
Total fuselage pitching moment of inertia about wing elastic axis: 
395,500 lb ft ft 
Location of fuselage, center of gravity: 17.2 in. ahead of wing elastic - 
axis 
4 Details of the tip weights: 
Weight ateach tip: 1056lb 
ey radius of gyration of tip weight about its center of gravity: 
.08 ft 
5 For the system composed of wing, fuselage, and tip weights, nodally sup- 
ported, the following natural frequencies prevail for the uncoupled, sym- 
metrical normal modes: 
Fundamental! bending—Cases Land II: 138 cpm 
Fundamental torsion—Case [: 304 epm; CaseII: 297 epm 
Shapes for these modes are shown in Fig. 1 


The flutter modes are studied by both the Rayleigh and the 
exact methods. For the Rayleigh analysis, use is made of the 
fundamental, uncoupled, symmetrical bending and torsion modes 
for the aircraft supported in the free-free condition, i.e., with nodal 
support. These modes, which are derived by standard analytic 
methods applicable to the free vibrations of a uniform bar carry- 
ing concentrated weights, are shown in Fig. 1 for the two aircraft 
configurations of interest. The procedure for carrying out the 
Rayleigh analyses has already been discussed; when arriving at 
the Rayleigh flutter modes reported here, the stability deter- 
minant was solved by employing the Materiel Center Method 
of Smilg and Wasserman (2). 

The results of the Rayleigh analyses are summarized as fol- 
lows:* 


Case I Case II 


175 175 
Reduced speed 16.75 13.80 
Ratio of torsional amplitude (in rad.) to bend- 

ing amplitude (in ft) at wing tip.......... 0.062 0.112 
Phase angle by which torsional motion lags 


Turning now to the calculations by the exact method, the 
plots shown in Figs. 2 and 3 are of interest. These show, for 
the two aircraft configurations, plots of R( A) and 7(A) vs. w for 
two adjacent planes of V/bw = constant. The points of inter- 
section of these curves with the base planes R(A) = 0 and /(A) 
= 0 are then transferred to a third plot of V/bw vs. w, enabling 
the construction of the curves describing the base-plane intersec- 
tions of the R(A) and J(A) surfaces. The point where these two 
curves cross each other is the flutter point. It is to be noted 
that the V/bw planes are chosen sufficiently close to each other 
to permit the use of a linear approximation for the base-plane 
curves in the region of the calculations. Also, in so far as pos- 
sible the V/bw planes are chosen in the immediate vicinity of the 
flutter point in order to reduce the required number of calcula- 
tions to a minimum. 

It follows from Figs. 2 and 3 that the following results are 
obtained from the analyses by the exact method: 


* All calculations reported in the paper are for flight in incom- 
pressible air at standard sea-level conditions. No compressibility 
corrections are applied to the results. 


UNIFORM WING WITH TIP WEIGHTS 


Case I Case Il 


Flutter speed, mph...... 655 513 
Flutter frequency, cpm........ 183 183 
Reduced speed at flutter....... 15.93 12.45 


With regard to the mode shapes at flutter, these can no longer 
be described in the simple manner possible for the Rayleigh 
modes. For the Rayleigh flutter motion, the wing deflects in its 
fundamental bending and torsion modes. Hence the bending 
motion of all points of the wing are either in phase, or directly 
out of phase with each other (depending on whether the dis- 
placement is in the positive or negative sense); a similar situation 
exists for the torsional motion. Accordingly, to describe the 
flutter motion, it is necessary to specify only the relative ampli- 


tudes of the bending and torsional motion at the wing tip and — 


the phase angle between the two. For the exact solution, these 
restrictions on the motion are no longer applicable and a descrip- 
tion of the mode shape at flutter requires that the following be 
specified: (a) the bending and torsional amplitudes at each wing 
station in relation to some base amplitude, here chosen as the 
bending deflection at the wing tip; and (b) the phase angles by 
which the bending and torsional motions at each wing station lead 
some base motion, here taken as the bending motion at the wing 
root. 

The shapes of the flutter modes for the two cases under con- 
sideration, as derived from the exact solution, are shown in 
Figs. 4 and 5. For each flutter mode, the spanwise distributions 
of amplitude and phase are given for both the bending and 
torsional motions. For purposes of comparison, the mode 
shapes according to the Rayleigh analyses are also included. 
The bending and torsion components of the Rayleigh modes 
follow the ground modes of Fig. 1; a change from a positive to a 
negative deflection in Fig. 1 is denoted by a 180-deg shift in phase 
in Figs. 4 and 5. 


Discussion 

A comparison of the flutter parameters calculated according 
to the Rayleigh and exact methods is now of interest, since this 
brings to light the extent of the errors introduced by the dynami- 
cal approximations inherent in the former type of analysis. 
For the two aircraft systems studied in the last section, the per- 
centage deviations of the Rayleigh parameters from those de- 
rived by the exact method are as follows: 


Case I Case II 
Error in flutter speed........ +0.8 per cent +6.0 per cent 
Error in flutter frequency..... —4.4 per cent —4.4 per cent 


A positive sign is used here to denote a Rayleigh value which is 
too high. 

It follows from these results that only moderate errors in 
the flutter parameters are introduced by the use of the two-degree- 
of-freedom Rayleigh analysis, the errors, nevertheless, being of 
sufficient magnitude to command attention. The present flutter 
airworthiness requirements do not provide margins of safety 
which are sufficiently liberal to enable the neglect of errors of the 
order of six per cent in the calculated values for the flutter speed. 
Furthermore, as flutter calculations become more refined in other 
respects, the errors arising from inaccurate dynamical assump- 
tions become of increasing significance. 

It should be further noted that the results presented here are 
for a relatively conventional wing configuration. For uncon- 
ventional structures, larger errors may be introduced unless the 
Rayleigh analysis is suitably enforced by the addition of further 
degrees of freedom. 

Regarding the direction of the errors, the results of the calcu- 
lations do not indicate a simple rule for determining whether the 
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(@) INTERSECTION OF R(A) 
AND I(4) WITH PLANE 


(b) INTERSECTION OF R (A) 
AND I (A) WITH PLANE 


(C) INTERSECTION OF R(4) AND I (A) 
SURFACES WITH BASE PLANE 


Fic. 2. Symmetric Fitutrer ANALYSIS FoR I By THE Exact MetHop 
{R(A) = Real part of determinant A; J(A) = imaginary part of determinant A. Flutter at w = 19.15; V/bw = 15.93; V = 655 mph.] 
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(d) INTERSECTIONS OF R(A) 
AND WITH PLANE 


3 


(b) INTERSECTIONS OF R(A) AND 
WITH PLANE W= 18.0 


(c)INTERSECTIONS OF R(O) AND 1(4) 
SURFACES WITH BASE PLANE ‘R(A)= 
=O. 


SYMMETRIC FLUTTER ANALYSIS FOR CASE II By THE Exact MetuHop 


{R( 4) = Real part of determinant A; I(4) = imaginary part of determinant A. Flutter at w = 19.2; V/bw = 12.45; V = 513 mph. 


Rayleigh flutter speed is too high or too low. The following 
argument has been advanced by some to show that the Rayleigh 
speed is always conservative: When the Rayleigh method is 
used to calculate the natural frequencies of conservative mass- 
spring systems, the calculated frequencies are always on the 
high side. Hence if this conclusion is arbitrarily carried over 
to the flutter problem, and if the reduced speed at flutter is as- 
sumed to be correct at its Rayleigh value, then the flutter speed 
calculated by this method should always be on the high side. 
It is clear from an inspection of the numerical results presented 
here and in (1) that this argument is not valid. The present re- 
sults show that the Rayleigh frequency can be lower than the true 
value, while the reduced speed at flutter predicted by the Ray- 
leigh method is too high. The reverse situation is met in the 
calculations reported in (1). It is clear, then, that no simple 
argument is sufficient to indicate the direction of the errors in a 
Rayleigh analysis and a statement to the effect that the Rayleigh 
flutter speed is always conservative is not warranted. 

It is of interest now to investigate how closely the Rayleigh 
analysis predicts the true wing motion at flutter. An examination 


of Figs. 4 and 5 shows that the general features of the flutter 
motion are duplicated, but that serious errors are nevertheless 
introduced. Particularly in the inboard regions of the wing 
severe distortions are apparent; excessive bending amplitudes 
are called for by the Rayleigh analysis and the bending and 
torsion phase angles are not well duplicated. In the tip re- 
gions, better agreement between the approximate and exact 
modes is in evidence, but even here the torsion amplitudes pre- 
dicted by the Rayleigh analysis are too high. These results 
indicate the need for caution when attempting to compare ex- 
perimentally observed mode shapes with those arrived at by 
calculation. 

As a final remark, it is to be noted that the flutter solution 
obtained in this paper by solving the differential equations for 
the wing motion is “exact” only in the sense that it is free of all 
dynamical approximations save those which apply to linear 
systems in general. Actually, the expressions introduced in the 
development to describe the air forces are not strictly correct, 
since they are based on a potential flow solution for a thin wing, 
with the effects of fluid compressibility and a finite wing span not 
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(Amplitudes are based on a unit bending amplitude at the wing tip; phase angles are referred to bending motion at root.) 


taken into account. In the light of the present objective, how- 
ever, this approximate aerodynamic treatment is allowable. For 
it is the purpose here to study the dynamical mechanism of 
flutter, and this is generally unaffected by minor alterations in 
the nature of the air forces. 
CONCLUSIONS 

1 When applied to a system composed of a uniform wing 
carrying a fuselage and tip weights, a Rayleigh flutter analysis 
in two degrees of freedom predicts the true wing performance to 
only an approximate extent. Under certain circumstances, the 
dynamical assumptions inherent in the Rayleigh analysis can 
lead to appreciable error in the magnitude of the predicted 
flutter speed. 

2 For the aircraft systems described in Table 1, the errors in 
the Rayleigh flutter speeds are of the order of six per cent of the 


critical speeds derived on the basis of a dynamically exact pro- 
cedure. 


3 At the present time, no simple means is available for de- 
termining the direction of the error introduced by a Rayleigh 
analysis. The critical speeds and frequencies predicted by this 
method may be either higher or lower than the true values. 

4 Unless reinforced by many degrees of freedom, a Rayleigh 
flutter analysis does not, in general, accurately describe the shape 
of the wing flutter mode. For the aircraft systems studied in this 
paper, the Rayleigh analyses predict the wing motion in the tip 
region reasonably well; however, the mode shape over the in- 
board region of the wing is considerably distorted. 
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Appendix 


Following the suggestion of Mr. Henry E. Fettis of the Air- 
craft Laboratory, Air Materiél1 Command, Dayton, Ohio, the 
calculations in the paper “The Flutter of a Uniform Cantilever 
Wing,” by M. Goland, Journat or AppLtiep Mecuanics, Vol. 12, 
No. 4, December, 1945, pp. A-197—A-208, were reviewed. It was 
found that the flutter and normal mode calculations are in error, 
the flutter errors being ‘due to the use of numerically incorrect 
aerodynamic parameters. The theoretical portions of the paper 
are correct, and it is found that the conclusions reached in the 
paper continue to apply. 

The correct flutter modes for the wing described in the paper, 
as calculated by the Rayleigh and “exact” methods, are described 
in Table 2. It is seen that the agreement between the two modes 
is excellent. 

The first and second normal modes for the wing are described 
in Table 3. The agreement between the Rayleigh and ‘‘exact’’ 
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TABLE 2 FLUTTER MODES BY THE RAYLEIGH AND “EXACT” 
METHODS 


Rayleigh Exact 
Piutter airepeed, 302 307 
GPM. 675 675 


MODE SHAPES 


Span -——Bending Component——~. — Torsion Component 
sta- Exact Rayleigh Exact 
tion Ampl. Phase Ampl. Phase Amp]. Phase Ampl. Phase 
a . 064 0 .061 +1.4° —64.2° -lll —65.6° 
8 . 230 0 .223  +0.9° .211 —64,2° 212 —65.0° 
12 . 462 0 .453 +0.5° .291 —64,2° 293 —64.1° 
16 .726 0 +0.1° —64.2° 346 —63.4° 
20 ~=1.000 0 1.000 0 —64.2° 364 —62.9° 
TABLE 3 NORMAL WING MODES 
Rayleigh Exact 
Frequency of first mode, rad/sec............... 48.62 48.16 
Frequency of second mode, rad/sec............. 95.75 95.75 


NORMAL MODE SHAPES BY THE EXACT METHOD 


Span —w = 48.16 rad/sec— -——w = 95.75 rad/sec— 
station Bending Torsion Bending Torsion 
0 0 0 0 0 

4 . 064 020 — .064 .318 

8 . 230 039 — .241 

12 .462 055 — ,504 . 819 
16 .726 066 — .818 954 
20 a 1.000 070 —1.149 1.000 


frequencies is found to be considerably closer than is indicated in 
the paper. Hindsight being more potent than foresight, this is to 
be expected since the second uncoupled bending and torsion 
modes for the wing have frequencies which are considerably 
higher than the fundamentals. Table 3 also shows that the 
bending and torsion components for the two normal modes 
agree in shape with the fundamental uncoupled modes. 

The remarks regarding forced vibration phenomena in flight 
continue to apply. 
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Vibration of a Nonlinear System During 
Acceleration Through Resonance 


By R. B. MEUSER? ano E. E. WEIBEL* 


During acceleration of a machine through a critical 
speed, displacements and stresses may attain large values. 
For linear systems F. M. Lewis (1),4and J. G. Baker (2) 
have studied different aspects of this pfoblem, the former 
analytically, the latter by mathematical-machine methods. 
This paper presents a generalized solution obtained on 
the mechanical analyzer (3) for the effect of an accelerated 
sine-wave force on a spring-mass system having linear 
plus cubic elasticity and linear damping. The range of 
accelerations covered applies to electrically driven recipro- 
cating machines and to other rapid starting units. Some 
interesting effects of nonlinearity on displacements and 
forces are pointed out. 


NOMENCLATURE 


displacement amplification ratio, dimensionless 


c = damping factor, lb see/ft 

F = force amplification ratio, dimensionless 

h = acceleration of the excitation, cycles/sec* 
i, = spring constant of linear spring, lb/ft 
k, = spring constant of cubic spring, lb/ft* 

K = cubic elasticity modulus, dimensionless 

m = mass of the system, lb sec?/ft 

P = maximum exciting force, lb 

q = excitation acceleration modulus, dimensionless 

t = time measured from instant when forcing frequency is 

zero, sec 
T = undamped natural period for infinitesimal amplitude, 
sec/cycle 
* x = displacement of mass from rest position, ft 

y = damping modulus, dimensionless 
é,, = statical deflection, P/k,, ft 

£ = dimensionless displacement 

7 = dimensionless time 

a = initial phase angle of forcing function, radians 

DIMENSIONLESS GROUPS 

A = Imax/8,, 

F = (kKitmax + Ks2max*)/P 


1 Based on work done by R. B. Meuser under the general super- 
vision of E. E. Weibel and reported in the former’s M.S. thesis pre- 
sented to the Division of Mechanical Engineering, University of 
California, Berkeley, Calif. 

* Design engineer, Radiation Laboratory, University of California, 
Berkeley, Calif. 

8 Associate Professor of Mechanical Engineering, University of 
California, Berkeley, Calif.; now at University of Colorado, Boulder, 
Colo. Mem. ASME. 

‘ Numbers in parenthesis refer to the Bibliography at the end of 
the paper. 

Contributed by the Applied Mechanics Division and presented 
at the Annual Meeting, Atlantic City, N. J., December 1-5, 1947, of 
Tue AMERICAN Society oF MECHANICAL ENGINEERS. 

Discussion of this paper should be addressed to the Secretary, 
ASME, 29 West 39th Street, New York, N. Y., and will be ac- 
cepted until April 10, 1948, for publication at a later date. Dis- 
cussion received after the closing date will be returned. 

Nore: Statements and opinions advanced in papers are to be 
understood as individual expressions of their authors and not those 
of the Society. Paper No. 47—A-53. 
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K = 
q = 1/hT? 
y= c/ V mk; 
r = 2nt/T 


INTRODUCTION 


t= 
[Te problem of determining the maximum amplitudes or 

stresses in the forced vibrations of an elastic system during 

acceleration through a critical speed is frequently ‘en- 
countered. An elastically mounted reciprocating engine starting 
from rest and accelerating to operating speed and an elastically 
coupled engine-generator unit are examples. The response of a 
linear elastic system with linear damping has been determined 
analytically by Lewis (1) for the case of a constant amplitude of 
the exciting force, and he gives numerical values for the range of 
acceleration rates corresponding to the values © > g > 10. 
Baker (2) obtained a machine solution of the analogous problem 
in which the amplitude of the exciting force varies as the square 
of the instantaneous exciting frequency. Frequently the elastic 
properties of the mounting or coupling are such that the stiffness 
increases with deflection. In certain cases the spring force may 
be approximated by an expression of the form kiz + kr’, or in 
nondimensional form as § + Ké*. A generalized solution is pre- 
sented in this paper for the response of a single-degree-of-freedom 
system having linear plus cubic elasticity, and linear or viscous 
damping when subjected to a sinusoidally varying exciting force 
of constant amplitude and of uniformly increasing frequency. 
This type of exciting force is representative of the various 
harmonic components of the gas pressure torque of an accelerated 
reciprocating machine. The present solution includes the case 
of the linear system (K = 0) treated by Lewis, except that the 
rates of acceleration are higher than those considered by him, 
and are’such as would occur in the starting of electrically driven 
units or of the smaller sizes of reciprocating-engine generator sets. 
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Because of this difference in ranges of acceleration no check 
against the numerical values given by. Lewis for the linear case 
has been possible, and no application of his method of analysis 
for the linear case has been made as a check for the range of 
accelerations covered in the present paper. Any available meth- 
ods of checking the nonlinear cases have appeared to be too time- 
consuming to be attempted. 

Graphs are given for determining the maximum amplitudes of 
displacement and force in the system as a function of the dimen- 
sionless cubic elasticity modulus K, the dimensionless damping 
modulus y, and a dimensionless quantity q defining the rate of 
acceleration of the exciting frequency. The ranges of the varia- 
bles for which data are given are: 0 <q <5,0 <K < 2.2, and 
0 <y <0.5. The data were obtained on the vibration analyzer 
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described in the paper by Weibel, Cokyucel, and Blau (3). 

A supplementary device was used to generate the forcing 
function mechanically in order to save time, since the runs were 
repetitive in nature, and in order to improve the accuracy some- 
what over the manual curve-following method. The device con- 
sists of a constant-speed turntable contacting a roller, the axis of 
which is perpendicular to the axis of the turntable. The roller is 
moved radially by means of a constant-speed screw shaft, and 
the motion of the roller is transmitted to an eccentric circular cam 
driving the analyzer input arm. The general construction is 
shown in Fig. 1 and a typical record in Fig. 5. The probable error 
of the results has an estimated value of +1.6 per cent in the 
middle of the ranges of the variables, and a maximum estimated 
value of +3.3 per cent at certain other points over the ranges of 
the variables considered. 


VIBRATION OF NONLINEAR SYSTEM DURING ACCELERATION THROUGH RESONANCE 23 


Fic. 4 Force AmpuiricaTion Ratio F as a Function or K, @, 
AND ¥Y 


THE Equation or Motion 


Equating the summation of forces to the product of mass and 
acceleration for the system shown in Fig. 2, one arrives at 


P sin (wht? + a@)..... [1] 


Using the dimensionless groups defined previously, Equation 
{1] transforms to 


As the phase angle a is varied through one cycle, the displace- 
ment-time curve of the mass m shifts but remains within a ¢om- 
If we use the maximum ordinate of the 


mon envelope curve. 
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envelope curve aS Zmax in the relations defining the dependent 
variables, A and F, rather than the maximum amplitude for a 
particular value of a, then the phase angle a is no longer an in- 
dependent variable and the problem is reduced to that of finding 
the relationship 


A, F = f(K, 7) 


Whereas the equations have been expressed in terms of a 
translational system, they may be easily transformed in terms 
of a rotational system by the usual substitutions; the case of two 
elastically-coupled rotors by the substitutions indicated in refer- 
ence (4). 


Discussion 


The results shown in Fig. 3 indicate clearly that the amplitude 
of vibration is reduced by the addition of a cubic component to a 
given linear spring-mass system over most of the range of vari- 
ables considered in this paper, but that under the conditions of 
very small damping and slow rates of acceleration (i.e., high values 
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of q), the addition of a moderate cubic component actually results 
in an increase in amplitude. From a physical standpoint this is 
quite easily explained. As the excitation increases in frequency, 
an increase in amplitude results in an increase in the resonant 
frequency of the system so that the resonant and forcing frequen- 
cies remain nearly the same over an extended interval of time. 

This is not true for an excitation of decreasing frequency and 
the resultant amplitudes for this case are quite small. By the 
same reasoning, one would expect a system with K <0 to have 
large amplitudes during deceleration and small amplitudes 
during acceleration of the excitation. Lewis (1) shows that the 
amplitudes are nearly the same for acceleration and deceleration 
for the case K = 0. 

The results shown in Fig. 4 indicate that the addition of a 
cubic component can only result in an increase in the force trans- 
mitted in the range of variables considered, and in some cases the 
transmitted force is several hundred times the applied force. 
On the basis of the results of this paper, the introduction of non- 
linear elasticity of the “hard” type into systems which are sub- 
ject to acceleration through a critical speed, as in certain flexible 
couplings or in the snubbing-type elastic mountings, may have 
either desirable or undesirable effects depending upon whether the 
maximum displacement or stress is limiting. It is evident that 
consideration of many factors is necessary to the satisfactory solu- 
tion of displacement or stress problems in this field. 
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Effect of a Concentric Reinforcing Ring on 
Stiffness and Strength of a Circular Plate 


By W. A. NASH,' ANN ARBOR, MICH. 


In this study of a fixed-edge circular plate subjected to 
uniform normal pressure (such as is commonly used on 
ends of thin-walled cylindrical pressure vessels), it is 
shown that the maximum vertical deflection, the maxi- 
mum radial stress, and the maximum tangential stress 
may all be reduced by reinforcing the plate with a concen- 
tric ring. 


BENDING OF A CIRCULAR PLATE:-LOADED SYMMETRICALLY WITH 
RESPECT TO THE CENTER 


HE deflection curve of the neutral surface of a circular plate 
subject to a uniform normal pressure p (per unit area) is 
given bv? 


pr’ er? 
ws + — | + 
Og Tr c [ ] 
the slope conseq tently being 
dw pr® cr. C2 
dr 16D 2 r (2) 


where w (measured positive upward) denotes the vertical de- 
flection of any point distant r from the center of the plate; D, the 
flexural rigidity of the plate, is equal to Et#/12(1 — u?), t being 
the thickness of the plate, and » denoting Poisson’s ratio which 
is taken to be '/; in all calculations. 

The radial moment (per unit are length) at a point distant r 
from the center of the plate is® 


dtw u dw 
— 
| dr* r dr | (3) 


and the tangential moment (per unit length) is 


1 dw d*w 
4 
Mo = 1 [4] 


Since each of these moments is acting on a rectangular area 
of unit width and of depth ¢, the radial and tangential compo- 
nents of bending stress at a point distant r from the center of the 
plate and at a distance y (measured positive downward) from the 
neutral surface of the plate are 
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12Mr E dw 4 dw 
and 
E 1 dw dtw 


For a solid fixed-edge plate of radius a, the maximum deflection 
occurs at the center and is given by w = —pa‘t/64D. The 
maximum radial stress occurs at the fixed edge (r = a) and at 
the lower surface of the plate is S, = —3pa*/4t?. The maximum 
tangential stress occurs at the center of the plate (r = 0) and is 
given by Sg = 3pa*(1 + u)/8t? at the lower surface of the plate. 

The foregoing theory neglects the effect of shear on deflection, 
which is permissible if the thickness of the plate is small com- 
pared to its radius; and also assumes that the deflection of the 
plate is small compared to its thickness. It is assumed that the 
material in the plate follows Hooke’s law in tension and com- 
pression. 


Twistine or A CrrcuLAR Rina By Coupzes Unirormiy D1s- 
TRIBUTED ALONG Its CENTER LINE 


If a circular ring of uniform cross section be subjected to twisting 
couples uniformly distributed along its center line and of magni- 
tude M per unit arc length, the ring tends to “turn inside out,” 
each radial cross section rotating in its own plane through the 
angle a. 

If the material in the ring follows Hooke’s law in tension and 
compression, then, for small values of a and for rings whose cross- 
sectional dimensions are small compared to the radius b of the 
ring, the angle of twist is given by® 


where J is the moment of inertia of the cross section of the ring 
with respect to its axis of symmetry in the plane of the ring. 
The possibility of distortion of the cross section is neglected 
in this consideration. The error is small, provided the ratio of 
the outer radius of the ring to the inner radius is less than 1.5. 


BENDING OF A Frxep-EpGs CrrcuLtarR PLATE REINFORCED BY A 
ConcENTRIC RING 


The general case of a fixed-edge plate of radius a, reinforced 
by a concentric ring of radius ka is considered here. A view 
normal to the surface of such a plate and a diametral cross 
section are shown in Figs. 1 and 2, respectively. (Although the 
reinforcing ring, illustrated in Fig. 2, is of rectangular cross 
section, the following discussion is valid for a ring of any constant 
cross section.) The moment of inertia of the cross section of the 
ring with respect to an axis in the neutral surface of the plate is 
denoted by /,. 


‘Theory of Plates and Shells,” by S. Timoshenko,? p. 81. 
Ibid., p. 329. 
*“Strength of Materials, Part II,’’ by S. Timoshenko, second 
edition, D. Van Nostrand Company, Inc., New York, N. Y., 1941, 
p. 178. 
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Fig, 1 OrTrHOGONAL PROJECTION OF CIRCULAR PLATE REINFORCED 
BY Concentric 


Fig. 2 DiameTraL Cross Section oF CrrcuLarR PLATE 
FORCED BY CONCENTRIC RING 


REIN- 


In effect, such a reinforced plate consists of an inner plate, a 
ring, and an outer plate. The general equations for circular 
plates subjected to uniform normal pressure apply to both the 
inner and the outer plates. 

For the inner plate o < r < ka 


qr 


talogrta 11] 


Car 


. 


. 


The six constants of integration, c; through cs are determined 
by the following boundary conditions 


| 
(c) [w]-= 
| 


‘Ldr jr=ka 


(a) 


(b) 


d 
= B in both plates 
dr r=ka 


{w]--ke = in both plates 
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(ka)? dr |r=ka 


where M, = [M,]r=a in the inner plate, and M; = [M,],<ka 
in the outer plate. 

The validity of condition (f) is evident from Fig. 3 in which are 
shown the radial moments acting on the inner and outer plates, 
as given by Equation [3], and also the equal and opposite mo- 
ments exerted by the plates on the ring. The angle of twist of 
the ring is thus proportional to the difference of these moments 
and is given by Equation [7]. For small values of the angle of 
twist, 6 (Fig. 3) may be replaced by 


k 
dr jr=ka 


Errect oF A RING ON DEFLECTIONS 


(f) M:—M = 


Substituting the values of the constants c, through cs in Equa- 
tion [8], the deflection curve of the neutral surface of the inner 
plate becomes 


where B is written in place of 


El, 
— 4) — 
[ak +40 4 


(1—k?*) El, 
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for brevity. For the outer plate, Equation [11] becomes 


{11a} 


From the last two equations it may be seen that the vertical 
deflection of any point in the neutral surface of either the inner 
or the outer plate may be expressed as the product of the maxi- 
mum (central) deflection in an unreinforced fixed-edge plate 
(having the same radius, thickness, and loading), and a dimen- 
sionless coefficient which is a function of the location of the 
point, the position of the ring, and a dimensionless ratio HJ,/aD. 

As in the unreinforced plate, the maximum vertical deflection 
of any reinforced plate occurs at the center (r = 0) by virtue 
of symmetry. 

The ratio of the maximum deflection of a reinforced plate to 
that of an unreinforced plate having the same radius, thickness, 
and loading is given by the dimensionless coefficient of Equation 
[8a] when r/a = 0. Values of this ratio are plotted in Fig. 4, 
for a range of values of E/,/aD and k. As is to be expected, the 
ratio is unity for all values of E7,/aD, when k = 0 ork = 1. From 
a consideration of the curves in Fig. 4 it is evident that a ‘“mod- 
erately stiff” ring of E7,/aD = 10 will reduce the maximum de- 
flection to about 38 per cent of its value in an unreinforced plate, 
provided that the ring is so placed that it is most effective in re- 
ducing the maximum deflection. 

The family of curves in Fig. 4 also shows that the relative 
position that a ring should occupy to be most effective in reducing 
the maximum deflection of the plate depends upon the parameter 
EI,/aD. An analytical expression for such an optimum value of 
k may be found by equating to zero the partial derivative (with 
respect, to k) of the dimensionless coefficient in Equation [8a]. 
The resulting equation must be solved by approximate methods. 
A solution is given by the value of k for which the slope of the 
curve in Fig. 4 (for the particular value of //,/aD in question) 
is zero. 

PRINCIPAL STRESSES IN A REINFORCED PLATE 


Substituting the values of the constants ¢ through cs in Equa- 
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tions [9], [10], [12], and [13], and then substituting these values 
in Equations [5] and [6], the expressions for principal stresses 
in the inner plate become 


B 1 
— + p) {14} 
Similarly, in the outer plate 
f(r (ete) @) (+=) 
B fa\’ a\* 
16 r r 
403 aJ \1 +p r} 
B a 2 


Equations [14] through [17] show that both the radial and 
tangential components of stress at any point in either plate may 
be written as the product of the maximum value of that stress 
in an unreinforced fixed-edge plate (having the same radius, 
thickness, and loading) and a dimensionless coefficient which is 
a function of the location of the point, the position of the ring, 
and a dimensionless ratio E/,/aD. 

As in the unreinforced plate, the maximum value, with respect 
to depth, of each of the stress expressions, Equations [14] through 
[17], occurs at the surface of the plate. 


EFFEctT oF A RING ON RapIAL STRESS 


The radial co-ordinate of the point (on the surface) at which 
the maximum radial stress occurs in the inner plate may be 
found by equating the partial derivative (with respect to 
r/a) of the dimensionless coefficient in Equation [14] to zero. 
The resulting equation is (r/a)(3 + uw) = 0. Since wis always 
positive, r/a = 0, i.e., the curve of S,/(—3pa?/4t?) versus r/a 
in the inner plate has a zero slope at r/a = 0 and nowhere 
else. The dimensionless coefficient is consequently either an 
increasing or a decreasing function in the interval 0 < r/a 
< k. Therefore it may have a maximum value at the other 
end point, r/a = k. The maximum radial stress in the inner 
plate must occur at either r/a = Oorr/a = k. Whether the 
maximum occurs at the former point or at the latter depends 
upon the values of E7,/aD and k. 

The point of maximum radial stress in the outer plate may 
be located in a similar manner. Equating the partial de- 
rivative (with respect to r/a) of the dimensionless coefficient 
in Equation [16] to zero yields (a/r)* = 40/(8-B). Since 
a/r is at le. st unity, (8-B) must consequently be positive 
if there is tu be a value of r/a (k < r/a < 1) for which the 
curve of S,/(—3pa?/4t?) versus r/a in the outer plate has a slope 
of zero. 

For (8-B) to be positive, B must be less than 8. Since 
0 < k © 1 and EI,/aD is always positive, B is always posi- 
tive. As k approaches zero, B approaches 8, and also as 
k approaches unity, B again approaches 8 as a lower bound. 


pa‘ r\‘ a 
—14 4 log- 
64D r r\? 
— —- +-lg-i7...... 
4\a 4 2 r 
| 
> 
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As EI,/aD increases beyond all bound, B approaches 
8(1 + k*), and if k approaches unity at the same time, 
then B approaches 16 as an upper bound. Thus 8 
< B < 16 for all physically possible values of EJ,/aD 
and k. 

Therefore the quantity (8-B) is always nonpositive 
and consequently, the curve of S,/(—3pa?/4t?) versus 
r/a does not have a zero slope in the interval k < r/a 
< 1. The dimensionless coefficient in Equation [16] 
is therefore either an increasing or a decreasing func- 
tion in this interval, and the maximum radial stress 
in the outer plate must occur at one of the end points 
r/a = korr/a = 1. Which one of these two is criti- 
cal again depends upon the values of E/,/aD and k. 

The absolute value of the ratio of the maximum ra- 
dial stress (and the point at which it occurs) at the 
lower surface of a reinforced plate to that in an un- 
reinforced plate having the same radius, thickness, and 
loading is plotted in Fig. 5 for various values of the 
parameter EJ,/aD. For the values of EJ,/aD used, the 
maximum radial stress occurred either at the fixed 
edge (r/a = 1) or at a point in the inner plate adja- 
cent to the ring (r/a = k). In general, however, the 
maximum may occur at any one of the four points men- 
tioned. 

From the curves in Fig. 5 it is evident that a ring of 
EI,/aD = 10 will reduce the maximum radial stress to 
about 57 per cent of its value in an unreinforced plate, 
provided that the ring is so placed that it is most effective in 
reducing the maximum radial stress. 


EFFECT OF A RING ON TANGENTIAL STRESS 


The radial co-ordinate of the point (on the surface) at which 
the maximum tangential stress occurs in the inner plate may be 
found by equating the partial derivative (with respect to r/a) of 
the dimensionless coefficient in Equation [15] to zero. The re- 
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—Maximum occurs in outer plate, r/a = | 

- -Maximum occurs in inner plate, r/a = k 
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—Maximum occurs at an intermediate point in the outer plate 
- -Maximum occurs in inner plate, r/a = 0 


Fie. 6 Errect or A ReEtnrorcinc Rinc on MaximuM TANGENTIAL 


Stress Retnrorcep PLATE 


Since y» is always positive, r/a = 0, that is, the curve of 
Se/[3pa2(1 + )/8t?] versus r/a in the inner plate has a zero 
slope at r/a = 0 and nowhere else. The dimensionless co- 
efficient is consequently either an increasing or a decreasing func- 
tion in the interval 0 < r/a © k. Therefore the maximum 
tangential stress in the inner plate must occur at one of the end 
points r/a = 0 or r/a = k. The one at which the maximum 
occurs in a particular reinforced plate depends upon the values 
of EI,/aD and k. 

The point of maximum tangential stress in the outer plate 
may be located in a similar manner. Equating the partial deriva- 
tive (with respect to r/a) of the dimensionless coefficient in Equa- 

tion [17] to zero yields (r/a)* = (B-8)/24. 

Suppose the quantity B be evaluated for a given pair of 
values of EJ,/aD and k. If the fourth root of (B-8)/24 is 
less than k, the curve of S¢/[3pa*(1 + ,)/8é?] versus r/a 
does not have a zero slope in the intervalk © r/a <1. In 
this case, the dimensionless coefficient in Equation [17] is 
consequently either an increasing or a decreasing function 
in this interval. The maximum tangential stress in the outer 
plate must then occur at either r/a = k or r/a = 1, depend- 
ing upon the values of E/,/aD and k. If the value of r/a 
given by the fourth root of (B-8)/24 is greater than k, then 
the curve of S@/[3pa*(1 + u)/8t?] versus r/a does have a zero 
slope in the intervalk <r/a © 1, and the maximum tan- 
gential stress in the outer plate occurs at this value or r/a. 

Therefore the maximum tangential stress in the outer 
plate may occur at any one of an infinite number of points, 
the critical one for a particular reinforced plate being de- 
termined by the values’ of E/,/aD and k. 

The absolute value of the ratio of the maximum tan- 
gential stress (and the point at which it occurs) at the lower 
surface of a reinforced plate to that in an unreinforced plate 
having the same radius, thickness, and loading is plotted in 


7 Since B < 16, the quantity (B-8)/24 is at most '/s. The 
maximum intermediate critical value of r/a is therefore 0.76. The 
maximum tangential stress in the outer plate of a reinforced plate 
having k <-0.76 must occur at either r/a = korr/a ='1. 
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Fig. 6 for various values of the parameter EJ,/aD. For the 
values of E/,/aD used, the maximum tangential stress occurred 
either at the center of the inner plate (r/a = 0) or at some in- 
termediate point in the outer plate k < r/a < 0.76, although, in 
general, it could occur at any one of the infinite number of points 
mentioned. 

The curves in Fig. 6 show that a ring of Z/J,/aD = 10 will re- 
duce the maximum tangential stress to about 41 per cent of its 
value in an unreinforced plate provided the ring is so placed that 
it is most effective in reducing the maximum tangential stress. 

For the range of values of EJ,/aD studied, the maximum 
radial stress in a reinforced plate was always greater than the 
maximum tangential stress in the same plate, as is always true 
in an unreinforced plate. 


CoNCLUSIONS 


1 The maximum vertical deflection of a fixed-edge circular 
plate subjected to uniform normal pressure may be reduced by 
reinforcing the plate with a concentric ring. 

2 The maximum radial stress in such a plate may be reduced 
by reinforcing the plate with a concentric ring. 

3 The maximum tangential stress in the plate may be reduced 
by reinforcing the plate with a concentric ring. 


EXPERIMENTAL VERIFICATION 
A reinforced circular plate of 8 in. diam, 0.05 in. thick, and 
having parameters EJ,/aD = 10, and k = '/; was clamped at 
the edge and loaded by air pressure. A similar plate, lacking 
the reinforcing ring, was also tested. 
The ratio of the maximum vertical deflection of the reinforced 


plate to that of the unreinforced plate for a pressure of 1 psi was 
0.366 and for 2 psi, 0.365. The ratio as calculated from Equa- 
tion [8a] for such & plate is 0.39. The experimental values thus 
deviated 6.4 per cent from the calculated. 

Electric strain gages of '3/\, in. were mounted along a diameter 
at the center of the upper and lower surfaces of both the rein- 
forced and the unreinforced plates. 

The ratio of the radial strain of the reinforced plate to that of 
the unreinforced plate, as measured by these gages, was 0.385 
for 1 psi pressure, and 0.381 for 2 psi. The ratio, as calculated 
from Equations [14], [15], and the corresponding equations for 
an unreinforced plate is 0.34. The experimental error here was 
12.7 per cent. 

The deviations from the calculated values may be due to several 
factors as follows: (a) The radial thickness of the ring, which 
was considered negligible in the theory, was 3.1 per cent of the 
radius of the plate. (b) The strains indicated by the gages on 
the upper and lower surfaces of the plates usually differed from 
one another by about 5 per cent, indicating some tension in the 
plate. (c) Under a pressure of 2 psi, the maximum deflection of 
the unreinforced plate was about 40 per cent of its thickness, 
although the theory assumes that the deflection is small compared 
to the thickness. Also, it is doubtful if exactly the same degree 
of fixity of the edges was obtained for both plates. 
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Effect of Bending Rigidity of Stringers 
Upon Stress Distribution in Reinforced 
Monocoque Cylinder Under Concentrated 
Transverse Loads 


By ROBERT S. LEVY,? FARMINGDALE, L. 


Least-work analysis of stress distribution in a rein- 
forced circular monocoque cylinder is extended to deter- 
mine the effect of bending resistant stringers located at 
the points of application of concentrated transverse 
loads. Calculations for a numerical example, with ap- 
plied loads diametrically opposed, indicate that neglect 
of stringer bending rigidity results in calculated maximum 
shear stresses approximately 20 per cent conservative in 
the fields of load application and 50 per cent unsafe in an 
intermediate field. Further calculations indicate that 
the bending rigidity of the stringer has less effect when 
all loads are applied at the same circumferential location. 
Comparison of shear stresses, calculated by the present 
method with strain-rosette readings, indicate good agree- 
ment. 


INTRODUCTION 


HE problem of stress distribution in the vicinity of the 
"T peict of application of a concentrated load, introduced 

into a reinforced monocoque cylinder, has been treated by 
N. J. Hoff.* His analysis, using the method of least work, was 
based upon the assumption that the bending rigidity of the 
stringers may be considered negligible. 

Actually, when stringers have a finite bending rigidity, each 
stringer introduces a concentrated load into each ring at its 
point of attachment. An investigation of the effect of these 
secondary load concentrations was made for the type of model 
and loading shown in Fig. 1. It was assumed that the contact 
forces between stringers and rings for the loaded stringers would 
be far greater than the forces acting on the unloaded stringers, 
and these latter forces were assumed to be of negligible effect. 
A least-work analysis was made to determine the magnitudes of 
the contact forces and the resulting stress distribution. 

Calculations were also performed using Hoff’s assumption 
that the entire applied load is concentrated upon the rings under 


1 This paper is based upon a thesis submitted by the author to the 
Polytechnic Institute of Brooklyn in partial fulfillment of the re- 
quirements for the degree of Doctor of Aeronautical Engineering. 

2 Project Stress Analyst, Republic Aviation Corporation. 

“Stresses in a Reinforced Monocoque Cylinder Under Concen- 
trated Symmetric Transverse Loads,’’ by N. J. Hoff, JourNAL or 
Apptiep Mecuanics, Trans. ASME, vol. 66, 1944, p. A-235; and 
Mechanical Engineering, vol. 68, May, 1946, p. 473. 

Contributed by the Applied Mechanics Division and presented 
at the Annual Meeting, Atlantic City, N. J., December 1-5, 1947, of 
Tue AMERICAN Soctety oF MECHANICAL ENGINEERS. 

Discussion of this paper should be addressed to the Sue, 
ASME, 29 West 39th Street, New York, N. Y., and will be ac- 
cepted until April 10, 1948, for publication at a later date. Discus- 
sion received after the closing date will be returned. 


Nore: Statements and opinions advanced in papers are to be - 


understood as individual expressions of their authors and not those 
of the Society. Paper No. 47—A-12. 
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load. For the condition in which loads were applied to stringer= 
on opposite sides of a monocoque, the simplifying assumption 
resulted in calculated shear stress in field 3, 19 per cent higher 
than that resulting from the present calculations. The sim- 
plified calculations also indicated maximum shear stress in field 
2 about 50 per cent of that calculated by the method of this pa- 
per. 
A similar comparison of calculated stresses for the condition 
of all loads acting on one stringer indicated smaller differences 
between the results of the two methods. 


CALCULATIONS BY LEAST-WoRK ANALYSIS 


The type of model and loading investigated is shown in Fig. 
1. The model consisted of a circular cylinder of m-1 fields made 
of thin sheet metal of constant thickness. It was reinforced 
by m rings, each of constant moment of inertia, but not neces- 
sarily similar. The longitudinal reinforcements (stringers) were 
assumed to,have finite rigidity against bending which remained 
constant for any one field but varied from field to field. The ring 
spacing was also variable. 

The loading consisted of a self-equilibrating system of con- 
centrated vertical loads applied at the upper and lower stringer 
locations at each ring. The stringers at the points of load ap- 
plication, in turn, transmitted concentrated loads P,; and Q,, 
respectively, to the top and bottom of each ring. It was as- 
sumed that the transverse loads transmitted by the other string- 
ers, not externally loaded, would be negligible. 

The calculation of axial loads was based upon the assumption 
that the stringers could be considered uniformly distributed 
over the circumference of the cylinder and combined with the 
sheet to form a cylinder of effective thickness t’ which carries 
all the normal stress resulting from the bending moment of the 
applied loads. 

However, the shearing stress was carried by the sheet of thick- 
ness ¢ equal to the actual sheet thickness. From consideration 
of membrane equilibrium, the sheet, which can carry no circum- 
ferential normal stress, must have a shear stress which does no! 
vary axially between Any two rings. Variation of normal stress 
in the axial direction permits the shear stress to vary circum- 
ferentially. The shear flow (the product of shear stress mul- 
tiplied by sheet thickness) in the ith field may be represented by 
the series 


% = Sin ne 
n=1 


This series satisfies the requirements of symmetry. The shear 
flow is considered positive when acting in the direction shown in 
Fig. 1. 

The rings are assumed to have finite rigidity against bending 
in their planes and negligible rigidity against bending out of 
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their planes or against torsion. Hooke’s law and the principle 


of superposition are assumed. 
ANALYsIs OF 


A typical ring and its loading are shown in Fig. 2. To obtain 
the bending moment, a cut is assumed at ¢ = 0, and statically 
indeterminate internal tension W, moment N, and shear V are 
applied, as shown in Fig. 3, to maintain equilibrium. Fig. 3 
shows the loads on the right-hand side of the ring. Because of 
symmetry, V = 0. The moment due to the shear flow is given 
by 


M, = fy” (gi — — (¢ — 
Integration results in 


M,/r? = (ai — (1 — cos ¢ — ¢) 
+ [(a;, — @¢-1),)/n(n? —1)] cosng 
n=2 
(a,, =~ Q(i-1),,)/n — cos ¢ [n(@;, — = 1)] 


n=2 n=2 


The bending moment acting at any point in the ring is given by 


M,; = M,+ Mw + My + Mp [3] 


M,,/r* = (aa — a(i-1)1) (1 — cos — ¢ sin ¢) 


> (ain — /n(n® — 1)] eosin ¢ 


n=2 
+ (din — — cos ) — 1)] 
n=2 n=2 
+ (W/r) (1 — cos + (N/r*) + (P;/2r) sin g. ....[3a] 


f 
m- RING NO, 


™-! FIELD NO. 


Monocoavue CYLINDER 
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Fic. 4 Loapine on Upper Strincer 


Disregarding the strain energy due to shear and tension, the 
strain energy stored in the ring is given by 


(r/El,) fo" de 


According to Castigliano’s theorem 
QU,2N) = 0 = 
QU,W) = 0 = 
From Equation [3a] 


(0M,,/2N) =1 
(0M,;/OW) = r(1 — cos ¢) 


Substitution and simplification reduces Equations [4] to 


Sir = 0 
(M,,/r®) cos de = 0 


Integration results in the following 

n=2 

+ (P,/r) + (xW/r) + («N/r*) = 0 


— @(i-1)n)/m 


[n(a,, 


n=2 


—a(5-1)n)/(n? — — (#W/2r) = 0 | 


Simultaneous solution of Equations [5] yields 


(W/r) = —(3/4) (ain — 


n=2 
— — 1) 


(N/r®) = (1/4) (an — 
n=2 


— /(n? — 1) — (P;/xr) 


Substitution in Equation [3] results in 
M,, = rr(aa — + + — 
in which 
C = (r/4x) (2 — cos gy — 2gsin ¢) | 
D = (1/2) (—2/x + sin ¢) 


B= [1/n(n*? — 1)] cosng 


n=2 


Fic. 5 Axrat Stresses Upon SHeet ELEMENT 


ANALYSIS OF STRINGERS AND SHEET 


Bending of Stringers. The upper stringer is subjected to the 
loads shown in Fig. 4. The resultant moment at ring i due to 
the transverse loads Fy and P,, at ring p is given by 


i—1 
Fa) L, 


M, = VP, — 


The total bending moment in the upper stringer at any point 


x, is, consequently 
i 


Similarly the moment in the lower stringer is given by 


p=1 t=p p=1 


i-1 


p=1 


(10) 


Normal Stress in Distributed Stringers and Sheet. The norma! 
stress may be expressed as a function of the shear stress from 


consideration of the aaa aacetins of an element such as is shown in 
Fig. 5. 


U Qa — tr/rdg) = 0 


From which the normal] stress is 


o = (t/rt’) (Or + fie) 


Since the rings are assumed weak in bending out of their 
planes and no axial loads are imposed upon the end ring 


f(y) = 0 
The normal stress in the ith field is given by 


i—1 


o; = (1/rt’) So’? + 


p=l 
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Integration results in 


i-l } 
p=l1 


EquiLtisrium ConpITIONS 


The condition for equilibrium of vertical forces acting upon 
the pth ring may be written 


(P; —Q,) = sin gd¢ 


i=l 


Integration results in 


= (1/rr) 


+=1 


[12] 


The condition tor equilibrium of forces acting upon the string- 
ers may be written 


1=1 


CALCULATIONS FOR MINIMUM STRAIN ENERGY 


According to Castigliano’s theorem, the partial differential 
cocflicient of the total strain energy stored im the structure with 
respect to any of the unknown internal forces or shear-flow 
Fourier coefficients must be equal to zero. To enforce the equilib- 
rium conditions, the first Fourier coefficient of each field, aa, 
and the loads on one ring, for example, P,, and Q,,, must be con- 
sidered to be dependent upon the other variables. Castigliano’s 
theorem may be applied to determine the independent variables. 

The strain energy stored in the rings may be written as 


m 


i=i 


Application of the equilibrium conditions reduces the expression 
for the bending moments in the rings to the following form 


= (P,—Q) C + + B(a;, — 
when 1 <i<m and ..[7a] 
= (P,, —Q,)C + + (—a@(m-1)n) | 
from which it follows that 


= (Fos — Fx) + »> (Q; — ro 


m m—1 
i=1 i=1 


Differentiation of Equation [14] with respect to P; yields 
QU,P;) = fo" M,; 
+ (2r/ET jn) fy” Mem OM,» /2P; de 


because the bending moments in the other rings are not directly 
dependent upon P,. From Equations [7] and [7a] 


(C + D) 
(OM,,,/2P;) = —(C + D) 


(0M,;/2P;) = 


33 
Substitution and integration results in 
(0U,/OP;) = (r*/8EI,;) + 54] 
i=1 i=l . 
n=2 
—(r*/EI — 1)?] 


in which 
Y = 27/3 — 11/2 


Z = «2/3 — 5/2 
Furthermore 


(QU,/2Q;) = (2r/EI,5) fo 
+ (2r/ Elem) fo" Mim @M yn /2Q5)4¢ 
(0M,;/2Q,) = —C 
OM m/2Q) = C 
Substitution and integration yields 


(QU, /2Q;) = (r*/SeET,;) [P;Z + Q; iD 


— (r3/8rEI,,,) 


1=1 
+(> 
— (r'/EI,;) [(as, — /n(n® — (—1)" 


— (r*/E pm) 


n=2 


Similarly, the differential coefficient of the total strain energy 
in the rings with respect to any Fourier coefficient in the pth 
field, az, where n is an integer greater than unity is given by 


(QU, =) = fo" 
This equation involves only rings adjacent to the field in which 
the shear flow is acting. From Equation [7a] 
(0M,;/0a;;) = [r?/n(n* — 1)] cos ng 
(OM,(é+1)/0a5 53) = —[r*/n(n* — cosn 
Substitution and integration yields 
(QU, /ea; ;) = — 1)*] {—P; — Q;(—1)" 
+ (a5 5 — + — 
+ (—1)* + + [17] 


The strain energy due to bending of the upper stringer is 
given by 


~ 
m m m ¥ 
1=1 1=1 
| 
pt 


™ 


t=1 
The differential coefficient of the strain energy with respect to a 
load on the upper stringer is given by 


t=1 


From Equation [9] the partial differential coefficient of the 
bending moment with respect to any load on the upper stringer 
is 


(0M,;/0P;) = + when p 
= 0 when p> 


in which 


the lower limit of the summation being the number of the ring 
upon which P; is acting. Substitution and integration yield 


m-—1 
(0U,,/oP;) = (6L’; + 3L,) — F,,) 
t—1 
+ + 214" . . [18] 


Similarly 


(6L'; + F,,) 


m—1 
QU,/2Q;) 


i=p p=1 
i 
t=p p=1 


The strain energy due to normal stress in the sheet and dis- 
tributed stringers is given by 


, =!) 
Un = Wr/E) ax, 


t=1 


Application of the equilibrium conditions permits the equation 
for normal stress to be written in the form 


i-1 p e 
o; = (1/rt’) > (P, — Q,) cos 
2 t 


p=1 =] 
(P,, — Q,) cos ¢ 
p=1 p=1 
+ 2; wt [lla] 
n=2 


The partial differential coefficient of the strain energy with re- 
spect to a load on the upper stringer is 


m—1 


QU,,/2P;) = (2t'r/E) fide 


t=1 
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From Equation [11a] 
(00,;/0P;) = (cos g/rr*t’) (L’, + 2;) 


when p <i 
(00;/0P;) = 0 
when p > 7. 
Integration gives 
m—1 \ 1 
Pp 

t=1 
Similarly 


(0U,,,/0Q;) = (1/6xEr*t’ » L, + L 


i=p 
P,) 


@, — + (L’; L, + 21,2) > 
t=1 p= 


The partial differential coefficient of the strain energy with 
respect to a typical Fourier coefficient is 


m—1 


t=1 


(QU = (2t’r/E) 


From Equation [1 1a} 

= (L;/rt’)n cos ng, when n > 1, p <i 
(00;/Oa? =) = (x;/rt’)n ne, whenn> 1, p =1 
(Qo,;/da;;) = 0, whenn > 1, p> i 

Integration gives 


m—1 
(QU ,,/da; 3) = (wn?/6Ert’) 
Pp = 


imp+l 
p—1 
L,a,;, + a,; 


+ + 3(L,)* 


p=1 


The strain energy stored in the sheet due to shear stress is 


> f L, fr atde 


From equilibrium ennshieentionn: the shear stress may be written 
i 


= sin g + a,,, sin ng... .{1a] 


t=1 n=2 
From which it follows that 
= (1/mr) sin ¢ psi 
(0g,/oP;) =0 p>i 
(0g,/0a;;) = sin ng pet 
(09;/0a;;) = 0 pit 


Differentiation of the shear-strain energy with respect to the 
unknown loads and shear-flow coefficients results in 


(0 


(01 


(dt 
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m—1 i 


[23] 
i=p t=1 
m—1 i 

(0U,/0Q;) = (1/artG) (Q— . 124) 
t=1 

. [25] 


The condition that the total strain energy stored in the struc- 
ture be a minimum yields the following equations 


(0U,/da, + (OU, /0a,, 5) + (0U,,,/0a; a 0 


(QU ,4/0P;) = + (QU,,/0P;) + (0U,/oP;) 
+ QU,,,/oP;) = 


(QU = (0U,/0Q;) + (0U,,/0Q;) + U,/2Q;) 
+ (QU sip/2Q;) = [28] 


Equation [26] holds for all integral values of n greater than unity, 
and for all integral values of p from unity to (m— 1). Equations 
[27] and [28] hold for all values of p from unity to (m — 1). 
Therefore the general solution of the problem given by Equa- 
tions [26] to [28], inclusive, comprises (m — 1) times infinity, 
plus 2 times (m — 1) simultaneous linear equations. 


NUMERICAL CALCULATIONS 


The solution is continued for a cylinder of six equal fields, 
having seven rings of identical moments of inertia (7) and eight 
stringers. The moment of inertia of the stringers is equal to that 
of the rings. Equal loads F are applied to the upper stringers 


Q, 


Fic. 6 Srrucrure anp Loapina ror NUMERICAL CALCULATION 


TABLE 1 
F Pi Ps Q: 
(0Ut01/0P1) = XH 3YH 2YH 2YH 3ZH 2ZH 2ZH 
28/ 
3K 2K K —3K —2K —K 
54K’ 28K’ 8K’ —54K’ —28K’ —8K’ 
(QU tot/OP2) = XH 2YH 3YH 2YH 2ZH 3ZH 22H 
—2 287 5J 
2K 2K K —2K —2K —K 
28K’ 16K’ 5K’ —28K’ —16K’ —5K’ 
(QU tot/9Ps) = XH 2YH 2YH 3YH 2ZH 2ZH 3ZH 
5J 
K K K —K —K —K 
8K’ 5K’ 2K’ —8K’ —5K’ —2K’ 
(OU tot/8Qi) = XH 3ZH 2ZH 2ZH 3YH 2YH 2YH 
54J7 287 8J 
—3K —2K —K 3K 2K K 
—54K’ —28K’ —S8K’ 54K’ 28K’ 8'K 
(OU ¢ot/3Q2) = XH 3ZH 2ZH 2YH 3YH 2YH 
5J 
2 —2K —K 2K 2K K 
—-28K’ —16K’ —5K’ 28K’ 16K’ 5K’ 
tot/2Qs) = XH 2ZH 2ZH 3ZH 2YH 2YH 3YH 
8/ 5J 2J 
—K —K —K K K K 
—8K’ —5K’ —2K’ 8K’ 5K’ 2K’ 


at the end rings which are equilibrated by a load of 2F at the 
lower stringer at the central ring. 

Symmetry of structure and loading permits the calculations 
to be based upon one half of the structure. The plane of sym- 
metry passes through the center of the fourth ring, Fig. 6. The 
fourth ring is considered to have one half of its total moment of 
inertia effective in resisting the load on each half of the structure. 
Each half of the ring is subjected to a load Q, at the bottom and 
P, at the top. 

Under these conditions, Equation [26] represents the three 
times infinite set of simultaneous equations 
(OU,,,/Odi,) = a;,(2AX + B + 14n*) + aan (—Ar 

+ 9n*) + (3n?) — = 0 


(QU = Gin(—AX + 9n*) + + B 


. [29] 
+ 8n*) + din (—AXA + 3n?) — S,AXd/er = 0 


(OU, ,,/Odsn) Gin(3n?) + Aan(—AX 3n?) 
+ +B + 2n*?) — TnAd/x r= 0 


in which Hoff’s notation for the nondimensional quantities is 
used 


A = 6r°t’/IL* R = (Qi — Q2) (—1)" + Pi — P: 
B = 6(E/G)(t'r?/tL?) S = — Qs) (—1)" + P2— Ps 
X = 1/[n*(n? — 1)?] T = (—2F + 2Q; + 2Q: + 3Q;) 


(—1)" — 2F + 2P, + + 3P,; 
where n is an integer greater than unity. Equations [29] indi- 
cate that all Fourier coefficients of the same subscript n, are inter- 
dependent but do not depend upon any coefficient having an- 
other subscript. Therefore, the equations may be solved in 
groups of three and, for any value of n, @in, G2n, and a;, may be 
expressed as functions of R, S, and 7. 

Equations [27] and [28] represent six simultaneous equations 
involving six internal forces P, to P; and Q, to Q;, and rapidly 
convergent summations of functions of the Fourier coefficients. 
Substitution results in the equations presented in Table 1. The 
terms in each column are the factors of the unknown load at the 
head of the column; for example 


(0U,./0Ps:) = F(XH — 8J) + P(2YH + 8J + K + 8K’) 
+P(2YH + 5J + K + 5K’) +... + Q:(—3ZH — K— 2K’) 


+ (r*/ET) 


n=2 


{1/n(n? — 1)?] [az, — 3a;,] = 0 


EQUATIONS FOR INTERNAL FORCES 


+ r4/El) > [1/n(n? — 1)2][—ain — 2asn] = 0 


n=2 


+ (r*/ED [1/n(n* — — aan — 2aan] = 0 


n=2 


+ (r*/BI) — 1)*] [an — 3aan] = 0 


n=2 


+ (r*/BI) — 1)*)[ain(—1) + = 0 
n=2 


+ (r4/ET) — + 2asn(—1)"*1]=0 


n=2 


+ (r*/ED) — 1)*][aen(—1)" + 3asn(—1)"*1] = 0 


n=2 
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Fie. 7 SHEAR Stress IN 1 Fic. SHeAR Stress in 2 


in which 
H = r*/8rElI = 
J = L'/6EI X = —2r? + 16 
K = L/xrtG 


VALUES FOR INTERNAL FORCES AND FOURIER 
COEFFICIENTS 


INTERNAL Forces 
= —49.3 lb i = 
= — 1.2lb = 
= 0.2lb Qs = 
= O.3lb = 


23 


1 

2 
3 
4 
5 
6 
7 
8 
9 
0 


Numerical calculations were performed for the semimonocoque 
shown in Fig. 6. The rin in. in radi de of */s-in. 
2 al d results in the values given in Table 2 for the internal forces and 
were eight stringers of 3 /ein. square 248-T distributed enitermly the first ten Fourier coefficients for each field for an applied 

hy load F = —50 |b. 


The shear flows so determined are plotted in Figs. 7 to 9, 


inclusive, and are compared with experimental measurements. 
Also shown are the results of calculations using Hoff’s method 
A = 238,846 which neglects the bending rigidity of stringers. The present 

B = 114,306 calculations compared with those by Hoff’s method indicate a 

reduction in the calculated maximum stress concentrations in 

and the flexibility coefficients are the fields of load application and a higher stress concentration 


in intermediate fields. 
H = 1071.169 X in. per Ib 


J = 1095.435 X 10-* in. per lb ACKNOWLEDGMENT 


K= 4.101 X 10- in. 
K'= 0.036 * * = 1 The author is indebted to Prof. N. J. Hoff of the Polytechnic 


Institute of Brooklyn for his advice and criticism during the 
Simultaneous solution of Equations [29] and those in Table 1 _ preparation of this paper. 


Fic. 10) or SpecimEN AND LOADING 


For these proportions, the dimensionless quantities are 
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Fig. 9 Swear Stress in 3 

Pi = 0.985 F 0.002 F = — 0.1 
Pr = 0.024 F 038 F = 1.91b 
Ps = —0.004 F 0.149 F = — 7.5 1b 
Po = —0.005 F 0.888 F = —44.3 lb | 
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Mechanical Activation—A Newly Developed 
Chemical Process 


By M. C. SHAW,' CAMBRIDGE, MASS. 


In the course of a fundamental study of metal cutting 
it was found that a cutting fluid encounters a rather un- 
usual combination of conditions at the point of a cutting 
tool. The fluid is subjected to high local pressures of the 
order of the hardness of the metal cut, high local tempera- 
tures limited only by the melting point of the work mate- 
rial, and nascent highly stressed metal surfaces. This 
combination of conditions will, in general, promote a chemi- 
cal reaction. The organic chemist uses reactions between 
metals and organic reagents in chemical synthesis, many 
of these so-called organometallic reactions being difficult 
to initiate and control. In this paper it is shown how the 
metal-cutting process may be employed in the preparation 
of organometallic compounds. The metal involved in the 
preparation is cut in the presence of the other reactants. 
thus utilizing the high-temperature, high-pressure, and 
highly stressed nascent surface produced at the point of 
cutting to start the reaction. This process has been called 
mechanical activation. This new chemical technique 
promises to give many extremely versatile organometallic 


reactions a commercial significance which they have’ 


heretofore lacked because their application was limited 
to batch rather than continuous processes by the inflam- 
mability and toxicity of the reactants, and the difficulty 


of starting and controlling the reaction. 
[ ceios, it was found that certain organic reagents when 
used as cutting fluids reacted vigorously with the metal 
cut even though these same chemicals were relatively inert tosthe 
uncut metal in bulk. This interesting discovery suggested the 
possibility of using a metal-cutting process to carry out reactions 
between metals and liquid or gaseous reactants. Subsequent 
tests showed that a metal-cutting process could be used to ad- 
vantage in starting and controlling certain reactions involving 
metals. In several cases the metal was consumed as rapidly as 
it was cut. Such an application of a metal-cutting process is 
obviously far different from its generally accepted objective of 
producing finished machine parts of specified size and shape. 
In fact, the objective of the new process is to produce a chemical 
rather than a physical product. Even though the end products 
of these two applications of the metal-cutting process are so dif- 
ferent they both use a cutting tool to accomplish the desired 
end result, and hence the physical and chemical conditions ob- 
taining at the point of a cutting tool must be fully appreciated 


INTRODUCTION 


URING a study of the basic mechanism of cutting-fluid 


! Assistant Professor of Mechanical Engineering, Massachusetts 
Institute of Technology; formerly research chemist, Cincinnati 
Milling Machine Company, Cincinnati, Ohio. 

Contributed by the Applied Mechanics Division and presented 
at the Annual Meeting, Atlantic City, N. J., December 1-5, 1947, 
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in either case. Therefore, before discussing the manner in which 
the cutting process may be used to advantage in chemical syn- 
thesis, it may be well to consider the conditions which exist at the 
point of a metal-cutting tool. 


PRINCIPLES 


In the following brief discussion of the art of metal cutting, 
the simplest of cutting operations will be considered, namely, 
the planing operation using a finishing-type tool. This cutting 
operation is represented diagrammatically in Fig. 1. The work- 
piece is fed against the stationary single-point cutting tool at a 
constant rate in the manner shown. 


tm Rake Angle 
Ch 
Stationary 
Too! 
of Cut Clearance 
__Motion of 
Work piece 
Finisainc-Type Planer Toor 


The logical way to begin an investigation of the conditions ob- 
taining at the point of a cutting tool is to observe visually the 
changes which take place. Fig. 2 is a photomicrograph of the 
vicinity of the cutting edge under ideal cutting conditions. This 
specimen was obtained by stopping the cut suddenly when the 
chip was partially formed, and sectioning, plating, mounting, 
polishing, and etching the material in the vicinity where the chip 
is attached to the work, following the usual metallographic 
technique. 

The difference in the structure of the.metal constituting the 
chip and that in the workpiece preceding the tool indicates that 
the metal is plastically deformed to a considerable extent in a 
cutting operation. This fact becomes further evident when the 
thickness of the chip is compared with depth of cut. Measure- 
ments will show. that in the case of Fig. 2 the ratio of the depth 
of cut to chip thickness is approximately 2.08 which represents 
a mean plastic deformation of approximately 108 per cent. 
The ratio of depth of cut to chip thickness has been termed the 
cutting ratio (1),? and this quantity is a measure of cutting 
efficiency, practical values for a single-point cutting tool having 
a 15-deg rake angle ranging from 0.12 for a very poor cutting 
operation to about 0.5 for the most efficient process of cutting. It 
is thus evident from Fig. 2 that the face of a cutting tool is 
subjected to very high pressures—pressures which actually ap- 
proach the hardness of the metal being cut. P 

With such extreme values of pressure acting on the face of a 
cutting tool, the friction force accompanying the sliding of the 
chip over the tool face wil! be correspondingly large, and hence 
the temperature developed locally at the chip-tool interface 
should be expected to be quite high. Shore*(2) was the first to 


? Numbers in parentheses refer to the Bibliography at the end of the 
paper. 
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Fic. 2. Currinc Unprr IpEAL ConpDiITIONS 


(Work material, SAE 1020 steel; tool material, 18-4-1 high-speed steel; 

depth of cut, 0.005 in.; cutting speed, 5.5 ipm; rake angle, plus 15 deg; 

cutting fluid, carbontetrachloride; shear angle, 28 deg; cutting ratio, 0.48; 
magnification, 100.) 


measure the temperature developed locally between a chip and 
the face of a tool. This was done by making the chip-tool inter- 
face one junction of a thermoelectric circuit. Calibration tests 
showed that the cutting pressure had no effect upon the electro- 
motive force generated. — 

In cutting brass at 16 fpm, Shore reported a temperature rise of 
from 42 C to 106 C, depending upon the depth of cut. For steel 
cut at 13.5 fpm, the temperature rise was from 112 C to 292 C. 
Herbert (3) has also made numerous tests using the thermoelec- 
tric method to measure cutting temperatures, and reports sur- 
face temperatures up to 700 C for steel, the temperature increas- 
ing with an increase in cutting speed. 

Bowden and Ridler (4, 5) have measured the surface tempera- 
ture of sliding metal pairs using the thermoelectrie method. With 
fusible metals, the temperature reached was that of the melting 
point of the lower-melting metal. The results of these investiga- 
tions indicate that at high values of cutting speed, the local tem- 
perature at the chip-tool interface will approach that of the melt- 
ing point of the metal being cut. 

The basic method in which metal is removed from a workpiece 
can be described approximately as a shearing process in which 
the advancing tool compresses the metal to be removed and sets 
up a stress pattern in front of the tool which continues to develop 
until a plastic deformation or slip occurs along some surface ex- 
tending from the tool point forward into the metal being cut. 
Line AB in Fig. 2 is the end view of what is now referred to as the 
shear plane (1). The inclination of this shear plane influences 
the thickness of the chip and consequently the forces acting on the 
tool point. The position of the shear plane is controlled by 
the geometry of the tool, the friction force between chip and tool, 
and the physical properties of the metal cut—principally the shear 
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Fic. 3) Tue Buitt-Up Epce 
(Work material, SAE 1112 cold-rolled steel; tool material, 18-4-1 high-speed 
steel; depth of cut, 0.005 in.; cutting speed, 43 fpm; rake angle, plus 15 
deg; cutting fluid, commercial sulphurized cutting oil; shear angle, 22 deg: 
cutting ratio, 0.38; magnification, X 100.) 


strength of the metal cut, the influence of compressive stress upon 
this shear strength, and the tendency of the metal to work- 
harden (6). The shear plane should be inclined as much as ‘pcs 
sible to the direction of cut in order that the cutting forces and 
thework done in cutting be a minimum. 

Under adverse cutting conditions a chip will tend to attach 
itself to the tool as a consequence of the high temperatures and 


pressures obtaining at the tool point. A hard highly worked pro- 
jection, commonly referred to as a built-up edge, frequently forms 
on the face of the tool under such circumstances. The nature o! 
such a built-up edge is evident in the photomicrograph shown in 
Fig. 3. The built-up edge is not of constant magnitude but 
gradually grows on the tool face until it becomes unstable, by 
virtue of its size and shape, when it passes off along the finished 
surface and in some extreme.cases with the main body of the 
chip. It is characteristic of the built-up edge to grow forward 
and downward from the tool point so as to alter periodically the 
depth of cut as the size of the built-up edge changes. This periodic 
alteration in depth of cut gives rise to a characteristic surface 
roughness the direction of which is normal to the direction of cut. 

A given cutting process may be ‘made more efficient by chang- 
ing the following: 


1 The geometry of the tool. 
2 The friction force between the chip and tool. 
3 The physical properties of the metal cut. 


All three of these procedures are employed in practice, bu! 
method 2 is the only one which is relevant to the present dis- 
cussion. The friction force may be reduced by improving the 
surface finish on the face of a tool or more significantly by use of 
a cutting fluid. 
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(e) Benzene 


Fie. 4 WipE RANGE OF EFFECTIVENESS OF DIFFERENT CuTTING FLUIDS 
(Metal, SAE 1020 steel; magnification, 100; cutting speed, 5.5 ipm; depth of cut, 0.005 in.; rake angle, 15 deg.) 


(a) Carbontetrachloride (b) Oleic acid Bos 
‘ 
(c) Ethanol (d) Air | 
: 


The photomicrographs, Fig. 4, illustrate the wide range of 
effectiveness of different cutting fluids. In these examples all 
cutting conditions were maintained constant with the exception 
of the cutting fluid employed. The work material was SAE 
1020 steel, the depth of cut was 0.005 in. and the cutting speed 
was 5.5 ipm (a very low value). The photomicrographs are pre- 
sented in the order of decreasing effectiveness of the fluid used. 
The chips can be seen to grow thicker as the cutting fluid becomes 
less effective. It is evident that less power will be required and a 
smoother surface created with cutting as shown in Fig. 4(a), than 
under the conditions of Fig. 4(d) or (e). The fact that benzene 
produces poorer cutting conditions than a tool cutting in air is 
particularly significant. This was also observed to be the case 
for a number of pure aromatic compounds when cutting a wide 
variety of metals. This negative effectiveness of benzene as a 
cutting fluid is understandable when it is recognized that air itself 
may be considered a cutting fluid, the natural air-borne organic 
vapors being slightly effective ia preventing adhesion between 
chip and tool. When benzene is used as the cutting fluid, the air 
and its associated vapors are excluded from reaching the tool 
point and the chemically inert benzene maintains the face of the 
tool in a clean condition which promotes the establishment of a 
weld between the chip and the tool. In this connection benzene 
and other chemically inert aromatic compounds act as effective 
fluxes. 

Cutrins-Fiuw Action 


The manner in which a cutting fluid acts to reduce the friction 
force on the face of a cutting tool is not generally appreciated. 
Ernst (7) has shown that there is generally no gap between the 
chip and the work extending beyond the tool point. Instead, 
the chip closely follows the surface of the tool from its very point, 
and the contact between chip and tool is in the form of a great 
number of small bridges which produce a labyrinth of capillaries. 
Large capillary forces are thus available to draw the cutting fluid 
into the zone of action. The extremely high pressures and tem- 
peratures involved in cutting processes, together with the nature 
of the geometry of chip formation, preclude the possibility of a hy- 
drodynamie film being maintained between tool and chip. The 
nature of cutting-fluid action is rather that of very extreme bound- 
ary lubrication. 

The field of boundary lubrication is a broad and ever-widening 
one. It is generally understood to include all problems involving 
the reduction of the resistance to sliding experienced by rubbing 
surfaces which make direct contact. Blok (8) has divided bound- 
ary lubrication into four main types on the basis of the existing 
temperature and pressure, as follows: 


1 Low-pressure and temperature boundary lubrication. 
2 High-temperature boundary lubrication. 

3 High-pressure boundary lubrication. 

4 High-pressure and temperature boundary lubrication. 


The first two of these types are represented by lightly loaded 
sliding surfaces at low and high temperatures. The chief requi- 
site for an effective fluid for these two low-pressure types of 
boundary lubrication is that the compound be highly polar and 
capable of being strongly bonded to the surfaces. These two 
classes of boundary lubrication can be explained in terms of an 
adsorbed film, the effect of increased temperature upon the sta- 
bility of the boundary layer being just an additional considera- 
tion. 

A different mechanism should be expected to hold for the 
latter two types of boundary lubrication inasmuch as a physically 
bonded surface layer will not generally be capable of withstand- 
ing the very high pressures involved. Under high local pressure 
it is quite feasible that certain fluids will react with the metal, 
giving a reaction product between the sliding surfaces. Organo- 
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metallic compounds or metal salts are generally solids and are 
thus capable of withstanding very much higher pressures than 
liquids. In general, metal compounds have much lower shear 
strengths than the corresponding metals, and hence the friction 
force will be considerably reduced if metal-to-metal contact is 
decreased by the formation of such a metal compound between 
the sliding surfaces. The same general mechanism can be con- 
sidered to hold for both boundary lubrication types 3 and 4, the 
only difference being that some fluids will become effective at a 
much lower temperature than others. 

In addition to temperature and pressure, a third variable should 
be considered in the classification of boundary lubricants. This 
third quantity is the amount of fresh metal surface produced. 
The amount of nascent surface present will have an important 
bearing upon the chemical reactions taking place between the 
metal and the fluid. In boundary lubrication types 1 and 2, the 
amount of fresh metal surface formed will be a minimum since 
the actual area of contact is small due to the relatively low loads 
involved. In types 3 and 4, contact is more complete because of 
the higher pressures and therefore the amount of nascent sur- 
face produced during sliding will be greater. In the case of metal 
cutting, the amount of freshly formed surface will be a maximum 
since all of the cut surface is nascent at the instant of rupture. 

It is thus clear that cutting-fluid action occupies one corner 
of the huge field of boundary lubrication. In metal cutting, ex- 
treme pressures are involved (pressures up to the hardness of the 
metal cut), the surface temperatures w ll vary from moderate 
values to very high values (up to the melting point of the metal 
being cut), depending upon the cutting speed, and all of the newly 
formed chip surface will be in a nascent state. Thus it appesrs 
that the only type of mechanism feasible in cut‘ing-fluid action is 
the one in which the fluid reacts chemically with the newly formed 
metal. This mechanism has been termed chemicophysical (‘)) 
because the action is initiated by a chemical reaction between the 
fluid and the nascent surface and is followed by the decrease in 
frictional resistance accounted for by the relative shear strength 
of the metal compound and of the work material. 

The chemical action which occurs at the point of a cutting too! 
in the presence of an effective cutting fluid may be used to ad- 
vantage in the synthesis of certain chemical products. Before 
considering how this is done, however, it may be well to examine 
briefly the organic chemist’s need for metals and how he goes 
about utilizing them. 


ORGANOMETALLIC ReacTIONS 


The organic chemist refers to chemical compounds possessing 
metallic elements which are directly bound to atoms of carbon as 
organometallic compounds. Inasmuch as the majority of the 06 
clements now known are metals, it is evident that a huge variety 
of organometallic compounds is possible. Strangely enough, 
however, very few such compounds occur in nature. Organo- 
metallic compounds are generally derived within the laboratory 
by reacting an organic halide compound with a metal or its alloy. 

Organometallic reactions have failed to assume great com- 
mercial application for several reasons. While some of these 
reactions are among the most versatile and universally applicable 
available to the organic chemist, they are generally toxic, highly 
inflammable, and difficult to control. Ingenuity coupled with 
high temperatures, pressures, and long induction periods must 
often be employed to make organometallic reactions com- 
mence. The fact that the rate of such a reaction generally 
increases with the quantity of the product formed makes for 
poor control, control being frequently lost with the onset o! the 
reaction. The fact that many organometallic reactions are 
carried out in the presence of a highly inflammable diluent 
makes their use a dangerous undertaking. particularly when the 
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reaction is difficult to control. The foregoing shortcomings of 
organometallic reactions have limited their application to batch 
processes, and hence have made it virtually impossible for such 
reactions to compete commercially with the more efficient 
continuous-flow processes. This situation is effectively sum- 
marized by Gilman (10), who writes: “It is doubtful that any 
other group of organic compounds combines at the same time 
such an astonishingly high utility in the laboratory with an 
equally low usefulness in the works.” 


It is expected that all metals are capable of forming organo- 
metallic compounds but only a few have been studied extensively. 
While organozinc compounds were the first to be prepared 
(Frankland, 1849), they have been largely superseded in organic 
synthesis by the more convenient organomagnesium compounds. 
The most widely used group of organometallic reagents are those 
bearing the name of V. Grignard, who first published an account 
of their preparation and use in 1900. The Grignard reagent is 
prepared by reacting an organic halide (organic compound con- 


TABLE 1 TYPES OF REACTIONS IN WHICH GRIGNARD REAGENTS ARE COMMONLY USED 
1 
Product Reactant Reaction 
H, O 
Hydrocarbon | Wate R,-Mg-X 2 R-H 
Primary Formaldehyde H 
t 
H H 
Primary Ethy lene H H H 
‘ ‘ ‘ H, 
Alcohol Oxide Ry Mg R-C-C- OMg-X == R-C-C -OH 
‘ 
R g. 
R, R, x 
Rk, 
\ 
Alcohol Formic Acid oR, P, 
Tertiary Ketone \ 
Alcohol RMX + CHO R-c - OH 
R, R 
- - x-—- = C-OH' 
Ry OR, R, R, 
Ketone Acyl Halide Rmx + - &-C-e, 
9 
R, 
Carbon 


' Where Ri, Re, and R; are aliphatic or aromatic groups and X represents a halide. 
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taining chlorine, bromine, or iodine) with magnesium metal in 
the presence of dry ether. The reaction which ensues may be 
written symbolically as follows 


(ethyl) 
(ether) 
RK-x + Mg—>R-Mg-x 


Where R represents any aromatic or aliphatic hydrocarbon group, 
R-x is the halide, and R-Mg-x signifies the corresponding Grignard 
reagent. 

The Grignard reagent is generally not isolated from the ether 
solution in which it is prepared, but is rather further reacted with 
another reagent to give the desired product. The preparation of 
the Grignard reagent thus represents the first step in a two-step 
synthesis. The reagent employed in the second step of the syn- 
thesis may be one of a wide variety of organic families, and Table 
1 lists a number of types of reactions commonly used, together 
with the corresponding end products. The versatility of the 
Grignard reagent is evident at a glance. 

In preparing a Grignard reagent in the usual manner, it is im- 
portant that the reactants and apparatus be completely anhy- 
drous. Otherwise the small amount of the Grignard reagent 
that is formed during the usual induction period will react with 
the water present, and hence the reaction rate cannot be acceler- 
ated to a practical value. The Grignard reaction is also sensitive 
to the presence of atmospheric oxygen and carbonic acid, and so a 
stream of dry nitrogen is usually introduced into the apparatus 
to prevent the surrounding air from entering. The magnesium 
metal that is used in the reaction is generally in the form of ribbon 
or turnings which should be thoroughly washed with a solvent 
and dried before use. Magnesium alloys (for example, alloys of 
12°/, per cent copper in magnesium or 2 per cent zinc in mag- 
nesium (11, 12)) as well as small quantities of activators such as 
iodine and metal halides (i.e., aluminum chloride), and even 
small amounts of an easily formed Grignard reagent such as 
phenylmagnesium bromide have been used in reactions that are 
difficult to start. It is well known that the induction period is 
appreciably decreased and the yield increased when clean, freshly 
cut, magnesium turnings are used in place of chips which have 
been allowed to stand in air for some time. 


MECHANICAL ACTIVATION 


It has now been found that when a Grignard reagent is pre- 
pared by cutting magnesium metal in the presence of the react- 
- ant, the reaction goes far more smoothly and rapidly than might 
be anticipated on the basis of the cleanness of the surface alone. 
From the foregoing discussion of the metal-cutting process, it 
is evident that very high temperatures and pressures obtain at 
the point of a cutting tool in addition to a nascent highly stressed 
surface. These conditions have been found to increase the reac- 
tion rate of certain organometallic reactions. This process of 
carrying out an organometallic reaction by cutting a metal or 
alloy in the presence of other reactants has been termed mechani- 
cal activation (13) because of the high degree of chemical activity 
induced in the chip at the point of the cutting tool. 

One arrangement that has been used in studying the influence 
of mechanical activation in organometallic synthesis is shown 
diagrammatically in Fig. 5. In this case the metal to be reacted 
is in the form of a cylindrical rod and is fed against the single- 
point cutting tool shown in detail in the inset view. An enclosed 
reaction chamber is provided so that atmospheric oxygen, moist- 
ure, and other extraneous matter may be kept from contacting 
the reactants. The front wall of the reaction chamber is of glass 
te enable the cutting process to be observed. Dry nitrogen 
may be introduced into the cutting chamber through inlet A to 
provide an inert atmosphere and prevent the entrance of air. 
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Fig. 5 MEcHANICAL-ACTIVATION APPARATUS 


The connections B and C are used to introduce the reactants and 
extract the products, respectively, when the apparatus is oper- 
ated on a continuous basis. Variable-speed drives are shown for 
controlling independently the cutting speed and cutting feed. 

The preparation of the Grignard reagent, phenylmagnesium- 
bromide, using the mechanical-activation technique, will be first 
described in order to illustrate the general method of procedure. 
In this case a magnesium rod is cut in the presence of the usual 
mixture of ethyl ether and phenylbromide. With the apparatus 
at a temperature of approximately 75 F, a cutting speed of 125 
fpm, and a feed sufficient to produce a depth of cut of about 
0.001 in., the reaction begins immediately and quietly. Each 
chip produced begins to react at once and is completly consumed 
in a matter of seconds. 

To initiate this particular Grignard reaction in the conventional! 
manner requires an appreciable induction period at an elevated 
temperature. The reaction is generally started by refluxing the 
reactants in completely anhydrous glass apparatus. Frequently, 
however, the reaction started in this manner may proceed vio- 
lently and at an uncontrolled rate and is thus dangerous to carry 
out. The foregoing example therefore shows how the mechani- 
cal-activation process may be conveniently used to control the 
rate at which an autocatalytic organometallic reaction proceeds. 

The usual special precautions required to maintain the ap- 
paratus and reagents absolutely anhydrous are unnecessary 
when the more-easily prepared Grignard reagents are produced 
by mechanical activation. For example, a reaction was actually 
caused to occur when a magnesium rod was cut at 300 fpm in the 
presence of the following mixture: 


25 ~=parts by volume 
6 parts by volume 
1.4 parts by volume 


In this case the phenylmagnesiumbromide produced reacted 
immediately with the water present to form benzene and other 
products. Such a reaction cannot be carried out by conventions! 
means even when elevated temperatures and special catalysts 
are used inasmuch as the water removes the Grignard reagent 
(phenylmagnesiumbromide) as rapidly as it is formed, and the 
reaction rate never reaches a practical value. The foregoing 
example also illustrates the manner in which a Barbier type 0! 
reaction in which the two steps in the Grignard synthesis are per- 
formed simultaneously, may be carried out by mechanical activs- 
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tion. The mechanical-activation technique has proved to be 
quite valuable in initiating a wide variety of Grignard reactions. 

Another type of organometallic reaction that has been studied 
in the mechanical-activation apparatus is that occurring between 
pure aluminum and carbon tetrachloride. 

It has been reported (14, 15) that aluminum is not attacked 
by carbon tetrachloride at room temperature even after standing 
in the liquid an extended period of time. However, when 
aluminum is cut at a speed of 300 fpm in contact with a quantity 
of earbon tetrachloride at room temperature, a chemical reaction 
is indicated by the appearance of a dark-red flocculent material 
during the first half minute of cutting. If cutting is continued, 
the entire quantity of carbon tetrachloride assumes a port-red 
color, and the chips are coated by a solid meterial having the 
same reddish hue. Upon removing chips and liquid from the 
cutting apparatus in the absence of air and moisture, the reac- 
tion will continue at first slowly but at an increasing rate until 
all of the aluminum has been consumed. The reaction rate in- 
creases because the reaction is endothermic, the temperature of 
the reaction vessel and its contents being increased by the heat 
liberated until the boiling point of the carbon tetrachloride is 
reached. When the afore-mentioned red precipitate is hydro- 
lized, analysis shows the products to be aluminum chloride and 
hexachlorethane. The dark-red flocculent precipitate is probably 
an aluminum-chloride complex, and its presence catalyzes the 
reaction between aluminum and carbon tetrachloride. 

Numerous tests have shown that in the absence of cutting, 
carbon tetrachloride will not react with aluminum at a tempera- 
ture corresponding to that of the bulk temperature of the fluid in 
the afore-mentioned mechanical-activation tests no matter how 
long the materials are allowed to remain in contact. The reaction 
which occurs in the mechanical-activation apparatus can be 
duplicated in conventional glass apparatus only if the carbon 
tetrachloride is maintained at its boiling point, and even then 
there is an induction period of from 8 to 10 min between the time 
boiling commences and the time when the reaction is observed to 
begin. The reaction rate never reaches that for the mechanically 
activated aluminum, and it is necessary to reflux the carbon 
tetrachloride-aluminum mixture for several hours to produce the 
same amount of product that is formed in a few minutes in the 
cutting chamber with the bulk of the fluid at room temperature. 

When the temperature of the mechanical-activation apparatus 
is maintained near the boiling point of carbon tetrachloride, the 
reaction rate is much greater and the chips are consumed at vir- 
tually the rate at which they are produced. The fact that the 
mechanical-activation process is more than a means for supply- 
ing chips having a clean, freshly cut, metal surface is verified 
by the observation that chips cut in an atmosphere of nitrogen 
and immediately brought into contact with carbon tetrachloride 


fail to react at ambient temperature. Extreme temperatures and 
pressures produced locally on the face of the cutting tool during 
chip removal are thus seen to be an important part of the process. 

It is to be expected that the rate of a reaction carried out in the 
mechanical-activation apparatus will depend upon the cutting 
speed. An increase in cutting speed wiil cause an increase in 
the temperature obtaining between chip and tool and hence in the 
reaction rates of most organometallic reactions. On the other 
hand, with an increased cutting speed there is less time for the 
liquid reactant to find its way along the chi» tool interface to the 
zone of action, and also less time for a reaction to occur on a given 
area under high temperature and pressure at the cutting point. 

A series of tests were made in which the number of aluminum 
cuts required to cause carbontetrachloride to just turn red was 
noted for different cutting speeds. These data are shown plotted 
in Fig. 6. If it is assumed that at all speeds the same concentra- 
tion of product is required to make the carbon tetrachloride appear 
red, then Fig. 6(a) shows that at about 60 fpm the quantity of 
red aluminum-chloride complex formed per cut is minimum. 
Thus the cutting speed can be an important variable in a given 
application of mechanical activation, the optimum value of 
which should be determined by actual cutting tests. 

In an independent series of tests, a small stream of carbon 
tetrachloride was directed against. a fly-milling cutter operating 
in air, the liquid in this case being applied in the manner of an 
ordinary metal-cutting fluid. A number of representative pure- 
aluminum chips were collected at each of a number of different 

length of 

length of cut 

each speed determined. These data are shown plotted in Fig. 
6(b). Inasmuch as it has been established (1) that a definite 
inverse relationship exists between the cutting foree component 
in the direction of the motion of the tool and the cutting ratio, 
it is evident from this figure that the cutting force is a maximum 
at a cutting speed of about 60 fpm. Thus it would seem that 
carbon tetrachloride is least efficient as a cutting fluid at about the 
same speed at which the reaction rate between aluminum and 
carbon tetrachloride is a minimum; an observation which is in 
accord with the chemicophysical theory of cutting-fluid action. 

Some organometallic reactions behave quite differently with 
speed from that between aluminum and carbon tetrachloride. 
For example, when aluminum is cut in the presence of alcohol- 
free chloroform, the quantity of material reacting per cut dimin- 
ishes monotonically with speed, and a reaction product becomes 
visually evident only at the slowest cutting speeds (measured in 
inches per minute). The variation with cutting speed of the 
amount of chloroform reacting for 800 cuts each 0.0007 in. deep (as 
measured by the concentration of water-soluble chloride after a 
test) is shown plotted in Fig. 7. In this particular instance the 
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metal cut will not be completely consumed at a sufficiently rapid 
rate to make it practical to complete the reaction in the cutting 
chamber. Here the chips should be continuously extracted and 
the reaction completed by refluxing until all of the aluminum has 
reacted. The aluminum-chloroform reaction is apparently auto- 
catalytic, the induction period being 2'/; hr at reflux when ordi- 
nary aluminum is reacted with chloroform from which the usual 
stabilizer (ethanol) has been removed. The function of the 
mechanical-activation process in this case is to reduce the induc- 
tion period by providing chips which are coated with a thin layer 
of the reaction product. 

A study of the products obtained in the aluminum-chloroform 
reaction as carried out in either the mechanical-activation equip- 
ment or in conventional glass apparatus indicates that the follow- 
ing changes occur 


3 CHCl; + 2 Al—>2 AICI; + 3 HCl + 3C 


This reaction is particularly interesting because the yield of reac- 
tants is 100 per cent, based upon the amount of aluminum reac- 
ted—a situation not’ too often met in organic synthesis. Inci- 
dentally, this reaction offers an excellent method of preparing ab- 
solutely anhydrous aluminum chloride for use in a reaction such 
as that of Friedel-Crafts. In addition, the carbon which results 
is produced at an unusually low temperature (boiling point of 
chloroform) and is capable of being highly activated for purposes 
of adsorption. 

The size of the chips produced in a mechanical-activation ap- 
paratus is another important variable which influences the reac- 
tion rate and also the ultimate yield of the desired product. Once 
chips are produced which are covered with a thin layer of the 
chemical product which appears to serve as the autocatalyst, 
the ensuing reaction rate and the time required to consume 
the chips completely depend upon the area - volume ratio of the 
average chip and the extent to which the total chip volume is 
stressed. Both the area - volume ratio and the intensity of stress 
in the average chip will increase as the chip size is decreased. 
Thus it would appear advantageous in practicing mechanical 
activation to employ a method of cutting which is capable of pro- 
ducing highly stressed chips of small size. 

A distinction should be made between a satisfactory metal- 
cutting fluid and a fluid that is useful for chemical synthesis in 
the mechanical-activation apparatus. A good cutting fluid need 
only react with the metal cut during the time a chip is being 
severed from the workpiece. A low-shear-strength solid will thus 
be generated at the point of the cutting tool to prevent metal-to- 
metal contact, and the formation of a built-up edge. It is de- 
sirable that no reaction occur between chip or workpiece before 
or after a cut has been made. However, for maximum effective- 
ness in chemical synthesis, a fluid should continue to react with 
a chip after a cut has been made. This requires that the reaction 
started during the cutting process be either autocatalytic or be 
capable of being continued under relatively moderate conditions 
of temperature and pressure. For example, the normal primary 
monohydric alcohols are moderately good cutting fluids for use in 
cutting aluminum at low cutting speeds, and there is considerable 
evidence which indicates that the effectiveness of these fluids is 
derived from chemical action at the point of the cutting tool 
(16). However, when a considerable quantity of aluminum is 
cut in the presence of such an alcohol at ambient temperature, 
there is no visual evidence of a chemical reaction havjng taken 
place unless a catalyst (such as mercuric chloride) is employed. 
The chemical action is evidently confined to the short interval 
when a chip is being formed, immediately ceasing when the high 
temperature and pressure at the point of the cutting tool subside. 
The normal primary monohydric alcohols thus exhibit the desired 
chemical properties of a metal-cutting fluid but in general appear 
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to be unsuitable for mechanical-activation synthesis involving 
uncatalyzed aluminum. 


CoNCLUSION 


The mechanical-activation technique appears to be most use- 
ful in initiating autocatalytic reactions which are difficult to start. 
The process enables local temperatures and pressures to be 
reached that are not normally attainable even in an autoclave. 
At the same time the bulk of the reactant remains near ambient 
temperature and atmospheric pressure and hence should the 
reaction proceed too violently, the rate at which the metal is cut 
need only be decreased to regain immediate control. Mechanicai 
activation thus provides a vernier control on the rate of an organo- 
metallic reaction. 

Only additional research and experience with this relatively new 
technique will establish the position it is to assume in the field 
of organic synthesis. However, there is every indication from the 
results which have already been obtained that mechanical activa- 
tion will enable certain organometallic reactions to compete com- 
mercially with current methods of synthesis as soon as this proces: 
is understood and accepted by the chemical engineer. 
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Large Displacements With Small Strains 
in Loaded Structures 


By K. H. SWAINGER,! SOUTH KENSINGTON, LONDON, ENGLAND 


This paper considers the case of flexible structures in 
which displacements can be large although strains are 
small. The theory gives an “‘exact’’ solution in a large 
class of problems where the displacements are large but 
predictable closely from the physical conditions imposed. 
In this method, the major part of the displacement is 
“‘guessed,”’ and then a further “‘small’’ displacement cal- 
culated from equations, which are developed, to assure 
compatibility. As a simple but not trivial example, the 
generation of an elastic cylinder from a flat ye | is con- 
sidered to illustrate the method. 


NOMENCLATURE 


The following nomenclature is used in the paper: 


D = straining-displacement of a point from its initial 
position in unloaded body to its position in 
loaded body. D denotes modulus of D. Sub- 
scripts r, 8, z denote directions in plane polar 
co-ordinates 

r, 0,z = plane polar co-ordinates 

U = estimated displacement almost equal to D 

u = smalk displacement necessary for stress-strain 
compatibility 

S = stress. Subscripts r, 0, z denote directions. 
Subscript 0 denotes primary yield stress for 
metal of loaded body 

a, b,c = radii in Example section 

2h = thickness of plate in Example section 

M = moment per unit width of plate in Example 
section 

1, B, C, N, G = constants defined in Example section 

= Young’s modulus 

q = Poisson’s elastic transverse-contraction ratio 

e = strain with appropriate direction subscripts 


INTRODUCTION 


Engineering structures frequently suffer sufficiently large def- 
ormations under load to raise the question whether the usual 
analysis for infinitesimal displacements is sufficient. Saint Venant 
recognized this limitation and evolved generalized nonlinear strain- 
displacement expressions which, however, Todhunter concluded 
could represent physical strains only under severe physical 
limitations (1).2 This paper will be confined to the case of flexi- 
ble structures in which displacements can be large although the 
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strains are small. The restriction to small strains is not as severe 
as it sounds because the classical definitions appear to apply quite 
well up to about 2 per cent strain if the author’s.theory on large 
strains of any finite magnitude is justified (2, 9, 12,13). The 
strains in elastic engineering metals fall well within this value. 
Cauchy recognized the importance of taking co-ordinate points 
in the strained body,? and this also will be done here. 

The theory in this paper gives an exact solution in a large 
class of problems where the displacements are large but predicta- 
ble closely from the physical conditions imposed. It has been 
drawn to the author’s attention that in principle this is similar to 
Duhamel’s method in solving the thermoelastic equations, in 
which he assumed that the major part of the strain can be guessed 
and then compatibility assured by adding a further small strain 
determined from the equations (3). In the present method the 
major part of the displacement is guessed and then a further 
small displacement calculated from the equations to assure 
compatibility. 


FUNDAMENTAL HypoTHESES 


1 The strain at a point in the deformed metal is due to the 
assemblage of relative straining displacements of the particles about 
the point. 

Thus are excluded for the present the displacements, which 
produce over-all rigid-body translation and rotation of the struc- 
ture. 

2 At any point in the strained body there are three orthogonal 
line elements which were orthogonal in the unstrained body. 

The line elements are the axes of Cauchy’s strain ellipsoid. 
The ellipsoid is generated by the strain distorting an elemental 
spherical surface in the unstrained body. The analysis showing 
the existence of the ellipsoid considers only “relative displace- 
ments’ about a point (4) and is independent of the “magnitude” 
of displacement at the point.‘ At any one point in the loaded body 
the axes of the strain ellipsoid are made to coincide with the 
space position of the corresponding line elements in the unstrained 
body. Thus over-all rigid-body translation and rotation is pre- 
vented as required in hypothesis 1. The resulting point function 
displacement, which has been suffered by each particle in the 
loaded body, can be called conveniently a “straining displace- 
ment’’ and denoted by vector D. 

3 The equilibrating stresses on an orthogonal element in a 
loaded body are compatible with the strains in the element. 

This follows from purely physical experience, from which it 
is found, for example, that a normal extension is accompanied by 
a transverse contraction. The transverse effect can, in general, 
be regarded as due separately to the elastic and “plastic” com- 
ponents of an “inelastic” strain (5, 6, 7). The shear strains are 
definite amounts due to the stresses (5). As early as 1837, Brix 
demonstrated that, in general, given values of stresses produced 
definite strains (1) and Taylor and Quinney (8) confirmed this 
in 1932. 


3 Reference (1), p. 323. 

4 Further it is (9) that a ellipsoid can be 
decsribed when the strains are of any severity although the arith- 
metical values of tensile strains cannot exceed unity. References 
(12, 13) discuss briefly these new strain definitions. 
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4 The relative straining displacements D through an orthogonal 
element tn a loaded body are compatible with the strains in the 
element. 

5 The strained body ts tsotropic. 

Thus are excluded any transverse strains due to the shear 
stresses operating on the orthogonal element in anisotropic bodies 
(9, 12). 

A point P in the loaded body has suffered the vector straining 
displacement D and an adjacent point Q has been displaced by 
(D+dD). Hence if the point function D is known precisely for 
all points in the loaded body, the stresses satisfy the equilibrium 
equations, stresses and strains are compatible, and also the 
boundary conditions for the stresses and/or displacements are 
satisfied, then the problem is solved. 

However, in general, it will be possible to put 


where U is a predictable major component of displacement and 
u is a small displacement necessary to produce compatibility. 
For example, resolve D for plane polar co-ordinates to components 
D,, De radially and tangentially, respectively 


D. = Ur, + w 


De = 


| 
+ 
=! 


and the scalars of these vectors are inserted in the usual 
displacement-strain expressions 


oD, 
er = 

or | 

D, 1 &De [3] 
r + r | 

1 OD, De 
r 06 or r 


Now insert the stress-strain relationships appropriate to the 
problem and insure that they are compatible with the equilibrium 
equation for the orthogonal element and the loaded body bound- 
ary conditions. Then Equations [3] with Equations [2] solved 
for u, ug with appropriate fixation conditions would solve a plane 
polar co-ordinates problem. 


ExampLe: AN Exastic CYLINDER GENERATED From A Fiat 
PLATE 


The generation of an elastic cylinder from a flat plate will be 
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considered as a fairly simple but not trivial example to illustrate 
the method, Fig. 1. This problem has been considered by Seth 
(10), using Filon’s finite-strains expressions, in which the co- 
ordinate point is in the strained body, whereas Saint Venant’s 
similar expressions take the co-ordinate point in the unstrained 
body. Seth regarded the body as elastic so that, if the remark 
in the introduction to the present paper is justified, then the use 
of finite-strains expressions is not really necessary in view of the 
complication caused by the nonlinearity of the expressions. 
Guided by the usual solution for infinitesmal displacements in 
a flat plate on which operates pure bending, it is supposed that 
U may be estimated as though the middle plane of the plate 
suffers no stretch and that the cylinder is right circular. The 
cylinder is regarded as long in the direction of the axis of sym- 
metry so that the condition is one of plane strain. Resolve U 
to its sealar components U,, Ue for the point (r, 6), shown in Fig. 1, 


\ 


U, = r(1 — cos @) — sin 


[4] 
Ue =rsiné — cé cos 
But from Equation [2] 
D, = + Ur 
[5] 
De = Ue + ue | 


The analysis will be justified only if u,, ug prove to be small. 
This is shown to be true. 

The circular cylinder under plane strain suggests polar co- 
ordinates as the most convenient to solve the equilibrium equa- 
tions by means of Airey’s stress function. Hence Golovin’s 
solution for the bending of an arcual elastic plate may be used 
directly (11). Timoshenko, finds the infinitesimal displacements 
for this case. When computing the present problem, it was found 
necessary to reverse the sign of the moment in the expressions 
given by Timoshenko to give the correct sign for stresses in the 
present case 


S, = Ar-? + 2B log. r + (B + 2C) 


So = —Ar-? + 2B loge r + (8B + 2C) >...... [6] 
S, = q(S, + Se) ) 
where 
b 2] 
N a N 


Ce [(b? — a®) + 2(b* log. b — a? log. a)| 


5 Reference (11), p. 64. 
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2 
N = — a*)? — 4a*b? 
a 


The displacements compatible with these stresses are found from 
Equations [3] and the elastic Hooke-Poisson equations are 


1 
+ =] | 
1 oD, De 


where S indicates stress with an appropriate subscript for direc- 
tion; Eis Young’s modulus. 
The conditions of fixation for this problem are chosen 


r=z=r @=z20 
r=c @=r u,=0) 


Substitute Equations [6] in Equations [7], integrate and use the 
first two conditions Equations [8] to give the components 0° total 
displacement 


ED, = — A(L + + [(B + 2C) — q(3B + 2C)] r 
+ 2(1 — q)Br(log. r — 1) + G cos 6 f 


EDe = 4Bré — G sin @ 


where A, B, C are given in Equations [6] and 


G = A(l + — [(B + 2C) — q(3B + 2C)]c 
— 2(1 — q)Be(log. c — 1) 


Using the third condition, Equations [8] give the moment M 
per unit width of plate to generate a cylinder with “radius of cur- 
vature” c, that is, the first approximation to the shape of the 
deformed body 


b\2 
M 4c*h? — a*b? (ioe. 


(1 — q)[4he log. — (b? loge b — a* log. a)] 


.. [10] 


2h? b 
~(1 + gi loge - — 4ch 
c a 


However, the small displacements u,,ug required for stress-strain 
compatibility will alter the shape slightly from the circular 
cylinder first guessed. In particular, using Equations [4], [5], and, 
[9] at @ = x gives the tangential displacement 


ue 32Mch r ) 
( NE c (1) 
and when r = ¢,ife = 100A, h = 1, then 


This is regarded as sufficiently small to justify the analysis 
for the small strain deformation of a flat plate into a right circular 
cylinder, Fig. 2. Equation [11] shows that radial sections of the 
deformed plate correspond to plane sections in the flat plate. 

Stresses are found by substituting for M from Equation [10] 
at the value of ¢ is chosen in the stress expressions Equations 

6}. 

The analysis for the elastic plate is allowable up to the yield 

point for which in most engineering metals the strains are still 


small. A particular criterion of yield, which has shown most 
promising results from physical tests, is that due to Huber, von 
Mises and Hencky independently (5). This stated for principal 
stresses such as in the problem just solved is 
(S, — Se)? + (Se — S,)? + (S, — S,)? S 2S?... .[13] 
If this criterion is satisfied, then the foregoing analysis will be 
true so long as strains are small. 
The radial stresses S,, induced by the large displacements 
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Fig. 2 


Fie. 3 


bending of the plate, are not indicated by the usual analysis for 
the infinitesimal displacements bending of a flat plate.’, 

To conclude this problem let us restate the general idea sin- 
volved. Arbitrarily, the plate was supposed to be bent to a right 
circular cylinder so that displacements in the radial and tangential 
directions for a general point P could be predicted closely as being 
at P’ in Fig. 3. The forces keeping the element about P’ in 
equilibrium could then be found from Golovin’s analysis for the 
arcually curved plate suffering infinitesimal displacements. How- 


* The present author has evolved a new criterion of yielding that 
accounts for all the existing experimental evidence and indicates the 
line of research nesessary to give the parameters to extend the theo- 
retical criteria to the completely general case of yielding in a three- 
dimensional anisotropic body. The expressions involved are linear 
in vector stresses as shown in (14). 

? Reference (11), 221. 
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ever, in general, P’ will not be the correct position for the point, 
and further very small displacements u,ug are allowed and found 
sufficient to insure stress-strain compatibility in all the equations 
involved. This shift of the element away from the position at 
which equilibrium is calculated is implied in the conventional 
analysis for infinitesimal displacements applied to real problems. 
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The Absolute Calibration of Electro- 
Mechanical Pickups 


By H. M. TRENT,? WASHINGTON, D. C. 


A new method of calibrating electromechanical pickups 
is presented in this paper. Given two linear indicators, 
one of which is bilateral, it is shown that the sensitivities 
of the units can be established in both magnitude and 
phase by three experiments which do not involve the direct 
measurement of oscillating mechanical quantities. It is 
shown, also, that the technique does not depend upon the 


specific designs of the units. 
subscripts on like quantities denote measurements in 
different experiments, and single and double primes de- 
note the values of the quantities for the two units being investi- 
gated: 


NOMENCLATURE 


HE following nomenclature is used in the paper where 


E = voltage appearing at terminals of pickup 

J = current entering pickup 

V = velocity appearing at mechanical terminal of pickup 

F = force applied to pickup 

S = velocity sensitivity of a unit ratio of open-circuit 
voltage of unit to velocity directed inward at its 
mechanical terminal 

G = generator sensitivity of unit ratio of blocking force 
applied at mechanical terminal to driving current 

Y’, ¥" = mechanical admittances of units at their mechanical 

terminals 

Y = mechanical admittance of known mass 

M = known mass 

w = 2” X frequency of vibration 


INTRODUCTION 


The development of flexible and accurate methods of cali- 
brating basic indicating instruments must of necessity occupy 
the attention of many investigators in every branch of science or 
technology. The most desirable methods are those which are 
based upon principles applicable to all instruments in a given 
field regardless of their individual designs, and which do not 
require the use of a standard instrument of the same type as 
the one being calibrated. 

The development. of methods for calibrating vibration pickups 
encounters many unique difficulties. Accurate and ingenious 
techniques have been devised, but many of these suffer such 
limitations as being useful only over a limited range of frequen- 
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cies, requiring very large amplitudes of vibration, and being 
applicable to only one specific design. 

The present paper discusses the problem of standardizing 
electromechanical vibration instruments. In this kind of a 
device, mechanical quantities such as displacement, velocity, or 
acceleration are deduced from the electrical output of the instru- 
ment, Given a vibrator and two linear pickups, one of which 
is bilateral, techniques are described whereby the sensitivities 
of both pickups may be determined by the measurement of six 
purely electrical quantities. The sensitivities are obtained both 
in magnitude and: phase. 

The theory of the method is based upon the reciprocity theorem 
and, since this theorem does not involve the internal constants 
of any network, the technique is applicable to every electro- 
mechanical pickup regardless of its design. The common limi- 
tations mentioned do not apply in this case. 


PROPERTIES OF LINEAR BILATERAL DEVICES 


The essential parts of an electromechanical vibration pickup 
are shown schematically in Fig. 1. At one end electrical con- 
nections are made. The physical quantities that can readily 
be measured at this point are the applied voltage FZ, and the 
current J, flowing through the unit. At the opposite end, 


evectaica, ELECTRO MECHANICAL 

1 TRANSOUCER 

Fie. 1 Scnematic or LINEAR BILATERAL VIBRATION 


INDICATOR 


mechanical forees and velocities are generated or applied. It is 
assumed that forces or velocities directed into the device are 
positive in sign. The transformation of energy from electrical 
to mechanical form, or vice versa, is effected by a transducing 
mechanism shown schematically in the center of the diagram. 
In the discussion which follows, the “mobility” analogy, first 
introduced in this country by F. A. Firestone,? will be used ex- 
clusively. In this electromechanical analogy, forces act like 
currents and velocities like voltages. If a vibration device is 
both linear and bilateral, it can be treated as a four-terminal 
network, with voltages and currents acting at one end and veloci- 
ties and forces acting at the other. The steady-state perform- 


- ance of the device can be described by the equations 
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and 


F +bE + cV 


where a, b, and ¢ are parameters of the system.‘ All quantities 
appearing in these equations are complex, since both magnitudes 


3“*\ New Analogy Between Mechanical and Electrical Systems,” 
by F. A. Firestone, Journal of the Acoustical Society of America, vol. 4, 
1933, pp. 249-267. 

4 In general, the parameters a, b, and ¢ are functions of frequency. 
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and phase angles are involved. In Equation [2] the plus sign 
is used if the transducer is of the electromagnetic type, and the 
minus if the coupling is electrostatic. A consistent system of 
units, such as the MKS (meter kilogram second), is assumed to 
be used at all times. Additional remarks concerning Equations 
[1] and [2] can be found in the Appendix. — 

The ratio of the open-circuit voltage to the velocity of the me- 
chanical side, referred to an inertial frame of reference, is the 
most useful constant of the device. It will be called the ‘‘sensi- 
tivity” of the unit. The relation connecting it with the parame- 
ters of the device can be found from Equation [1] by setting 
I = 0; thus 


- =—-=S8§ Shee ead .. 3) 
a 


The remainder of the paper is devoted to a description of methods 
for determining S absolutely by purely electrical measurements. 

An additional quantity, the sensitivity of the unit as a force 
generator, will be needed. This quantity will be designated by 
the letter G. Its relation to the parameters of the device is ob- 
tained from Equations [1] and-[2] as follows: Assume the me- 
chanical end is blocked so that V = 0; it follows that 


and 


Hence 


Equation [5] is of fundamental importance. It points out that, 
regardless of design, the sensitivity of a device as a force generator 
and its sensitivity as a velocity indicator are always of equal 
magnitude. They are of opposite phase if magnetic coupling is 
used and of the same phase if electrostatic coupling is used. 
Both types of coupling should never be used in the same unit 
since, in general, the device ceases to be bilateral with such a 
design.® 


Tue Ratio OF THE SENSITIVITIES OF Two UNITS 


Assume we have two linear units, at least the first of which is 
bilateral. Let these two units be designated by single and double 
primes. Now let the two units be applied simultaneously to the 
opposite sides of a vibrating element so that the velocities gener- 
ated in the units are equal in magnitude and opposite in phase. 
Let the open-circuit voltages appearing at the electrical terminals 
of the units be represented by EZ’ and E”. 


sensitivity as given in Equation [3], it is obvious that 
s’ 


THe Propuct oF THE SENSITIVITIES 


As a second experiment, let the mechanical sides of the two 
units be rigidly connected in tandem as illustrated in Fig. 2. We 


wish to determine the relation connecting J’; and E”,. 


Using Norton’s theorem, the first unit can be replaced by a 


5 “Violation of the Reciprocity Theorem in Linear Passive Electro- 
mechanical Systems,’ by E. M. McMillen, Journal of the Acoustical 


Society of America, vol. 18, 1946, pp. 344-347. 
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UNIT #1 
Fie. 2) ScHemMatic ARRANGEMENT FOR SECOND EXPERIMENT 


(e) 


EQUIVALENT CIRCUITS FOR CALCULATING MECHANICAL 
Motion 


Fig. 3 


(a, First unit alone; b, two units in tandem.) 


force generator and an admittance in shunt, as shown in Fig. 
3(a). The value of F’ is simply the short-circuited (blocked) 
force produced by the unit when driven by the current J). By 
Equation [4], this is simply G’J’;. Y’ is the admittance looking 
back from the mechanical terminals with all generators replaced 
by impedances equal to their internal impedances. As will ap- 
pear later, the actual value of Y’ need not be determined. 

The mechanical admittance into which the first unit works will 
be called Y”. Therefore the equivalent mechanical circuit for 
the two units in tandem reduces to that of Fig. 3(6). The 
quantity of interest is the resulting velocity V; at the junction 
of the two units. 

It is obvious that 


(Y'+ Y")V; = 
Using Equation [3] this becomes 


(Y’ + 


or 


I’ 
41 


(¥'+¥") = 


The minus sign appears because in this experiment the assumed 
positive directions of the velocities in the two units are oppositely 
directed. 

As a third and final experiment, let a known mass M, be rigidly 
clamped to the mechanical sides of the units, as shown in Fig. 
4(a). It is assumed the dimensions of the mass are smal] com- 
pared to a wave length, and that its stiffness is large. Within 
the limits of these assumptions it can be treated as a rigid body. 


G'I, 


(b) 


Fie. 4 ScHemMatTic ARRANGEMENT AND EQUIVALENT MECHANICA! 
Crrecuit ror ExPERIMENT 


: 
I =aB 
[4] 
Finally, it is to be noted that 
ORG 
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The admittance of the mass is then, ¥ = jwM. The equivalent 
mechanical circuit of the system is that shown in Fig. 4()). 
The pertinent quantities are related by the equation 


Using Equation [3] this becomes 


(Y'+Y"’+Y) = 
or 
G'S" 
Finally, if Equation [8] is subtracted from Equation [10], there 
is obtained 
Let 
The substitution of Equations [5] and [12] into [11] vields 
gree (13) 


THE VALUE oF (S’)? 


Using Equations [6] and [13], it is now possible to calculate 
either S’ or S”. It will suffice to show the final relation for S’. 
Multiplying Equation [6] by Equation [13], there is obtained 


joM E’ 


It has thus been shown that a vibration pickup can be cali- 
brated absolutely by measuring six electrical quantities during 
three simple experiments. The only calculation required is the 
substitution of the measured quantities into Equation [14]. 


REMARKS 


Anaccurate calibration requires that Y, be made large compared 
to ¥,, so that differences of nearly equal quantities can be 
avoided. Ordinarily, this is easy to do, for if I’; is held con- 
stant, an increase in M causes a decrease in EF”, and a correspond- 
ing increase in Yy. It should not be difficult to make Y2 at least 
10 times 

Equation [14] implies that the phase of each electrical quan- 
tity be measured as well as its magnitude. This means that 
in general, S’ has both a magnitude and a phase angle. In many 
instances the phase of S’ is of no importance. In such a case 
the magnitude of S’ can be obtained by dropping the (+) sign 
and j from Equation [14], and by substituting only the absolute 
values of and (Y2— Again, it is necessary that 
be large compared to Y}. 

Sensitivity, as herein defined, is used to determine the velocity 
of the mechanical side from a measured open-circuit voltage. 
If it is desired to deduce acceleration or displacement sensitivities 
‘rom the experiments outlined, the value of S’ should be divided 
or multiplied respectively by jw. 

Finally, it should be noted that the theory of the absolute 


calibration of vibration pickups here presented is in many ways 
analogous to that for the free-field calibration of microphones as 
developed in a classic paper by MacLean.’ Although the cali- 
bration of vibration pickups is more complicated, the speed and 
precision obtained in recent years in the calibration of micro- 
phones by reciprocity methods leads to the conclusion that 
similar techniques can be of great aid in establishing primary 
standards in the field of mechanical vibrations. 

A report will be made later concerning the actual develop- 
ment of a set of primary standards and their absolute calibra- 
tion by reciprocity methods. 


Appendix 


The statement that the unit under consideration is linear and 
bilateral implies that its performance can be described by a set 
of linear independent equations involving voltages, currents, 
forces, and velocities as variables. This set can be reduced to 
two independent equations, provided there are no internal 
sources of energy in the device, involving only the four quantities 
of interest, i.e., the voltage and current applied to the electrical 
terminals, and the force and velocity applied to the mechanical 
terminal. This means that any two of the four quantities can 
be expressed in terms of the others through two independent re- 
lations. There are six ways of writing such a pair of relations, 
The particular method employed in any given case is primarily a 
matter of convenience. 

In the present discussion, voltage and velocity were selected 
as the independent variables. In case the conversion between 
mechanical and electrical energies is by means of magnetic 
coupling, the selection leads to a pair of equations having a sym- 
metrical determinant. From another point of view, the selec- 
tion implies that voltage and velocity are analogous terms. This 
analogy is easily justified by the fact that the voltage induced 
in a conductor is proportional to i@ velocity through a magnetic 
field. The properties of the pair of equations are identical with 
those of a purely electrical four-terminal network. Treatments 
of such networks can be found in many textbooks. One of the 
best. is by Guillemin.? 

If the transformation between types of energy is by means of 
electrostatic (piezoelectric) coupling, the selection mentioned 
of independent variables leads to a system determinant having 
terms of equal magnitude but of opposite signs on the minor 
diagonal. This type of coupling will lead, however, to a sym- 
metrical determinant if current and velocity are selected as inde- 
pendent variables for the current through such a coupler is pro- 
portional to the velocity of its moving part. In the interest of 
simplicity, the development of a separate set of symmetrical 
equations for electrostatic coupling was not included in this 
paper. 

A theorgtical proof of the foregoing statement concerning 
linear bilateral transducers can be formulated by a technique 
similar to that employed in the appendix to MacLean’s paper.* 

Equations [1] and [2] assume that the same unit of energy is 
employed in describing the electrical and mechanical parts of the 
unit. The MKS system, which is based upon the joule, satisfies 
this condition. If, however, a different unit of energy is em- 
ployed for the mechanical terms, Equations [1] and [2] are not 
symmetrical and subsequent equations must involve multipliers 
to account for the mixed units. In particular, if forces are 


® “Absolute Measurement of Sound Without a Primary Stand- 
ard,”’ by W. R. MacLean, Journal of the Acoustical Society of America, 
vol. 12, 1940, pp. 140-146. 

7 “Communication Networks,”’ by E. A. Guillemin, John Wiley 
& Sons, Ine., New York, N. Y., chapt. 4, vol. 2, 1931-1935. 
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measured in pounds weight, and velocities in inches per second, and Equation [14] becomes 


while retaining the volt and ampere for electrical quantities, E’ iwM 
j 
Equation (5) becomes (S = 2.93 x 10-4 ¥ [14a] 
G 
S with the mass M measured in pounds. 


: 
= 
fon 
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On the Aerodynamic Design of Axial-Flow 


Compressors and Turbines 


By ANDREW VAZSONYI,? LOS ANGELES, CALIF. 


In this paper a theoretical method is presented to deter- 
mine the flow of a perfect (frictionless, incompressible) 
fluid across a cascade built up of arbitrary airfoils. The 
presentation refers to compressor blading but is immedi- 
ately applicable to turbine blading. The lift-coefficient 
curve as a function of angle of attack (or deflection- 
angle curve) of an arbitrary cascade can be determined in 
about 10 man-hours. The complete investigation of all 
possible cascades built up of a given airfoil (any solidity 
and any stagger) requires about 60 man-hours. The 
procedure is graphical and standardized to the extent that 
no mathematical knowledge is required of the computer. 
Agreement between theory and tests is excellent (see 
Figs. 19 and 20). An extension of the method is indicated 
whereby the detailed pressure and velocity distribution of 
the flow can be obtained. 


NOMENCLATURE 
The following nomenclature is used in the paper: 


C, = lift coefficient 


ec = chord of airfoil 

p = pressure 

L = lift force 

s = pitch of cascade 

V = velocity 

V, = axial-velocity component 
V,, = mean velocity 

a = airangle 

a,, = mean air angle 

o = S/C = solidity of cascade 

p = density 

z= 

= characteristic parameters 
¢ = stagger of cascade 

T, = trailing edge of airfoil 


Subscript 1 refers to conditions ahead of the cascade. 
Subscript 2 refers to conditions behind the cascade. 


INTRODUCTION 


The design of appropriate blading for a highly efficient turbine 
or axial-flow compressor depends upon an intimate knowledge 
of the flow phenomena occurring within the machine. The 
modern airplane is a triumph of the science of aerodynamics, and 
it is to be expected that axial-flow machinery will be greatly im- 
proved and perfected by the science of aerodynamics. 


1 This report was initiated while the author was employed by the 
Elliott Company, Jeannette, Pa. 

? Head of Servo-Control Section, Aerophysics Laboratory, North 
American Aviation, Inc. Jun. ASME. 

Presented at the National Meeting of the Applied Mechanics 
Division, Schenectady, N. Y., June 23-25, 1947, of Toe AMERICAN 
Society oF MECHANICAL ENGINEERS. 

Discussion of this paper should be addressed to the Secretary, 
ASME, 29 West 39th Street, New York, N. Y., and will be ac- 
cepted until April 10, 1948, for publication at a later date. Discus- 
sion received ‘after the closing date will be returned. 

Nore: Statements and opinions advanced in papers are to be 


understood as individual expressions of their authors and not those of 
the Society. 
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The aerodynamies of axial-flow machinery involves problems 
somewhat different from the aerodynamics of airplanes, although 
of course the basic principles involved are the same. A properly 
designed axial-flow machine should have a wide operating range, 
small frictional loss, unstalled blades, and no choking or shock 
waves due to high Mach numbers. The need for extensive re- 
search is obvious, and it might be of some interest to make a brief 
survey of the different problems involved, which include the fol- 
lowing: 


1 Probably the fundamental problem is the development of a 
method which predicts the flow of a perfect (frictionless, in- 
compressible) fluid across cascades. Although the perfect fluid 
is a greatly simplified fluid model, from its behavior important 
conclusions can be drawn for real fluids. 

2 When the problem under (1) is solved, the restriction of 
considering only incompressible fluids may be dropped. Present 
theories referring to the effect of compressibility for airfoils 
could be extended for cascades. 

3 The other restriction of considering only frictionless fluids 
may then be removed and the effeet of boundary layers and stall- 
ing investigated. These studies will be particularly important 
in the design of multistage machinery, where the design of each 
stage is based on the performance of the previous stage. 

4 The design of supersonic axial-flow machinery is a distinct 
possibility from a mechanical point of view. During the last 
few years a considerable amount of knowledge, has been gathered 
in the field of supersonic aerodynamics, and this knowledge may 
be used profitably in the development of supersonic axial-flow 
machinery. 

5 All of the foregoing refers to stationary blading. In order 
to complete the aerodynamics of axial-flow machinery, a study of 
rotating blading should be made, and a general theory of the ma- 
chine as a whole developed. 


Needless to say, the foregoing theoretical program must be 
carefully correlated with extensive component testing. 

The method outlined in the present report is a step in the direc- 
tion mentioned under item (1). By the aid of a set of analytical 
transformations, the given arbitrary cascade is transformed into 
an approximate straight line. By the use of the relaxation 
method this approximate straight line is transformed into a true 
straight line. From the properties of the last transformation 
the lift coefficient and deviation-angle curve of the given cascade 
is determined. The analytical transformations are accomplished 
with the aid of charts. In most cases the approximate straight 
line is so close to a true straight line that sufficient accuracy can 
be obtained without using the relaxation method. 

As happens so often in science, the development of one branch 
assists in the development of some other field. The knowledge 
obtained from studies in aerodynamics for the development of 
airplanes will apply to axial-flow machinery, while in turn, im- 
provement of axial-flow machinery will help to improve the per- 
formance of the airplane. 


PressurE Rise AND Lirt CoEFFICIENT OF CASCADES 


The pressure rise across a cascade can be computed from the 
Bernoulli equation 


: 
« 
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1 1 Vi2 (V2? 
=- 72. = - 7,2 
V2 (tg? a1 — tg? a)...... (1) 


The force acting on a blade, per unit of length, in the axial direc- 
tion is then (see Fig. 1) 
Y = 


Pu) = I/, 2(tg2a tg? av) {2] 


VELOCITY DIAGRAM 


Fic. 1 Vevociry anp Force 


The force along the cascade is given by the rate of change of 
momentum in this direction 


V V. 
X = spV,(Vi tga: — Votgar) = spV,? - [3] 
= ,2(tg?a1 tg?a) 
Equations [2] and [8] give the force acting on the blade of the 
cascade when the mass flow, a: and a», is known. 
It is easy to show that the resultant force is normal to the 
mean velocity vector, defined by 


_ 


This vector is inclined to the normal to the cascade at an angle 
Where 4 


= 2 (tgau + tga) [5] 


The magnitude of the resultant force is given by 


L = X cosa, + Y sin a,.............. {6] 
from which, after an easy computation 
1 8 
L= 2 pV,,2¢°2 (tga, — tga2) COS a,........ (7] 


The lift coefficient is usually referred to the mean velocity, thus 
Ci =2 (tga; — tgar) COB [8] 


When dealing with cascades one can work directly with the 
forces X and Y, or with the lift force L and angle a,,. In some 
cases the former while in other cases the latter method is the 
more suitable. 


CHARACTERISTIC CascADE EQuaTIONS 


Consider the flow of a perfect fluid through a cascade. Let 
the velocity of the fluid entering be of unit length and normal to 
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the cascade axis (see Fig. 2a). The exit velocity will then have 
two components, a component normal to the cascade axis of 
unit length and a component along the axis which will be denoted 
by 2. Let us consider now another particular kind of flow. Let 


the entrance velocity be parallel to the cascade axis and of unit 


length (Fig. 2b), and let the exit velocity which will be parallel 
to the cascade axis, be denoted by A. As the differential equa- 
tions governing the flow of a perfect fluid are linear, any linear 
combination of the flows just mentioned is a possible flow. In 


\ 


Fig. 2) Derivation oF CHARACTERISTIC EQUATION 


particular, let us superpose the first flow and wu times the second 
flow, where y is an arbitrary number (see Fig. 2c). It can be seen 
that for the new flow 


1 
A 
and so 
{11] 


This last equation is of the utmost importance. It shows that 
for any cascade there is a linear relationship between tga; and 
tga. This relationship will be called the characteristic equation 
of the cascade, while = and A will be referred to as the character- 
istic parameters of the cascade. 

Any cascade can be characterized by a given airfoil section and 
by the solidity o and the stagger ¢ thus 


tga, = + Alf, {12] 


where the notation emphasizes the fact that for a given airfoil 
section the characteristic parameters are functions of ¢ and o. 
The main purpose of the present report is to find a theoretical 
procedure for the determination of the characteristic parameters, 
as function of stagger and solidity, for any given airfoil section. 
Once the functions 2(¢,c), A(f{,o) are known, the pressure rise, 
the lift coefficient, and the deflection angle can be determined 
with the aid of the formulas given in the previous section. 


THeorRY OF FLAT-PLATE CASCADES 


A cascade consisting of flat-plate airfoils admits an analytical 
solution to the flow problem.* On the basis of this theory formu- 


“‘Durand’s Aerodynamic Theory,’’ Durand Reprinting Commit- 
tee, California Institute of Technology, vol. 3, 1943, pp. 91-96. 
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as for the characteristic parameters can be derived. We present 
the results of these computations without giving the details of 
the mathematical derivations. The characteristic parameters 
are given by 


t 
R cos ¢ 
=o) = 2 .. [13] 
K 
t 2, 
R cos ¢ + 9% 
and 
4« 
= .. {14J 
Reos¢t 
4 
= 
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45° 
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Fig. VARIATION oF FoR FLAT-PLATE CascaDEs 
({ = stagger; s/e = o = solidity.) 
Ve 
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Fie. 4 Vartation or A For FLAtT-PLATE CAascapeEs 
({ = stagger; s/c = o = solidity.) 


where « and R are determined by the following two equations 


1 — x? R oT 
and 
R= Vet + 2x2 $1............ [16] 


Figs. 3 and 4 are plots of = and A as function of stagger and 
solidity. Most compressor blades have a solidity smaller than 
1.2. From Figs. 3 and 4 it can be seen that = varies little in this 
range, and that A is quite small. Thus with the aid of the char- 
acteristic cascade equation it may be concluded that for com- 
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pressor blades the angle of the leaving air depends primarily 
on the geometry of the cascade and only secondarily on the 
angle of the entering air. 


TuHeory OF ARBITRARY CASCADES 


The flow past an arbitrary cascade may be investigated by the 
aid of the theory of conformal mapping and potential theory. 
The basic theorems are given in a paper by R. A. Howell,‘ 


4 “Note on the Theory of Arbitrary Airfoils in Caseade,”” by R. A. 
Howell, Royal Aircraft Establishment, Farnborough, England, 
Note No. E. 3859, March, 1941. 
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$9 


pe oe 


kia. S (Continued) 


cade into a circle or into a straight line. The transformation 
will be accomplished in five steps. Four graphical and one nu- 
merical transformation will be used. 


Tue ConrorMaAL TRANSFORMATIONS 


(a) First Transformation. In the physical Z,-plane the air- 
foils are placed along the y-axis at a distance + apart, and the 
chords taken to give the appropriate solidity. (Fig. 7 shows a 
cascade with NACA-10-5-10 profiles. The solidity ¢ = 0.93, 
the stagger ¢ = 42 deg). There is no definite way to determine 
Where the origin should be taken. A good location appears to 
be the “center” of the airfoil. The transformation used is 


This transformation can be accomplished graphically by using 
the chart shown in Fig. 8.5 (The original charts are of a much 
larger scale.) The straight lines parallel to the y-axis in the 
Z\-plane are transformed into a set of circles in the ¢)-plane. 
These circles have their centers on the (;-axis. On the other hand, 
straight lines parallel to the Xj-axis are transformed into a set 
of circles having their centers on the m-axis. The points at — © 
and +in the Z;-plane are transformed into the points at —1 


5 This and the chart for the Joukowski transformation were taken 
from A. E. Kennelly’s “Chart Atlas of Complex Hyperbolic and Cir- 
cular Functions,’’ Harvard University Press, Cambridge, Mass., 1924. 
A quantity of photolithographs were prepared. Each transformation 
was directly drawn on a separate sheet. 
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near to the leading edge. 
way between the leading edge and its center of curvature. 


A good location for this point is mid- 


(ce) Third Transformation. This is again a Joukowski trans- 


formation 
The profile in Fig. 10 is somewhat like an ellipse. As a 


Joukowski transformation changes an ellipse into a circle, one 
might hope to transform the profile in Fig. 10 into an approxi- 
mate circle with the aid of the Joukowski transformation. The 
question is, how to select the co-ordinates of the Joukowski 
transformation. This can be done by selecting a “large axis” 


and a ‘‘small axis’ of the “approximate ellipse” in Fig. 10. Tak- 
ing the ratio of these two numbers will help to select, in Fig. 11, 
the ellipse similar to the shape of the profile in Fig. 10. Then the 
profile is redrawn in Fig. 11, using an approximate scale factor. 
The transformed profile is shown in Fig. 12. 

(d) Fourth Transformation. This is a logarithmic transforma- 
tion and can be accomplished by using the chart in Fig. 12. 
The transform is shown in Fig. 13. Fig. 13 ean be obtained also 
directly from Fig. 11, thus saving the labor required for preparing 
Fig. 12. (Caution: On Kennelly’s chart a 360-deg turn is de- 
noted by 4 and not by 27.) When preparing Fig. 13, the hori- 


zontal and vertical scales must be consistent). 
This transforms the line in Fig. 13 
Mathematically speaking, the problem 


(e) Fifth Transformation. 
into a straight line. 
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Fig. 11 Tue Z3-PLANeE 
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requires the determination of a “stream function y” and “poten- 
tial function ¢” such that 


(a) 


(c) 0 along the transform of the cascade 


(d) 


const at = 


The function y can be computed by means of the relaxation 
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method. The function @ was determined graphically by drawing 
perpendicular lines to the ¥ = const lines (see Fig. 14). An 
alternative but more laborious procedure is to use the Equations 
(b) in a difference equation form. From Fig. 14 the quantities 
on the right-hand side of Equations [18], [19], and [20] can be 
determined, and thus the characteristic parameters Y and A can 
be computed. 

After a careful examination of the quantities in Equations [17], 
[18], and [19], it can be seen that and A can be evaluated with 
fair accuracy even without the relaxation solution. The writer 
evaluated A and = from Fig. 13 (before the relaxation solution 
was obtained) as A = 0.019 and = = 0.715. The more accurate 
answer from Fig. 14 is A = 0.015, = = 0.68. The important 
coefficient = can be obtained with an accuracy of 5 per cent with- 


ZsPLANE . 


| 


Fig. 13 Fue Z:;-PLane 


out the relaxation solution. Thus a considerable amount of 
work can be saved by the approximate method. The discrepancy 
in A is not so important as the absolute value of A is too small to 
affect seriously the deflection angles. 


PERFORMANCE OF THE NACA-10-5-10 CascapE 


This cascade is built up of NACA-10-5-10 airfoils. 
different combinations of stagger and solidity were investigated. 
The relaxation transformation was executed only for the case 
of solidity « = 0.93, and stagger ¢ = 42 deg. All other cases 
are subject to a small error. Figs. 15 and 16 show the variation 
of = and A as a function of the stagger for different solidities. 
Figs. 17 and 18 show a cross-plot presenting = and A as functions 
of solidity for different values of stagger. It is of some interest 
to compare the last two figures with Figs. 3 and 4 which present 
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Fic. 16 VARIATION oF A FOR 
NACA-10-5-10 CascapE 


(t = stagger. o = s/c = solidity. 
Computed values X.) 


Fic. 15 VarrtaTion or FoR 
NACA-10-5-10 CascapE 


({ = stagger. o = s/c = solidity. 
Computed values X.) 
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the performance of flat-plate cascades. It can be seen that the 
parameter A is small and so the leaving-air angle is practically 
independent of the entering-air angle. 

The lift coefficient and deflection angle can be computed easily 
from Y and A. Figs. 19 and 20 show these parameters for the 
solidity ¢ = 0.93 and stagger ¢ = 42 deg. In the same figures 
are shown some of the experimental results obtained at the 
Elliott wind tunnel; the agreement is gratifying. The experi- 
mental lift coefficient and deviation angle is smaller than the 
theoretical due to frictional effects. This frictional effect is well 
known of course for single airfoils. 


LIMITATIONS AND EXTENSIONS OF PRESEN'T METHOD 


The airfoil in the ¢,-plane will be of an S-shape for cascades of 
low solidity. For this reason the profile in the Z;-plane will not 
be approximately straight and the relaxation solution will entail 
considerably more work. However, a different procedure is 
possible for low solidities. In this case the value of A is neg- 
ligibly small and only = need be determined. Furthermore, 
by examining Fig. 17 it becomes obvious that ¥ varies very little 
as a function of o in this range. In other words, when ¢ is small 
the leaving-air angle is independent of the entering-air angles and 
it is even independent of the exact value of the solidity. 

Now a particularly simple cascade is the one for which the 
blades are tangent to each other (see Fig. 21). It can be con- 
sidered as if all the fluid came from “sources” placed at the 
tangency points of the blades. This cascade can be treated di- 
rectly with the aid of the relaxation method. Thus the char- 
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Fic. 17 Vartation or = ror NACA-10-5-10 Cascave 
(¢ = stagger. o = s/c = solidity.) 
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Fig. 18 Variation or A ror NACA-10-5-10 CascapE 
(¢ = stagger. o = s/e = solidity.) 
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Fic. 19 Comparison BETWEEN THEORY AND TESTS 


(Variation in deflection angle for NACA-10-5-10 cascade. Solidity, ¢ = 
s/c = 0.930; stagger ¢ = 42 deg. Solid line = theory; dots = test points.) 
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Fic. 20 Comparison BETWEEN THEORY AND Tests 


(Variation in lift coefficient for NACA-10-5-10 cascade 


Solidity, ¢ = 
s/c = 0.930; stagger ¢ = 42 deg. 


Solid line = theory; dots = test points.) 


Fig. 21 Cascape Tancent BLapes 


acteristic equation can be determined by using the relaxation 
method directly. 

The lift coefficient of a single airfoil can be easily determined 
with the present method. In this case one starts with the 
Joukowski transformation using the chart in Fig. 9, and pro- 
ceeds the same way as for cascades. Experience shows that for 
most airfoils the lift coefficient can be detérmined quite accurately 
without using the final relaxation solution. 

In this report only the determination of the lift coefficient and 
deflection angle is considered. Much more valuable informa- 
tion can be obtained by determining the detailed velocity and 
pressure distribution of the flow. The present report can be ex- 
tended to include this information. : 

Tn the final ¢;-plane the flow consists of the fluid originating in 
a source and terminating in a sink and flowing past a straight 
wall. The velocities in this plane can be computed analytically 
by using, an appropriate distribution of sinks, sources, and vor- 
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tices.¢ Each of the transformations introduces a field of velocity 
factors. The velocities in the Z;-plane can be obtained by multi- 


plying the corresponding velocities of the ¢;-plane by the velocity 
factors 


| dts| | dts| | | 
| |dZs\" |dZs|’ 


The first of these can be obtained immediately from the relaxation 
method. The other three factors are properties of the trans- 
formations and so charts can be made up for them; for instance 


and so 
dé, 1 
dZ, cos? hZ, | (27) 


A chart should be prepared to show the constant lines 


leos? hZ, 
in Fig. 8. Similar charts should be prepared for the other ve- 
locity coefficients. When these charts are available, the velocity 
distribution can be determined without an excessive amount of 
work, 

So-Called Indirect Approach. In the theory of single airfoils 
the indirect approach is a well-known method. Appropriate 
complex transformations like the Joukowski transformation (or 
more general functions) yield flows around bodies which are very 
close to airfoils used in actual practice. This procedure can be 
extended for cascades. However, the main difficulty is to select 
the appropriate complex functions. 

A promising procedure is to take the transform of a cascade 
in the Z;-plane, Fig. 13, and replace it by a straight line. , By 
the reversal of the graphical procedure explained in this paper, 
the shape of the cascade in the physical plane can be easily ob- 
tained. Fig. 22 shows a cascade built up of NACA-12-5-12 
airfoils and the airfoil shape obtained by the indirect method. 
The flow across this cascade is characterized by a few simple 
analytical functions, and so its performance (including pressure 
and velocity fields) can be easily obtained. By a systematic 
variation of the transformations, a study of a great variety of 
cascades is possible. 


~ 


Fic. 22. ILLusTRATION TO THE INDIRECT APPROACH 


(Solid lines represent a cascade built up of NACA-12-5-12 airfoils. Dotted 
lines represent cascade obtained by the indirect method.) 


® See Howell, loc. cit., p. 7. 
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Vibration of a Beam With Concentrated 
Mass, Spring, and Dashpot 


By DANA YOUNG,' AUSTIN, TEXAS 


An analytical method is developed for determining the 
natural frequencies of a composite system which consists 
of a uniform beam with a concentrated mass, spring, and 
dashpot attached at any point along the length of the 
beam. The method makes use of a series expansion in 
terms of the set of orthogonal functions which represent 
the normal modes of vibration of the beam alone. Nu- 
merical examples are given for a beam with a combined 
concentrated mass and spring, for a beam with two con- 
centrated masses, and for a beam with an attached dash- 
pot. 


NOMENCLATURE 


The following nomenclature is used in this paper: 


a,, b, = coefficients in series expansions of functions 
c = dashpot strength or coefficient of viscous damping, 
lb-see per in. 
(w/w) ‘ ‘ 
wee” == functions of w which are defined in paper 


h = distance from end of beam to concentrated mass, in. 
i= 
k = spring constant (lb per in.) of the spring which is 
attached to the concentrated mass 
k, = 3k1/l = spring constant for a cantilever spring 
l = length of beam, in. 
= total mass of beam, lb-sec? per in. 
M = magnitude of concentrated mass, lb-sec* per in. 
= any integer 


p = w/w, = dimensionless frequency ratio 

q = 4c/me, = dimensionless dashpot strength 

s = pu/o, = dimensionless decay constant 

t = time, sec 

x = co-ordinate distance measured along axis of beam, 
in. 

y = lateral deflection of beam, in. 

z = deflection of beam at x = h. 


A(w), P(w), C(w) = functions defined by Equation [34] 
C), Co, = constants of integration 


El = bending stiffness of beam, |b-in.? 
F = force, lb 
« = fraction of beam mass used in equivalent system, 
see Fig. 5 
« = 3/8,4l4 = 0.24267 
8, = V mw,2/LEI = characteristic value 
» = natural angular frequency of composite system, 


radians per sec 
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», = natural angular frequency of nth mode of vibration 
of beam alone, radians per sec 
a, = constant defined by Equation [8] 
¢,(z) = characteristic function defined by Equation [9] 
= exponential decay constant defined by Equation [36] 


INTRODUCTION 


The principal problem undertaken in this investigation is the 
determination of the natural frequencies of lateral vibrations of 
a beam of appreciable mass which carries a concentrated mass 
and spring, as shown in Fig. 1(a). The beam may be supported 
in any manner at the ends and the concentrated mass may be 


F=F, sin of 


y 


M 


kz 


Fie. 1 Cantitever Beam ConceNTRATED Mass AND SPRING 
located at any point along the length of the beam. The problem 
of a beam carrying two concentrated masses is also solved. The 
case when a dashpot, that is, viscous damping, is added to the 
concentrated mass is also considered, but is completely solved 
only in the special case of a dashpot alone without the concen- 
trated mass and spring. 

Exact solutions for a beam carrying a single concentrated mass 
may be obtained in closed form by classical methods in certain 
cases, such as, a simply supported beam with concentrated mass 
at its mid-point (1)? and a cantilever beam with the concentrated 
mass at its free end (2). These solutions may be extended to 
include the effect of a spring acting on the mass. However, 
except for the two special cases mentioned, it is not feasible to 
determine natural frequencies of such a system by the classical 
method. 

Approximate solutions for the lowest natural frequency of a 


2? Numbers in parentheses refer to the Bibliography at the end of 
the paper. 
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beam, mass, and spring system may be obtained by the well- 
known Rayleigh-Ritz energy method (3, 4). This method is ade- 
quate for many applications, although it is not always possible 
to determine the degree of the approximation. In some par- 
ticular systems, upper and lower limits for the first natural fre- 
quency may be established, as has been shown by R. V. South- 
well (5). The determination of the frequencies of the higher 
modes by the energy method is difficult and is likely to be quite 
inaccurate. 

The method adopted for this investigation makes use of the 
orthogonal functions associated with the normal modes of vibra- 
tion of a beam and also employs the concept of dynamic modulus. 
Somewhat similar procedures have been used for solving other 
vibration problems, for example, references (6, 7, 8). 

It may be of interest to mention that the need for part of this 
study arose in connection with the design of apparatus for 
mounting an oscillating model in a wind tunnel. The design 
requirements were such that it was necessary to calculate the 
first two natural frequencies of a beam, mass, and spring system 
with considerable accuracy. 

The analysis in this paper considers only a beam of constant 
cross section. Rotary inertia and the effect of shear are neg- 
lected. The spring which acts on the concentrated mass is as- 
sumed to have negligible mass. 

For simplicity of discussion, most of the details of the analysis 
will be carried out for a cantilever beam. However, the pro- 
cedure is quite general and applies to a uniform beam with any 
type of end supports. ‘ 


Mopes or VIBRATION OF BEAM ALONE 


- Before taking up the analysis of the composite system shown ip 

Fig. 1, the pertinent relations governing the normal modes of 
vibration of a uniform beam will be sumsiarized briefly. The 
differential equation for the lateral vibration of a beam is 


This may be satisfied by taking solutions of-the form y = u(z) sin 
wt where u(x) is a function of z alone. By substitution in Equa- 
tion [1] it is found that u(x) must satisfy the ordinary differential 
equation 


where 


The general solution of Equation [2] may be written in the form 


u = C, (sinh Br + sin Bx) + C2 (cosh Bx + cos Br) 
+ C; (sinh Br — sin Bx) + C, (cosh Br — cos Br)......[4] 


The determination of the characteristic values 8 and the relative 
values of the constants C,, C2, C3, C,, depend upon the end con- 
ditions of the beam. Taking, for instance, a cantilever beam 
the end conditions are 


d*u/dz* = =0 atzr=l 
Substituting these conditions in Equation [4], we find 


sinh pl + sin 
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and the frequency equation 
1 + cosh Bl cos pl = 0 


The first five roots of this equation as given by Rayleigh (9) are 


= 1.87510 Bl = 10.99554 
Bol = 4.69409 Bol me [7] 
B3l = 7.85476 


For higher modes it is sufficiently accurate to take 8,/ = (2n 
— 

Corresponding to each of the characteristic values 8,, there 
will be a characteristic function u,(2) defined by Equations [4] 
and [6]. These functions represent the shape of the curve in 
which the beam vibrates at each one of the natural frequencies. 
For the cantilever beam under consideration, we have 


u, = Cy[eosh — cos B,2 — a,(sinh 8,2 — sin B,2x)] 
where 
_ cosh 8,1 + cos 


sinh 6,1 + sin 8,/ 


The constant Cy is arbitrary. For convenience we will take 
Cy, = 1 and denote the corresponding function by ¢,, that is, we 
take 


¢, = cosh 6,2 — cos — a, (sinh 8,2 — sin ...[9] 


where a, is defined by Equation [8]. The function ¢, has sig- 
nificance only in the interval 0 < x < l. Since Equation [9] isa 
solution of Equation [2] the function ¢,, satisfies the equation 


The corresponding natural 
frequencies of the vibrating beam are given by Equation [3], 
from which we find 

8,4 Ell 


m 


It is known, see for example references (1), (4), or (9), that the 
characteristic functions defined by Equation [9] form an orthogo- 
nal set in the interval0 < z < l. In particular, the following 
two orthogonality relations hold 


= 


As explained by Rayleigh (9), almost any reasonably well-be- 
haved function f(z) may be represented in the interval 0 < x < / 
by a linear series of ¢,, functions, that is 


n=1 


By virtue of the relations, Equations [12], the coefficients a,, are 
given by the formula 


a, = a ces os [14] 


This series expansion for f(z) is of course directly analogous to 
the representation of arbitrary functions by Fourier sine and 
cosine series. 


° 
SCC 
d‘ 
En 
dx‘ 
+ —-— =0 [1] 
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The foregoing properties of the ¢ function will be used in the 
subsequent analysis. The particular form Equation [9] for ¢,, 
and the numerical values of 8, given in Equation [7] apply only 
to a cantilever beam. The corresponding expressions and values 
for other types of beams may be found in standard references, 
such as (1, 4,9). The general orthogonality properties are the 
same regardless of the type of support. 


CANTILEVER With CONCENTRATED MASS AND SPRING 


Consider a uniform cantilever beam of total mass m and length 
1 which carries a concentrated mass M with a spring having a 
constant k at a distance hk from the fixed end, as shown in Fig. 
l(a). When the system is vibrating freely, there will be a force 
F in the link joining the mass M and the beam which may be ex- 
pressed as 
F = Fosin at 


where w is the undetermined natural frequency of the composite 
system. 

Now imagine that the system is cut through the link so that 
we have two parts, (a) a beam acted upon by a harmonically 
varying force F = Fp sin wt, and (b) a spring-supported mass 
subjected to an equal but opposite force, as shown in Fig. 1(b). 
Let us determine the motion of the beam. The equation of 
motion for a beam subjected to a distributed harmonic load 
f(x) sin wt is 


o'y 


m 


of? 


= f(x) sin wt 


Taking y = w(x) sin wt and substituting in the foregoing equa- 
tion gives the following equation for w(z) 


Let us expand f(x) in a series of ¢ functions, that is, take 


n=l 


Jo 


In the case under consideration f(z) represents a concentrated 
load Fy at x = h, and the integration of Equation [17] leads to 


F 
a, = €n(h) 


where 


Also take 


[18] 


n=1 


w(x) 


where the eoefficients b, are to be determined. Substituting 
Equations [16] and [18] in Equation [15] and making use of the 
relation Equation [10], we find 


a,l Fo ¢n(h) 
b,, 
m(w,? — w*) mo? w,2 w? 
hence 
Fo ¢n(h) 
w(x) man? w,* 
n=1 ont 


The deflection of a point on the beam at z = A is 


Fo sin >> n(h)]? 
z = = sin wt = Lent ] 
me? w,,? w 

aa, — — 

ww? 


In this expression, w,? = 8,'HI1/m is the square of the natural 
angular frequency of the nth mode of vibration of the beam alone, 
and w is the frequency of the first mode of the beam alone. The 
w without any subscript is the natural angular frequency of the 
composite system; its valués are yet to be determined. 

Now consider the motion of the mass V, as shown in Fig. 
1(b); the equation of motion is 


dz 
M 2 + kz = — Fosin oat 


for which the steady-state solution is 


Equating the right-hand sides of Equations [19] and [20], we ob- 
tain, after some rearrangement, the following equation for the 
frequency w of the composite system 


1 [¢,(h)]? 
M w,? [ ] 
m me? nel 3 


where k, may be thought of as the spring constant for a cantilever 
spring of negligible mass. With this notation, the lowest beam 
frequency, which is given by Equation [11], may be written 


44 k k 
m 3 em 
where 
3 
a = 0.24267 


using the numerical value for 8,1 given by Equation [7]. Equa- 
tion [22] shows that the fundamental frequency of a uniform 
cantilever beam may be ‘obtained by considering the beam as a 
massless cantilever spring with a concentrated mass at the end 
equal to 24.267 per cent of the beam mass. 

From Equation [22] we have m = ea,?/kj. Substituting this 
relation in the second term on the left-hand side of Equation [21], 
the frequency equation for the composite system becomes 


[e,(h)]? 
m ky w? ot 


in which all the parameters occur in the form of dimensionless 
ratios. For a cantilever beam, the constants w,?/w:? = 6,4/814 
have the following values 


on? / a? =1 = $231.08 
= 39.2739 we?/an? = 7210 
w3?/on? = 307.914 = 14070 
= 1182.40 ws?/an? = 24930 
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.[19] 
Fo sin wt (20) 
k — Meo? 
Let us introduce the notation ae 
dw mw 
RI — — —— w = fiz)............. [19 
dr* l 
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One method of solving Equation [23] is to plot, as functions of 
w/w, the two expressions 


[¢,(h)]? 
@, 
n=1 wt 
1 
g2(w/o1) = M 
ky w* 


The intersections of these two curves give the dimensionless 
natural frequencies «/w, of the composite system. It will be 
noted that the function g;(w/#,) approaches infinity as w ap- 
proaches each w,. 

The curves for one particular numerical example are shown in 
Fig. 2. For this example the position of the concentrated mass 
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Fig. 2. Functions gi(w/o1) AND g2(w/o1) FoR CANTILEVER BEAM 
Wits Mass ath = 0.78 l 


is taken as h = 0.78 1 and the mass ratio is taken as M/m = 1. 
Two sets of curves for g2(w/w,) are shown, one for k/k >» = 1, and 
the other for k/k,y = 10. The point h = 0.78 1 is very close to 
the mode in the second mode of vibration of the beam alone; this 
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in the vicinity of w = a». It is interesting to observe that the 
frequencies for the higher modes vary only slightly for different 
values of k/k,. 

The values of ¢,(h) = ¢,(0.78 1) used in the calculations are 


gi(h) = 1.3966 gi(h) = 1.3226 
gx(h) = 0.0286 gs(h) = —0.9863 
gs(h) = —0.9638 


These values were taken from the data furnished by R. P 
Felgar(10). 

Another method of solving Equation [23] which is more con- 
venient than the foregoing is obtained by a rearrangement of the 
equation. Denoting the right-hand side by gi(w/o:) and solving 


for k/k, we find 
ky Lm gn (w/an) 


For a given value of M//m, the ratio k/k, may readily be caleu- 
lated from this equation for different values of w/w. From 
these data we may plot k/h, as a function of w/w, for any desired 
values of M/m. Two different examples of this method of pre- 
senting the results are shown in Figs. 3 and 4. Fig. 3 is for the 
concentrated mass at the point h = 0.781, which is the same case 
as shown in Fig. 2. Fig. 4 is for the concentrated mass at the 
free end, that is, ath = /. In this latter case ¢,(h) = ¢,() = 2 
for all values of n. In these two figures the curves have been 
plotted up to rather large values of k/k, in order to show the gen- 
eral trend of the curves. In order to use such curves for small 
values of k/k,, an enlarged plot of the lower portions should be 
made. 

Still another method of presenting the data is useful in the case 
when only the first natural frequency of the composite system is 
desired. In this method we consider the actual system shown 
in Fig. 1(a) to be replaced by the equivalent one-degree-of- 
freedom system shown in Fig. 5. The equivalent system consists 
of a massless cantilever spring of length h, with a concentrated 
mass M + em, and a spring k at the end. The mass em repre- 
sents the fraction of the actual distributed beam mass that must 
be added to the mass M so that the frequency of the equivalent 
system will equal the lowest natural frequency of the actual 


system. The problem is to determine the value of ¢ as a function 
accounts for the sharp change in the slope of the curve for gi(w/o.) of M/mandk/k,,. 
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Fie. 4 FREQUENCIES FOR CANTILEVER Beam, Mass, Sprinc System Mass ath = 1 


4 em 
spring M 
Fic. 5 Eaquivatent System ror First Naturat Frequency 


The spring constant for the cantilever spring is 


hs 


where k, = 3E//I*. 
system is 


The natural frequency of the equivalent 


[25] 


To find the value of e, we proceed as follows. Solving Equation 
[25] for k/k, and using the relation, Equation [22], we find 


k (M (M ) 

ate, —+e})—-—.. [26 

This expression for k/k, must be equal to that given by Equation 
[24]; equating these we obtain 


1 


gi(w/en) 


From this expression the value of « may be calculated for any 
value of the frequency ratio w/w. It is interesting to observe 
that ¢ is a function of frequency only for a given value of l/h 
and does not depend upon the particular values of M/m and 
k/k, There is an infinite number of combinations of the quan- 
tities M/m and k/k, that will produce a given frequency, and for 
each of these combinations the value of e will be the same. 

The relation Equation [27] is shown plotted in Fig. 6 for the 
two examples previously considered, namely, for h = 0.78 | 
and h = 1. It will be noted that the variation of « is not large 
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for frequencies up to about w/w, = 1.5, and so, for many applica- 
tions, it is sufficiently accurate to assume that ¢ is a constant. 

The rigorous use of Equation [25] to calculate the first natural 
frequency of the composite system requires a trial-and-error pro- 
cedure, since ¢ is a function of the frequency. For a first trial, « 
is assumed and w is calculated from Equation [25] using this 
assumed value. The e corresponding to this first calculated 
value of w is read from a plot of Equation [27] such as shown in: 
Fig. 6, and a second value of w is calculated. Since e varies only 
slightly with w, except for extreme cases, a relatively few trials 
are required. 


CANTILEVER Two ConcENTRATED MASSES 


The same general procedure, as outlined, may be employed 
for a beam carrying two concentrated masses. Let us consider a 
cantilever beam with two concentrated masses M,; and Mz at 
distances h, and hz from the fixed end as shown in Fig. 7(a). There 
is no essential difficulty in extending the analysis to include con- 
centrated springs acting on each mass. 

When the system is vibrating freely, the forces in the links will 
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vary sinusoidally with a frequency equal to that of the system. 
We may imagine the masses separated from the beam as shown 
in Fig. 7(b), in which case there will be forces F; sin wt and F; 
sin wt acting on the beam, and equal but opposite forces on each 
mass. The motion of the beam will be governed by Equations 
[15] through [18], except that, in the present problem, f(x) repre- 
sents two concentrated loads, F; at x = h; and F, at x = he. 
Integration of Equation [17] for this loading gives 


F F. 
€n (hi) + €n(he) 


and the corresponding expression for the deflection y becomes 


y= Siat + 


¢n(2) 


n=l 


The deflections at = hyand = hy, are 


sin wt 


ma? 


[28] 


a = 


n=1 


[29] 


sin wt > Fig, (hi)en(he) + Fel en (he)? 


= 
mao 


n=1 
The equation of motion of the mass M, is 


d?z, 
= — F, sin wt 


for which the steady-state solution is 


i? 


Similarly, for the mass M2, we find 


Equating Equation [30] to Equation [28], and Equation [31] 
to Equation [29], we obtain after some rearrangement, the 
following pair of equations 
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F, 


Fy 


[yn 
2 


C(w) = 
n=1 
Eliminating /,/F; from Equations [32] and [33], we obtain the 
frequency equation 


This equation may be solved indirectly as follows. First, the 
functions A(w), B(w), C(w) are calculated for different values of 
the frequency ratio w/w. Then, using Equation [35], the ratio 
M:/m may be calculated as a function of w/a for different values 
of M,/m. These results may be plotted as a family of curves 
such as shown in Fig. 8, from which the frequency may be read 


25 — 


Frequency Retio 


Fie. 8 First NaTuraAL FREQUENCY FOR CANTILEVER Beam WITH 
CoNncENTRATED Masses At hi = 0.781 AND hz: = 1 


for any given values of M; and M,. The curves in Fig. 8 are for 
the particular example in which h, = 0.781 and h, = |, and are 
drawn only for the first mode of vibration. 


CANTILEVER W1iTH CONCENTRATED Mass, SPRING, AND DAsHPOT 


The analysis for the system shown in Fig. l(a) can be ex- 
tended to include the effect of a dashpot (viscous damping), acting 
upon the concentrated mass. The system will then be as shown 
in Fig. 9(a). The motion will have the form of an exponentially 
decaying oscillation, and the force in the link between the mass 
and the beam, see Fig. 9(b), may be taken in the complex form 


Fo = = (cos wt + isin wl)..... [36] 


The equation of motion for a beam which is acted upon by a dis 
tributed load f(z)e(~ is 


70 
2 
| 
where 
A(@w) = 
w? w? 
x 
w,? w? 
m [B(w)] 
= ——— + C(w)............. [85] 
m 
— — A(w) 
| i | | 
m | 
° 01 02 o3 04 05 06 07 
| 
F 
Mw 


YOUNG—VIBRATIONS OF BEAM WITH CONCENTRATED MASS, SPRING, AND DASHPOT 
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Fie. 9 CANTILEVER Beam With CONCENTRATED Mass, SPRING, 
AND DasHpoTt 


Take 
f(x) = a,¢,(2) 
n=1 


Since f(z) in this problem represents a concentrated load Fy at 
xz = h, we have as before 


Fo 


n = — 
a i? (h) 
Using f(z) in this form, it may be verifi¢d that Equation [37] is 
satisfied by 
y = > (2) 
n=1 
where 
Fo 


b, = 


m + — w? — Quwi 


The deflection of the beam at z = his then given by 


Fo [en(h)]? 
m fond w,? + — w? — [38] 


The equation of motion of the mass M, Fig. 9(6), is 


dz dz 
+c + kz 


for which the steady-state solution is 


Fy 


z=— 
Mu? — Mw? — cu + k + (c — 2Mu)wi 


. + 


Equating Equations [38] and [39], we obtain 


My? — Mot — cu + k + (Cc m 


n=1 


w,? + — — 


... 


By equating the real and imaginary parts of the two sides of 
Equation [40], two expressions are obtained which determine the 
frequency and the decay constant » in terms of the system 
parameters. These expressions are rather complicated in form 
and a method of solution will be shown only for the simplified 
case in which there is a dashpot alone. 


CANTILEVER WiTH DasHpot 


The problem undertaken here is to find the natural frequencies 
and corresponding rates of decay for a cantilever with a dashpot 
attached at any point z = h, as shown in Fig. 10. The particular 
case of a cantilever with a terminal dashpot, that is, for h = 1, 
has been solved by E. J. McBride (11) using the classical solu- 
tion of the equation of motion. 


Fie. 10 CantTILEvVeR Beam Wits DasHpor 


The governing equation for the problem is found from Equa- 
tion [40] by putting MV =k =0. Wethus obtain 


[en(h)]? 


It is convenient to introduce the following dimensionless. ratios: 


p = w/o = dimensionless frequency ratio 
q = 4c/me, = dimensionless dashpot strength 
8 = u/w, = dimensionless decay constant 


Using these, Equation [41] becomes 


— 1 [¢, (h)]? 
q(s—pi) 4 w,2/an? + 


Multiplying both sides of Equation [42] by (s — pi) and then 
clearing the imaginary parts from the denominators on the right- 
hand side, we have 


+ 8* + p*)] + (p(s? + p? — 
+. 8% — p?)® + 48%? 


n=1 
[en (h) 


The real parts of the series on the right must equal 1/g and the 


imaginary parts must equal zero. Hence we obtain the two 
equations 


+ 8? + p?) 
q 4 + — p?)? + 48%? [¢,(A)]?. [43] 


s? + p? — w,2/a? 


(wn? + 8? — p?)? 4+ [en(h)]*... [44] 


Equation [44] defines the dimensionless decay constant s as 
a function of the dimensionless frequency p. It was found that 
a simple trial-and-error calculation was reasonably expeditious 


4, 
~ 
ey 
ag 
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Doshpot Strength q+ 4c/mus 
° 


Fic. 11 Dercay Constant anp DasHpot STRENGTH VERSUS FREQUENCY FOR CANTILEVER Beam WitH ath = 


for solving Equation [44]. For a given value of p, the corre- 
sponding value of s is assumed; using these values the sum of the 
series in Equation [44] is computed. This calculation is repeated 
until the value of s is found that causes the sum of the series to 
vanish, thus satisfying Equation [44]. Only two or three of the 
terms in the series change appreciably with s and hence the 
calculation may be made relatively rapidly. By this procedure, 
the magnitude of s corresponding to different values of p may be 
computed and the results when plotted will show s as a function 
of p. 

For each pair of values of s and p which satisfy Equation [44], 
the corresponding value of the dimensionless dashpot strength g 
may be calculated directly from Equation [43]. 

The results of calculations for the particular example when 
h = | are shown in Fig. 11. There would be no appreciable dif- 
ference in the work of calculation if the dashpot were considered 
to be located at any other point along the beam. This case was 
chosen as an example in order to compare the results with those 
obtained by McBride (11). 

The curves in Fig. 11 show s and gq plotted against p for the 
first three modes of vibration of the composite system. For any 
given dashpot strength, the corresponding values of frequency 
and decay constant may be determined from these curves. It 
will be observed that there is a definitely limited range of fre- 
quencies for each mode, and that there are intervening bands of 
frequencies for which no vibration is possible regardless of the 
value of dashpot strength. The zero points marked B occur at 
the natural frequencies of the beam alone and correspond to the 
condition of vanishing dashpot strength. The zero points marked 
A occur at the natural frequencies of a beam which is clamped 
at one end and supported at the other; these points correspond 
to the condition of infinitely large dashpot strength. 

The curves of decay constant s versus frequency ratio p agree 
precisely with the results reported by McBride (see Fig. 8 in 
reference 11) to the number of significant figures in the calcula- 
tions. The dashpot strengths in Fig. 11 agree reasonably well 
with McBride’s values as given in Table 1 of reference (11), except 


for a few isolated points. The greatest differences occur for the 
dashpot strengths at w/a. = 0 and w/w, = 14.54, for which 
McBride gives gq = 2.289(4/3.516) = 2.604, and gq = 21.4(4/— 
3.516) = 24.3, respectively, as compared to the values found 
herein which are g = 1.885 and q = 12.87, respectively. 


SUMMARY 


A method for determining the natural frequencies of a uniform 
beam which carries certain combinations of concentrated masses, 
springs, and dashpots has been presented. Detailed solutions 
and numerical examples are given for a cantilever beam. How- 
ever, the method is general and may be applied when the beam 
has any type of end supports. 
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Square Plates Fixed at Points 


By C. J. THORNE,' SALT LAKE CITY, UTAH 


Deflection functions for thin plates with symmetric 
loads are given as a sum of biharmonic polynominals with 
coefficients determined by the slopes and deflections at five 
equally spaced points on each edge of the plate. The 
coefficients are given numerically for a point load and a 
uniform load, for zero slope and deflection at the five 
points, for the tangential slope at two of the five points 
not specified, for a particular slope, and for a particular 
deflection at the mid-points of the edges. Deflections 
are plotted at the edges, the center line, and the diagonal. 
Slopes are plotted at the edges. Moments and stresses are 
given at the mid-point of the edges. 


INTRODUCTION 


UCH work has been done in recent years to develop 
M methods and techniques of obtaining approximate solu- 
tions to differential equations. The two standard 
methods in thin-plate theory are those of Ritz (1),? and Trefftz 
(2). J. V. Atanasoff and the author used the functional method 
(3) which includes the methods of Ritz and Trefftz as well as 
others. The functional method does not require the solution to 
be a sum of “tailored” functions. The present paper has a dif- 
ferent philosophy but uses the same general method as that of 
the previous paper. 

Thin plates of material are universally used in construction and 
manufacture of all types. Wood is nailed, bolted, or glued; 
usually metal plates and sheets are either spot-welded or riveted. 
Often they are supported only at a few small areas around the 
periphery, not continuously, for example, in aircraft construc- 
tion and other places where maximum strength per pound is im- 
portant. In the laboratory, plates are bolted between bars. 
It is a known experimental fact (4) that clamped plates cannot 
be realized in the laboratory and certainly not in standard prac- 
tice. Deflection functions for square, homogeneous, thin plates 
fixed at symmetric equally spaced points on its edges are given 
here. The mathematical details of the present calculations and 
similar deflection functions for plates having side ratios of 2 to 
1 and 3 to 1 with detailed tables will be published soon (5). The 
method used in this problem is as follows: 

Find a function satisfying the nonhomogeneous differential 
equation; obtain polynomial solutions to the homogeneous 
differential equation; and represent the deflection function as 
the special function plus a sum of these polynomials with ap- 
propriate coefficients. The number of coefficients is to be equal 
to the number of independent point conditions to be satisfied. 
The coefficients are found by solving the set of linear equations 
obtained from the conditions at the fixed points. By fixed points 
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y=2 
(-t, 1) 
(1,5) 
(1,0) 
4, 
a 
(-1,-1) (1,-0) 
Fic. 1 Tue PLate 
is meant given slopes and deflections at these points. To fix the 


edges of a square plate at 8n + 8 symmetric points, including the 
corners and the mid-points of the edges 3n + 4, constants would 
need to be determined by solving a system of 3n + 4 linear equa- 
tions. The solution thus obtained is not unique and is limited 
to continuous loads. Point loads and other zero area loads de- 
pend upon the existence of a wo satisfying the conditions which 
arise because of the discontinuity in the load and the nonhomo- 
geneous equation. The slopes, moments, and stresses can be 
found by the usual derivatives (6). 


Tue ProBLeM 
The deflection function must satisfy the differential equation 


1%, 


Vtw(2x1, 1) = D S 666 0005 {1] 
where 
Ori? 
2 
N=-, 2a = length of side 
a a 


) 


deflection of middle surface of plate 
load per unit area normal to surface of plate, as- 
sumed completely symmetric 
point load 
Eh’ 
12(1 — »?) 
thickness of plate 
Young’s modulus for material 
Poisson’s ratio for material 


P 
D 


w’ will be the deflection for normal and tangential deriva- 
tives and deflection all fixed at each of the sixteen equally 


spaced edge points (+a, 0), («0 + 3) , (+a, +a), (0, =a), 


: : : . 
5 
3 
& 
: 
A 
= 
= 
= 
h= 
E= 
Sad 
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a) ; w® will be as just given, except at the points ( +a, 


+ 5) where the tangential derivative will be unspecified. On 


graphs, w? and w* usually are indistinguishable. If they are not, 


both are given. 
THE SOLUTION 
Assume 


Viwy = . .[2 
u = 


and for point loads since g(2,y) is zero, except at the point of 
application of the load P 


ov? 


where n = unit normal 


Or? 

@ = polar angle with load position as pole 
Assume also 


= Z\(2)Z2(z) + Wo.. [4] 


| 


where 


Substituting in Equation [1], we have 


dz? dz (5) 
Hence Equations [5] and | 1] will be satisfied if 
d*Z, 
dz? dz? 
Solutions to 


exist then of the form 


(a + im)Zi, Zi, (a1 — ty)Z2, Z? 


Both the real and the imaginary parts of these functions will 
satisfy Equation [6]. 

For convenience in differentiation, ease in calculations, and 
because of the symmetry of the load function, choose 


Py = 1 


(a 
4n+2 R iyi) (an 


n= 0,1,2,... ¢---(7] 


| 


(a1 + is)" 
(4n)! 


Pin = RY 


where R means real part. 
‘Choose 


3 2 
w= Pan + > A%4n+2 Panto + wy... [8] 


n=0 
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» 


ws = A%, P 4p 


n=0 n=0 


Pan+e2 + wo...[9] 


Using the fixed-point conditions, that the slopes and deflections 
are fixed at (1, 0), (1, ?/2), (1, 1), we have 


= Ao’? + + Ay7(0.041666667 ) 

+ Ag? (0.0083333333) + (0.0'24801587 ) 

+ Ayo? (0.0°27557319) + (0.0°20876757 ) 
Ag? + Ag? (1.25) Ag? (—-0.018229167) 4+ Ac? 
(--0.0045572917) 

+ Ax? (--0.0'51056393) 4+ Ajo? ( 
+ A.»7 (0.0°59903448 ) 

Ag? + 24.7 + Aq? (—0.16666667) + Ag? 
(--0.066666667 ) 

+ Ag? (0.0°39682540) + (0.0'S8183422) 
+ (--0.013361124) 


Kj? 


= 


0.0°7091 1656) 


= + Ad (016666667) + Ag? (0.05) + Ag? [10] 
(0.0319841270) 
+ (0027557319) + (0.0725052108) 
Ks? = + Ag (0.041666667) + A,? (0.003125) 


+ As? (--0.0°43092758) + Ayo? (--0.0'71196918) 
+ 


(0.0732318198) 


Ke? = + A,’ (—0.33333333) + (0.2) + As? 
(0.0015873016) 
+ Ajo? (0.0°44091711) + (-—0.0°80166747) 
Ay? + A,? (—0.22916667) + (—-0.0609375) 


+ Ag? (0.0°44952877) + Aro? (0.0°57052262) 
+ A,,7 (0.0779131879) 


= 0) — wo(1, 0) ) 
= w(1, 1/2) — wo(1, 
K;? = 1) — wo(1, 1) 
Kj = ow 
Ox; | (1, 0) (1,0) 
Kt Ow > {11] 
Oxi \(1,1/2) (1, 1/2) 
O71 |(1,1) 4,1) 
= 
OYE (1, 1/2) 


and (0.00001) = (0.0‘1). For w* we have the first six of Equa- 
tions [10] with = Oand Ky = 
We find for w? 


A’ = 0.83741290K,7? + 0.35225605K 
—0.18966899K —0.25958089 K 
0.21251944K,? + 0.020265706K 
+0.0052742255K;,? 
—0.580821584)7 + 0.32157937K.? 
+0.25924221K;? + 0.24846314K,? 
+0.14730491K 37 —0.034709459K 67 
—0.061754232K;’ 


45.075269K,? — 40.803282K,? 


. [12] 
A,’ 


4.2719873K,;7 


4,2938532K,7 + 7.0058595K,7 + 1.3077574Ke? 
+-6.4332803K;" 

Ag? = —147.33902K,? + 141.07242K,7 
+-6,2665998K;? + 21.042010K,? — 24.984300K,7 
_3.3782736K — 26.893578K;? 


‘ 
a 
2 
7 
K; 
where 
‘ 
i 
4 
1 
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A,’ = 317.31514K,7 — 12611.664K,7 + 12294.348K;7 
—335.55748K,7 + 481.34740AK,7 — 2559.4033 
—4314.2059K7? 

Ajo’ = 12635.887K,7 + 64549.812K.7 77185.699K,? 
+7767.9300K — 10276.776K;7 
+ 16476.525K.6’ + 33112.888K,7 

Aj? = 24144830.K,7 — 6895164.2K.7 — 17249666.K;7 
-+763647.04K — 1011615.8K;7 + 2959523.2K 47 
+ 13550348. K;7 


.. 


and for w® 


+ 0.35493986K,7 
0.18295487K,° — 0.25987813K,° 
—0,21212569K,° + 0.019113766K 6° 
—0.47078416K\® + 0.29015541K,° 
+0. 180628744 3° + 0.25194337K,° 
+0.14269458K,° — 0.021221756K.° 
33.612061K 37.529674K.8 + 3.9176130K,* | 
—4.6564088K + 7.4861429K;6 
~-0.097331312K .. [13] 
09. + 127.38749K.° 
27.969069K 3° + 22.5576382K,° 
—26.992069K + 2.4955360K | 
8004.6281K)® — 14806.969K.® 
+6802.3412K,° — 92.424951K,¢ 
+ 159.26572K — 1617.1402K¢8 
—46366.661K\° + 81399.475K.5 
—35032.815K,® + 5901.8113K,° 
—7804.6977K,° + 9244.3593Ke° 


A. 


A 10° = | 


The A’s were solved to ten significant figures and checked by 
substitution in Equations [10], showing an accuracy of eight 
significant figures. 

Equations [12] and [13] give the values of the A’s in terms 
of the A’s, defined by Equations [11]. Equations [8] and [9], 
respectively, are then the solutions for the deflection for seven and 
six terms. 


EXAMPLES 


1 Uniform load, slope, and deflection zero at fixed points: 


Then 
4 4 
= 0.020257383 = 0,020256902 


A,” = —0.035264545 —, = 


—9,035258922 
D D 


4 
Aj = 0.24013536 0.23954959 
4 4 
A’ = 057504620", = 0.57830495 
D D 
4 4 
As’ = 6.3632650 = Ag’ = 6.7560872 


1 
15.087020 


qa‘ 
$ = 12.071994 — 
= 12.07 D 


4 
1233.7981 
D 


+ 
48D 


wo 


gives the same values for the A’s since including either expression 
for w makes w complete to the fourth degree. Figs. 2 to 6 give 
details of the solution 


4 
< 
w7(0, 0) = 0.020257383 
Since 
M, = — p| + 
then 
M,\1,0) = [| —0.20644483 + 0.041525 qa? 
for 
v = 0.3, M,\a,0) = —0.2064402 qa? 
Since 
E 
ox? oxrdy? 
then 


1,0) = —0.3959380 ga 


For six terms 
qa* 
w®(0, 0) = 0.020256902 


M, 0) = [—0.20623319 — 0.00032790 »] ga? 
for 
= 0.3, Mz\a, 0) = —0.206135 qa? 
0) = —0.3951776 qa 


Many investigations have been carried out for a uniform 
loaded square plate with all edges clamped. The most recent 
numerical results are Timoshenko (6) or (7), I. A. Wojtasak (8), 
and G. Pickett (9), all of whom give for » = 0.3 


ga* 
»(0, 0) = 0.0202 — 
w(0, 0) D 
and 


M,\a, 0) = —0.205 qa? 


2 Central point load P, slope and deflection zero at fixed points: 
Let 


Pa*(x;? + y:) 


wo = D loge(xi:? + 1?) 
Then 

Pa? 2 
=  0.022453799 Ag’ =  0.022452343 
Pa? 2 

= —0.022148193 A? = —0.022131152 
Pa? Pa2 
A? —0 070514508, = —0.072289738 
Pa? 2 

As’ = 0.30503403 Ags = 0.31245517 
Pa? Pa? 

Aw = —1.7593538-—, Ag 


= —0.56887133 — 


. 
w 
10 
Ct 
loosing 
= 
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P. 2 
Ayo! = 36.722420 — 


Pa? 
Aio 45 .859746 D’ D 


Ay’ = 3739.1462 D 


Figs. 2 to 5 and 7 give details of this solution 
ow? 0.0'4Pa? 
on 1 D 


P. 2 
w(0, 0) = 0.022453799 = 


M,]a, 0) [—0.12603188 + 0.0'81127»]P 


= 0.3, M,|a, 0) = —0.12600754P 


P 
Q,\c1, 0) = —0.39890758 
For six terms 


P. 2 
w®(0,0) = 0.022452343 


M, Jaa, 0) = [—0.12539047 — 0.00095882 »] P 
» = 0.3, = —0.125678P 
P 
0) = —0.396603 = 


Some recent numerical results for clamped square plates with 
a central point load are as follows 
w(0, 0) = 
Timoshenko (6) or (7), Dana Young (10) and 
P. 2 
J. Barta (11) give for » = 0.3, 0.0224 > 
Pa? 
H. Marcus (14) gives 0.02297 = 


Pa? 
G. Pickett (9) gives 0.02153 D 


Pa? 
D. L. Holl (12) gives 0.028 D 


P. 2 
C. J. Thorne and J. V. Atanasoff (3) give 0.022452 = 


M,\a,0) = 
Timoshenko (6) or (7), and Dana Young (10) give for» = 0.3, 
—0.1257P 
D. L. Holl (12) gives —0.122P 
G. Pickett (9) gives —0.1363P 
C. J. Thorne and J. V. Atanasoff (3) give —0.125679P 

ga‘ 


3 Uniform load, deflection at (1, 0) = 0.002 —. 


D Only the 


solution w’ is given. 


A;? = —0.036426188 D 


4 
Ag’ = 0.28126815 


4 
= 40.358794 


I— Point Load 
2— Uniform Load 


025 
Fie. 8 Crnter Linge DeFLection yi: = 0, w(1,0) = 0.002k k = 
Pa qa‘ 


2 
D’ Point Loap; k = D 


, Untrorm Loap 


I—Point Load k= Pa“ 
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0005 
Same Curve for 
Pt. and Uniform Load. 
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V4 


0020 


0025 
Fie. 10 DeFLecTIon = 1, w(1, 0) = 0.002k 


a’ 
Ay? = 49523.459 


ga* 
w7(0, 0) = 0.021932208 


Figs. 8, 9, and 10 give the details of this solution 
M,)\q1, 0) = [—0.19598387 + 0.04080675 »] ga? 
for 
» = 0.3, 0) = —0.1837418ga? 
Qzlc1, 0) = —0.21954289¢a 
Pa? 


D Only 


4 Central point load, deflection at (1,0) = 0.002 


the solution w’ is given. 


2 
Ay’ = —0.023309836 


2 
Ag’ = 0.010355985 


Pa? 


Ag’ = 0.024128625 D” 


Pa! 


= 0.019636030 —, 


77 
J 2 4 6 7 8 9 LO 
005 
O15 — d 
A | 
for 
for -03 — 
qa‘ 
ga‘ 
AZ = 0.33028590 D’ 
As’ = 6.9978953 


78 


Pa? Pa? 

Ag’ = —1.1247236 Ay! = 71181519 — 
Pa 
Ap? = 52028.807 = 


Figs. 8, 9, and 10 give the details of this solution. 


Pa? 
w7(0, 0) 0.024128625 ry 


0) = [| —0.11557092 + 0.040872626 P 
for 


= 0.3, = —0.10330913P 


P 
Q,|(1,0) = —0.22251252 — 
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for 


fe) 4 
5 Uniform load, = —0.003 
4 4 
At = 0.021036125 “4,7 = —0.03600993 
D D 
qa‘ qa‘ 
= 0.253016002 = 0.51282017 
D D 
4 4 
A,’ = 7.3699375 , Ay? = —8.2167697 
D D 
at 
Ap? = —1057.1430 
Figs. 11 to 14 give the details of this solution. 


qa* 
w7(0,0) = 0.021036125 


= [—0.19060045 — 0.011468 »] ga? 


v = 0.3,M,\(1,0) = —0.19060485 ga? 


Q, (1,0) = —0.33535887 qa 


Pa 
6 Central-point load, —0.003 
P 2 ° 2 
Ac’ = 0.028232542 As? = —0.022893583 
Pa Pa? 
Ag = —0.05763295 —, Ae? = 0.24190800 
D D 
Pa Pat 
A,’ = —0.75268139 —, Ar? = 22.555956 — 
D D 
P. 2 
Au? = 1448.2051 —. 


D 


Figs. 11 to 14 give the details of this solution. 


Pat 
w7(0, 0) = 0.023232542 


M,\(1,0) = [—0.11018750 + 0.051191 »] P 
for 
v = 0.3, M,\0) = —0.11017214 P 


P 
Q,|(1,0) = —0.33832849 — 
a 


The six examples cited are nothing more than illustrations of 
analyses obtained from the general deflection functions. Any 
number of such examples can be worked out in further detail 


4 6 7 
3 8 9 O 
Ol T 
I- Point Load k=P 
| 2-Uniform Load k=9a* 
Ow | 
Fig. 11 Crnter LINE DEFLECTION = 0, = —(0.003k 
Oxi |(1, 0) 
a 
.00 
=> Lead k=Pe 
3|~ 
02 2- Uniform 
03 
Fig. 12) DiaGonat DEFLECTION = = —().003k 
Ori) (1,0) 
A 
| | | 
5 {— Point Load k-Pae 
-.04 D X 
* 2-Uniform Load \ 
2 
| 
04 
Fig. 13 DeFLection = 1, = —0.003k 
(1, 0) 
-.002 I— Point Load ke 
-.001 2-Uniform Load 
000 
~ 
.003 


Fie. 14 Epae Siope y: = = —0.003k 


1, 
(1, 0) 


once the conditions at the fixed points are specified. The tables 
to be published (5) are nearly indispensable in such numerical 
work. 
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Discussion 


Calculation of Diffuser Efficiency 
for Two-Dimensional Flow’ 


Donacp Ross? J. M. Rosertson.? The author presents 
an extension of the Buri method of diffuser analysis which should 
be useful in many engineering applications. His method differs 
from that of Buri in the use of the displacement thickness of the 
boundary layer where Buri used the momentum thickness. Ap- 
parently this change was made because it resulted in a more 
linear relation between y and Tr. It would be interesting to know 
how much of an improvement resulted from this change, and if 
the author tried using the total thickness of the boundary layer 
in the parameters. 

In most previous studies of diffuser flow little attention was 
paid to entrance conditions, the importance of which is brought 
out clearly in this paper. Previous experimenters studying 
“two-dimensional” diffuser flow did not eliminate secondary 
effects caused by boundary-layer growth along the parallel walls 
of the conduit. In attaining truly two-dimensional flow, Hall 
has realized an ideal. Publication of the details of his experi- 
ments would add greatly to the fund of information on the action 
of a boundary layer under an adverse pressure gradient. 

For the past 2 years the writers have been engaged in the de- 
sign of a large high-speed water tunnel, to be constructed at the 
Pennsylvania State College by the U. S. Navy Bureau of Ord- 
nance. As part of the water-tunnel design program, a study was 
made of flow in three-dimensional diffusers. The previous work 
of Donch, Nikuradse, Buri, Gruschwitz,> Fediavsky,* Howarth,’ 
and others was carefully reviewed, experiments were conducted 
on the flow in conical diffusers with a variety of entrance condi- 
tions, and analyses were attempted based on existing theories 
and modifications thereof. In the experiments, velocity and pres- 
sure measurements were made for three angles of diffusion, with 
initial turbulent boundary-layer thicknesses of 0.08 to 0.24 diam. 
The writers were unable to correlate the experimental results 
on the basis of a single parameter, as suggested by the writers 
mentioned and the author. In the various diffusers tested the 
same value of I did not correspond to the same shape of velocity 
distribution. 

It seems physically unreasonable to expect that the flow in dif- 
fusers can be described by a single parameter such as T. The 
basic assumption of such a theory is that “the velocity distri- 
bution at any section depends on the velocity gradient (i.e., pres- 


' By R. C. Binder, published in the September, 1947, issue of the 
JOURNAL OF APPLIED Mecnuanics, Trans. ASME, vol. 69, p. A-213. 
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Laboratory, The Pennsylvania State College, State College, Pa. 
Jun. ASME, 

* Buri’s work is summarized in ‘‘Modern Developments in Fluid 
Dynamics,” edited by S. Goldstein, Oxford University Press, New 
York, N. Y., 1938, pp. 374, 436. 

°“Die Turbulente Reibungschicht in Ebener Strémung bei Druck- 
abfall und Druchanstieg,”” by E. Gruschwitz, Ingenieur-Archiv, vol. 
2, 1931, pp. 321-346. This work is summarized in Goldstein, ibid, 
pp. 487-489, 

‘Turbulent Boundary Layer of an Airfoil,” by K. Fediavsky, 
Journal of the Aeronautical Sciences, vol. 4, 1937, pp. 491-498. 

“The Theoretical Determination of the Lift Coefficient for a Thin 
Elliptie Cylinder,” by L. Howarth, Proceedings of the Royal Society 
of London, series A, vol. 149, 1935, pp. 558-586. 


81 


sure gradient) just outside the boundary layer at that section 
only, being affected by the state of affairs upstream only in so 
far as it affects the boundary-layer thickness.’”’ The objection 
to this is that ‘this property cannot hold exactly since the ve- 
locity distribution at any section depends on conditions up- 
stream.’’® In a turbulent boundary layer, the form of the ve- 
locity distribution is determined by the shear-stress and mix- 
ing-length distributions. The shear stress and turbulence in the 
flow at any point cannot differ greatly from that in the preceding 
flow. Thus one would expect the local velocity distribution to 
be controlled by its history, and only its rate of change to be gov- 
erned by the local pressure gradient. The writers have found 
that diffuser-flow data can better be expressed as a function of two 
parameters: (a) a “history” parameter proportional to the 
pressure regain; and (b) a parameter similar to T. Von Doen- 
hoff and Tetervin” have also discarded the single parameter ap- 
proach, and have presented a method of boundary-layer analysis 
taking into account the history effect. 

The author assumes that the velocity variation in the boundary 
layer is a power law. The writers have found that the velocity 
distribution in a turbulent boundary layer under an adverse pres- 
sure gradient can better be given by an expression of the form 


where c; is the wall shear-stress coefficient and @ is a coefficient 
whose value is a function of the two parameters mentioned in the 
previous paragraph. It is to be noted that when a@ is zero, one 
has the von Karman logarithmic velocity law; while, when a is 
unity, separation occurs. The writers have plotted the data of 
Donch and Nikuradse, as well as their own, on log-log paper and 
have not found a straight line as would be expected from a power 
law. A better fit was obtained using the foregoing relation. 


( 
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AvuTHOR’s CLOSURE 


The comments and suggestions made by Mr. Ross and Mr. 
Robertson are appreciated. In regarding the writers’ comments 
it is very important to distinguish between different types of 
diffusers. The writers’ comments refer to three-dimensonal dif- 
fusers, whereas the author’s paper refers only to two-dimensional 
diffusers. 

The writers were unable to correlate their experimental results 
on the basis of a single parameter. This was due to the fact that 
the diffusers were conical. The three-dimensional case may re- 
quire two parameters, for it is more complicated than the two- 
dimensional case. 

It does seem reasonable from a physical point of view to expect 
the flow in a two-dimensional diffuser to be described by a single 
parameter such asT. It is assumed that the diffuser is symmetri- 
cal, that the surfaces are relatively smooth, and that there is no 
separation. For the physical aspect involved in Buri’s original 
proposal, it is preferable to refer to the original work of Buri who, 
in turn,-refers to basic work done by Stodola. 

The power law for the particular data was used because it pro- 
vided a simple interpolation relation. 

$ Goldstein, ibid, p. 159. 

® Goldstein, ibid, p. 374. 

10 ‘Determination of General Relations for the Behavior of Turbu- 


lent Boundary Layers,’’ NACA,ACR No. 3G13, July, 1943 (classifica- 
tion canceled). 
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An Introduction to an Analysis of 
Gas Vibrations in Engine Manifolds’ 


Kk. C. MacpresurGer.? The paper is a mathematician’s ab- 
stract approach to a phenomenon of great practical importance 
to engineers, namely, supercharging, which means increasing 
the oxygen or air content of an engine cylinder for the purpose 
of increasing the amount of fuel to be burned therein and thereby 
raising its power output. 

Mathematics is a powerful means of analysis but an extreme 
simplification of the problem by many assumptions is required 
to apply it. The validity of these assumptions must always be 
checked by data obtained from actual observations if the engineer 
is to be induced to use the analysis and profit from its applica- 
tion to visualize better the nature of the problem. This is recog- 
nized by the authors’ statement, ‘‘the fact that the valve is open 
only a fraction of the engine cycle introduces a real complication 
in the analysis.” Therefore it would seem that study of the 
test data should go hand in hand with mathematical analysis 
if we are to have confidence in the results thereof. To that end 
it is suggested that the paper’s list of references be aug- 
mented.* 

Boden and Schecter*® give test data upon which they and 
Morse developed their theory, referred to by the authors in their 
Bibliography (5), and which is reproduced essentially ‘in the 
present paper. Ludwig Eberman‘ gives data on the develop- 
ment of the ‘‘Wibu” system of supercharging, based upon vibra- 
tion of inlet air column. Suplee® describes a Russian invention 
tested by a French professor, a record of which was preserved in 
an American magazine and book,’ and which later was used to 
develop the German buzz-bomb (V-1) for the bombardment of 
Britain. The basis of the buzz-bomb effectiveness rests upon 
the vibration of its air column, and the simplicity of its method of 
charging itself deserves to be studied and applied to the improve- 
ment. of modern reciprocating internal-combustion engines. 


£. F. Murpny.® The authors are to be thanked for making 
more readily understood by engineers material previously availa- 
ble only in quite mathematical form in works on physics and 
acoustics, some in foreign publications. As they point out, 
techniques are not widely known or readily interpreted by the 
engineer. Therefore he tends to use empirical and often ex- 
pensive methods for curing difficulties after they arise, instead 
of predicting and eliminating them in the design stage. Some- 
times he misses opportunities to make these vibrations improve 
performance, particularly on equipment operating at constant 
speed. 

The analysis seems concerned with wave form and amplitude, 
rather than directly with the concept of resonance. Would not 
a knowledge of resonant frequencies of the piping network give 
an easier way to predict ‘‘good” and “‘bad”’ points from the view- 
point of supercharging? This writer, in experiments using the 


1 By R. C. Binder and A. 8. Hall, Jr., published in the September, 


1947, issue of the JourNAL or AppLiep Mecuanics, Trans. ASME, * 


vol. 69, p. A-183. 

a of Ships, Navy Department, Washington, D. C. Mem. 
ASME. 

*“Dynamics of the Inlet System of a Four-Stroke Engine,” by 
R. H. Boden and Harry Schecter, NACA Technical Note no. 935, 
May, 1944. 

**A New Method of Supercharging,’ by Ludwig Eberman, 
British Motorship, vol. 16, April, 1935, p. 28. ; 

Karavodine Gas Turbine” from ‘“‘The Gas Turbine,’ by Henry 
H. Suplee, Lippincott Company, Philadelphia, Pa., 1910; or Cassiers 
Magazine, November, 1909. 

* National Research Council, Washington, D. C.; on leave from 
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electrical analogy on the network calculator at Illinois Institute 
of Technology, and the concept of impedance mentioned by the 
authors, found curves of impedance at the engine end versus 
speed for a given piping arrangement, or of impedance’ versus pipe 
length for a certain speed. These agreed very closely as to 
peaks and valleys with the experimental results by Voissel? on 
an air compressor, Farmer on several engines, and Morse, Boden, 
and Schecter? on an engine. Have the authors compared their 
method with these experimental results? 

The authors introduce damping, a useful concept but difficult 
to handle and to predict closely. Damping has an important 
effect upon amplitude but, fortunately, relatively little effect on 
the speed at which resonance occurs, 

Except for the suggestion that the concept of superposition 
can be used, the authors do not treat complex piping systems. 
This omission from the present work is unfortunate because the 
term ‘“‘manifold”’ used in the title usually implies a connection 
between a plurality of cylinders or other chambers, and such a 
complex system is surely the usual practical case. 

It is unfortunate also that new symbols appear in the text 
beyond the table showing the nomenclature. 

It is hoped that further papers on the same problem may be 
expected. 


V. J. SkoGLunpb.” In order to emphasize a certain point of 
view, the writer has assumed a most critical attitude toward the 
subject paper because it does not describe what actually takes 
place in the extremely complex process of periodic flow in mani- 
folds, and because it does not define the limitations of the analy- 
sis presented. Both of these are essential if an engineering 
analysis is to be of any value in a particular problem. 

Briefly, actual periodic flow in manifolds is complicated by the 
existence of a boundary layer and by turbulence. The boundary 
layer is important because it generates transverse waves as a re- 
sult of shearing stresses. Turbulence is important because it 
may be the greatest element of the damping factor. 

The subject analysis is based upon the simplified longitudinal 
wave equations 


and 


which assume that there is no transverse wave motion and that 
the velocity u is negligible. These assumptions are approxi- 
mately true of acoustical waves, but they are not true of periodic 
flow processes. 

At present, the only way of evaluating the effect of the sim- 
plifying assumptions of the subject analysis is by a comparison of 
calculated and measured results for identical systems for a wide 
range of conditions. Until that has been done, the subject analy- 
sis should not be regarded as a “powerful technique,” for this 
particular problem. 

The term “gas vibrations” is misleading for describing the 
periodic flow process of engine manifolds, since the flow process 


7 “*Resonanzerscheinungen in der Saugleitung von Kompressoren 
und Gasmotoren” (‘Resonance Phenomena in the Suction Lines of 
Compressors and Gas Engines’’), by Peter Voissel, Forschungsarbei- 
ten, Berlin, Germany, vol. 106, 1911, pp. 27-59. 

8 “Exhaust Systems of Two-Stroke Engines,” by H. O. Farmer, 
Proc-edings of The Institution of Mechanical Engineers, vol. 135, 
1938, pp. 367-412. 

® Authors’ Bibliography (5). 

San Diego, Calif. Mem. ASME. 


~ 
> 
. 
| 
1 
t 
| 
| 
‘ 


DISCUSSION 


is of primary interest whereas all gas molecules “vibrate.” Also, 
there is the problem of ‘‘vibration’’ of the manifold itself, so it is 
better not to use the same word for both processes. 


J. D. Swannack.!! It appears that gas-manifold vibrations 
are analogous to torsional vibrations; therefore all possible use 
should be made of experience with torsional calculations. The 
writer has had some slight experience with two-cycle air induc- 
tion and Diesel - gas induction systems. Essentially these sys- 
tems are tubes running the length of the engine. The first mode 
appears to have a frequency nearly identical with the first engine 
torsional natural frequency, and since there is necessarily a node 
at the end of the pipe, the displacement diagram is similar to the 
torsional one. In one case the calculated frequency (assuming 
the system to end at the valve parts) showed an eight-cylinder 
engine to be operating between the peaks of the fourth and eighth 
orders. Pressure records at each cylinder proved this to be the 
case, the record consisting essentially of only the two orders men- 
tioned. Other limitations prevented operating the engine at 
resonance for either of these two orders. 

The authors include damping. Except at a resonant point, the 
writer feels this complicates the problem without revealing any- 
thing very useful. In a’‘solution on a multicylinder engine, 
damping adds considerable numerical labor. The writer has 
tried using the ‘normal co-ordinate” scheme (small damping 
may be easily included), but too many modes are required to ob- 
tain accuracy. This was keenly disappointing as he has always 
felt a normal co-ordinate solution to be the most satisfactory 
approach. Of course one is asking considerable to expect two or 
three modes of the infinite set to give an adequate answer. 

Admittedly the writer has not calculated the magnitude of the 
velocity impulses. So far we have estimated the probable order 
of magnitude of resonances by figuring the summation of ampli- 
tudes at the ports for the various orders. This attack is designed 
not with the idea of improving engine performance, but rather to 
avoid bad performance. 


AuTHORS’ CLOSURE 


The comments of all the discussers are appreciated. In reply 
to Mr. Magdeburger, the paper is not a mathematician’s abstract 
approach to a phenomenon, but rather an engineering calculation 
based on physical laws. The paper was intended as an introduc- 
tion to a calculation technique because this phase seems to repre- 
sent a real difficulty to many engineers. 

In reply to Mr. Magdeburger, Dr. Murphy, and Mr. Skoglund, 
the analysis checks fairly well with what data are available. Limi- 
tation of space prevented a more complete discussion of analysis 
and a comprehensive study of data. [t would be of value if more 
information about Dr. Murphy’s work on the electrical analogy 
were made available. The network calculator may provide a 
very good technique for analyzing manifold problems. 

The subject analysis of the paper is not based upon the equa- 
tions given by Mr. Skoglund, but rather upon a more exact re- 
lation including a friction term. In reply to Mr. Skoglund, the 
relations given in the paper do describe what actually takes place 
in the complex process. Soie interpretation of these relations 
were given in the paper; further interpretations can be worked 
out in a straightforward manner. The surprising feature is that 
«hn analysis based on acoustic vibrations does check so well 
with data. The authors do not regard the term “gas vibra- 
tions” as misleading. The word “fluid’”’ was used in the paper, 
and this use in modern literature does not refer to individual 
molecules nor the pipe wall. 


| Chief Design Calculator, Fairbanks, Morse & Company, Beloit, 
Wis. Mem. ASME. 
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Mr. Swannack calls attention to a very interesting analogy be- 
tween gas vibrations and torsional vibrations; it would be of. 
value if more information about Mr. Swannack’s work were made 
available. 


‘ 


A New Fatigue Strength-Damping 
Criterion for Design of 
Resonant Members' 


Roperr PiunKett.? While the authors’ investigation is 
correct qualitatively and leads to some very interesting conclu- 
‘sions, it is faulty in detail and results in numerically incorrect 
answers. The largest possible source of error is in the results 
of Robertson and Yorgiadis. While they found Aw = ¢ «* to be 
a close approximation to the dissipated energy, other investi- 
gators have found exponents ranging from 2 to 4 (1, 3).* 

The squared stress has given good results in the calculation of 
resonant amplitudes of marine engines; however, these are com- 
plicated with other dissipation such as in bearings and founda- 
tions. This additional friction is very important in practical 
cases since, without it, it would be impossible to operate at or 
near resonance; the stress-amplification factor is 300 for a uni- 
form cantilever beam with concentrated end load, using the 
figures in Table 1 of the paper for 1020 steel. 

It was pfobably an oversight to state that it was often as- 
sumed that the energy dissipated was independent of the stress; 
undoubtedly the logarithmic decrement was intended (1). This 
could only be assumed if the exponent of ¢ were taken to be ex- 
actly 2 which has not often been the case. 

The assumptions of the derivations seem to be further in error. 
For example, since the damping of any metal is very small, the 
shape of a cantilever beam is practically unaffected by the damp- 
ing at resonance. Therefore it is incorrect to find the bending 
moment as if it were produced by a concentrated end load. 
Actually, to a high degree of accuracy, it is sufficient to consider 


4 


4 


Fia. 1 


the bending moment due to inertia loading alone and neglect the 
actual load applied. This yields (Fig. 1 of this discussion) 


M(z) = (z — dg 


where 2x(¢) is the deflection curve of a uniform cantilever beam at 
resonance, and the other symbols are used as in the paper. 
Letting 


= tof 


1 By Joseph Marin and F. B. Stulen, published in the September, 
1947, issue of the JouRNAL or AppLieD Mescuanics, Trans. ASME, 
vol. 69, p. A-209. 

2 Massachusetts Institute of Technology, Cambridge, Mass. 

3 Numbers in parentheses refer to the Bibliography at the end of 
the original paper. 


By 
‘ 
= 
a 


84 


2 
M = % w,? L? m (:) = 12.40 x m (;) 


on substituting the value 


EI 
w,? = 12.40 a (Equation [20] of the paper) 
qu 


(2) =f" 


is the dimensionless bending moment. 
occurs where z = Lor 


where 


But the maximum stress 


= 620 m(1) 
thus 


Substituting the foregoing in Equation [9] of the paper 


My\* 
AW = C1 dV = Aw 
I 4 
L 3 
1 z z 


is the dimensionless work dissipated. Equating this to the work 
fed in by the applied force y 


Wi = x Porto 


where 


and substituting for 2» in terms of ¢,, from the foregoing, we get 
I 
Po = 5.92 Lda E o,,7) Awm(1) 


Both Aw and m(1) can be evaluated from the exact value of 
the deflection curve of a uniform cantilever beam at resonance, 
or any close approximation. Using 


which is exact at the base, '/,, '/2, and end points and in error 
by only 4 per cent at the */, point, the writer obtained 0.290 for 
m(1) and 0.0045 for Aw. This leads to 


= 0.555 — 
Zo 55 


and 


I 
P, = 0. 
0 


as against */, and 0.358 as given. 

These results lead to a stress-magnification factor of 300 for 
1020 steel, as mentioned before, which is sufficient justification 
for assuming the loading due to inertia forces alone. 

These results while correct up to an order of magnitude are 
hardly exact enough for design and should be checked by actual 
measurement, for example, with an electrical strain gage. The 
original assumptions as to energy dissipation are sufficiently 
in doubt to throw the figures off by a factor of 10, fortunately 
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on the safe side, i.e., more energy would be dissipated than 
is figured in the foregoing. However, the results as given in this 
paper should be useful as a guide for interpreting experimental 
results. The authors are to be congratulated for their pioneer 
approach to the problem of correlating some among the many 
factors which the designing engineer must consider. 


J. M. Ropertson.‘ Engineers have been cognizant for some 
time of the significance of the damping capacity in determining 
the life of members subjected to resonant or near-resonant vibra- 
tion. Foppl in 1936,5 indicated the desirability of using mate- 
rials with large damping capacity in long transmission lines, 
airplane structures, airplane propellers, turbine blades, and en- 
gine crankshafts. He noted that a material of high damping 
capacity and comparatively low fatigue strength may be superior 
to one of high fatigue strength and lower damping. The cri- 
terion introduced by the authors represents the first specific 
presentation of a quantitative method of evaluating the relative 
significance of damping due to internal friction. 

It should be noted that the constants in Equations [11], [12], 
[14], and [15] of the paper are somewhat in error due to neglect- 
ing the damping associated with the shearing stresses in the 
beam. This error has no effect on the general conclasions as 
all that is wanted is the relative effect of the material proper- 
ties. A few of the constants used in Table 1 of the paper are 
also somewhat in error. Thus the dynamic modulus of lucite® 
is about 0.62 < 10® rather than 4 X 10° as estimated by the 
authors, and the modulii of the bakelite (1)* and !/g-in. ply- 
wood? are about 1.2 X 106 and 2.2 10°, respectively. Evi- 
dently the authors have assumed that the dynamic modulii of 
these materials are the same as their static modulii. As noted 
by A. J. Yorgiadis and the writer, this may be considerably in 
error, especially for plastic materials.6 These corrections make 
the material resistance constants 2200 for the lucite, 700 for the 
bakelite, and 220 for the plywood. This makes the lucite some- 
what less advantageous than the steels for use in a member sub- 
ject to resonant stressing. 

In a paper on the dynamic properties of plywoods,® the same 
line of reasoning as that of the authors was followed in obtaining 
the relation for the dynamic-stress amplitude in a simple tension- 
compression member under resonant loading 


\ xP 
EC, A 


Based upon measurement of C; and FZ for various materials, 
the conclusion was reached, ‘“‘although metals are greatly superior 
(in strength) to plywoods and plastics, the high damping capaci- 
ties of the latter materials may make them safer from failure 
due to vibratory loads.” This is in agreement with the indica- 
tions of the authors’ Table ‘1. Solution of the foregoing equa- 
tion for the resonant load P necessary to produce the dynamic 
stress yields the relation 


A 
a= EC; 
us 


This gives the same ‘‘material resonant load constant” as ob- 
tained by the authors for a cantilever beam. 
Besides the use of a fatigue strength-damping criterion in the 


4 Associate Professor of Civil Engineering, The Pennsylvania State 
College, State College,Pa. Jun. ASME. 

§“The Practical Importance of the Damping Capacity of Metals, 
Especially Steels,”’ by O. Foppl, Journal of the Iron and Steel Instt- 
tute, vol. 134, 1936, pp. 393-455. 

“Plywood Characteristics Disclosed by Vibration Tests,” by 
J. Yorgiadis, and J. M. Robertson, Aero Digest, vol. 45, April 1. 
1944, pp. 76-77, 80-81, 196-198, 201-202, and 204. 
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selection of the material to be used in a member subject to 
resonant vibrations, two other factors must be considered. The 
first of these concerns the length of the life of the member. The 
desired end is that the member last as long as possible, i.e., as 
many hours or minutes as possible. Even if the fatigue strengths, 
such as are listed for the various materials in Table 1, were based 
on the same number of cycles to failure, the life of members made 
of each of the materials would be different because the frequencies 
at which they vibrated would be different. The various members 
would have different stiffnesses and masses due to differences in 
their modulii and densities, and to differences in the amounts of 
material used in their construction, as required by other fea- 
tures of the design (static strength, ete.). Therefore they would 
have different natural frequencies and different. lengths of life. 

Another factor which must be considered in a comparison of 
materials for use in resonant members involves the rate at which 
the material absorbs energy due to internal friction. This energy 
appears as heat and unless the medium surrounding the member 
carries the heat away as fast as it appears, the member will heat 
up. As the member heats up the heat-transfer rate will increase 
until equilibrium is reached or until the member fails. Metals 
are not greatly affected by moderate increases in temperature, 
but plastics are much more sensitive. It is known that an in- 
crease of temperature of only 10 or 20 deg F above normal room 
temperature will have a detrimental effect upon the structural 
properties of a plastic.? Therefore any study of the relative 
resonant fatigue strengths of materials should include a review 
of the possibility of overheating. 


Avex Yoroiapis.' The tendency has been to use the fatigue 
strength as the deciding factor in selecting materials for vibrat- 
ing members, while damping capacity and dynamic modulus of 
elasticity were neglected. For resonant conditions, these last. 
two properties are very significant, as ably explained by the 
authors. 

The method of the authors, however, is not new. Using the 
same finalysis as that of the authors, J. M. Robertson and the 
writer had derived an expression® for the resonant strength of a 
tension-compression member. This corresponds to the authors’ 
Equation [14], which is for cantilever beams. These relation- 
ships can be rearranged as follows ‘ 

= aC, Eo,,? = 

where 

maximum stress that would exist in member if ex- 
citing force Po were applied statically 

numerical constant depending upon method of 
loading 

0.318 for tension-compression member 

0.178 for cantilever beam (authors’ example 1) 

damping constant for material, as defined by 
the authors 

dynamic modulus of elasticity 

fatigue strength of material 

damping of material at stress ¢,, (energy absorbed 
per cubic inch per cycle) 

€m Uunitstrain at stress c,, 


While the derivations and relationships of the authors are 
theoretically correct, their conclusions such as reached in the last 


= 


= 


(AW), = 


7“Relative Temperature Stability of Stressed Plastics,’ by J. A. 
Sauer, F. A. Schwertz, and D. L. Worf, Modern Plastics, vol. 22, 
March, 1945, pp. 153-156, 192, and 194. 

8 Design Engineer, Sonntag Scientific Corporation, Greenwich, 
Conn. Jun. ASME. 

* See Reference 6, Equation [7], p. 76. 
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columns of Table | of the paper, cannot be accepted in represent- 
ing actual resonant strength values of the various materials. 
The principal discrepancy lies in the assumption that the damp- 
ing constant and the dynamic modulus are stable values of the 
material which remain unchanged throughout its useful life. 
This is far from being the case, these properties changing appre- 
ciably due to repeated stresses high enough to cause fatigue fail- 
ures. The values used by the authors were obtained on specimens 
with no previous stress history. 

Owing to these changing properties, the exact condition of 
resonance (90 deg phase difference between sinusoidal exciting 
force and sinusoidal displacement) is very unstable and in practice 
cannot be maintained for more than a few hundreds of stress 
cycles at a time in highly stressed members. The authors’ 
analysis does not take this into consideration and therefore is 
likely to yield inaccurate results. It is, however, a step in the 
proper direction. 


AvutTHors’ CLOSURE 


The authors appreciate the interest shown by the discussers of 
this paper. The authors agree with most of the comments made, 
but consider that these comments deal with the quantitative as- 
pects of the proposed fatigue strength-damping criterion. It was 
the object of the authors in presenting the paper to point out the 
general quantities which determine the resonant strengths of 
various structural members. Certain assumptions were made to 
simplify the analysis so that the final conclusions would not be 
obscured by more complicated exact relations. We agree with 
Mr. Plunkett that his method should lead to a more accurate re- 
sult. 


Camptograms for Beams 
in Compression’ 


H. Porirsky.? Rather than discuss the interesting graphical’ 
construction outlined by the authors, the writer would like to 
argue on what may be regarded as a constitutional right of 
authors, namely, the title of the paper, and in particular the 
spelling of the word “‘camptograms.” This word, spelled with a 
“ce,” looks too much like a possible misspelling of ‘“‘compto- 
gram;”’ in fact, this is what it was assumed to be when the writer 
first saw the title of the paper. 

Upon reading into it and finding out that the title is derived 
from the Greek word meaning ‘“‘to bend,” it was immediately re- 
called that there is no equivalent of the letter ‘“‘c’”’ in Greek, and 
the question arose why Greek kappa had been changed to a 
“ec.” Therefore the writer would like to suggest to the authors 
that the spelling ‘‘Kamptograms” would both make the title 
more distinctive and reveal its Greek origin. This suggestion 
agrees with common English practice, for instance in such words 
as “kinematics,” “‘kinetics,”’ ete. 


M. C. Yovirs.* The authors have given a lucid and extensive 
analysis of camptograms for compressed beam columns. The 
subject certainly merits further development. : 

A case of considerable practical importance which the authors 
have not included among their examples is the uniform com- 
pressed beam with both ends built-in and with a noncentral 
concentrated load, shown in Fig. 1 of this discussion. Since this 


1 By V. Rojansky and R. A. Beth, published in the September, 
1947, issueof the JouRNAL or APPLIED Mecuanics, Trans. ASME, 
vol. 69, p. A-202. 

2 Engineering General Division, 
Schenectady, N. Y. Mem. ASME. 

3 Instructor in Physics, Union College, Schenectady, N. Y. 
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case involves a fundamental extension of their ideas, its solution 
is outlined herewith. 


Fic. 1 Beam; NoncentTRAL CONCENTRATED LOAD 


For the beam in Fig. 1 the static equilibrium conditions yield 
the equations 


M,) =- 


1 1 1 
-(M, @N, — 
9 | Pea {1} 


1 1 
Ma —M,)= — 2 (W /addae 


These equations, however, are clearly not sufficient for the con- 
struction of the camptogram. 


L 


| -25—— 
W W 


Buitt-In Beam; Two EquaL SYMMETRICALLY PLACED 
Loaps 


Fic. 2 


To obtain a third condition, we consider the built-in beam 
loaded as in Fig. 2. It can be shown analytically that 


1 1 
M, = M, = W/e E tu) — cos o|/sin 5 ..[3] 


For the beam of Fig. 1 we can show that 


sin + sin — sin ® + ¢,, — cos + COS ® 
2(1 — cos ©) — @sin & 


M,= 


sin + sin — sin ® + — ® COS dae + dae COS P 


M, 
2(1 — cos — @sin 


Hence 


1 
M,+M, = W/a [ cos — tu) — cos si 


This is precisely the expression for M, in Fig. 2, given by Equa- 
tion [3].4 

Thus by drawing the camptogram for the beam in Fig. 2,5 
we obtain the horizontal line representing '/2(M, + M,) for the 
beam of Fig. 1. 

By combining this line with those representing Equations 
[1] and [2], we then obtain the lines representing M,-versus-N, 
and M,-versus-Ny. These lines specify the boundary condi- 


4 This result, incidentally, proves the superposition theorem for 
the present case. 

5 Because of symmetry, this camptogram can be drawn immediately 
by the authors’ methods; only one half of it need in fact be drawn. 
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tions, and the camptogram can now be drawn immediately. 

Although the theory here presented may seem elaborate, the 
actual graphical construction of the camptogram is in fact simple. 

In their concluding remarks the authors have suggested that 
camptograms can be used to deduce formulas for the bending 
moment and shear along compressed beam columns with various 
loadings. The writer has made such computations and, in par- 
ticular, has derived from camptograms expressions for maximum 
moments and moments at built-in ends. 

For this purpose camptograms can be drawn freehand. They 
offer an approach to the derivation of the formulas which is 
both simple and appealing.® 

The writer has also used the general method of camptograms 
to solve the problem of the beam in tension. No convenient 
graphical solution previously has been proposed. 

Whereas ares of circles about (0, «) as a center are solutions for 
the compressed beam column, ares of hyperbolas about (0,—z) 
as a center are solutions for the beam in tension. In the latter 
case, the angular length, az, along the beam must be measured 
in hyperbolic radians rather than circular radians. The end 
points of these hyperbolic ares may be found by solving certain 
equivalent circular problems, the gudermannian serving as the 
connecting link between the circular and hyperbolic angles. 

A paper dealing with the graphical solutions for some of the 
more important cases of beams in tension is in course of prepa- 
ration. 


AutTuHors’ CLOSURE 


Dr. Poritsky’s comments on the spelling of the word ‘“campto- 
gram’’ involve personal preferences, and are therefore difficult 
to discuss on strictly logical grounds. When the word was coined 
by Prof. Harrison C. Coffin, he suggested that either ‘‘k” or ‘ec’ 
could be used, and left the choice to the authors. One reason 
for adopting the ‘“‘c’’ was the obscure claim by one of the authors 
that, when spelled with a “ce,” the word “looked better to his 
English-speaking ear.” Another reason was the fact that in 
the Webster’s New International Dictionary the following re- 
lated words are listed: camptodrome, Camptolaemus, Campto- 
sorus, camptotropal, and kamptulicon; and only one of them is 
spelled with a “k.” Similarly, such words as “cacophony,” 
“cathedral,” ‘‘catholic,’’ and so on, are usually spelled with a 
“ec.” Because of the softening effect of the “i,’”’ Dr. Poritsky’s 
examples, namely, “kinematics” and “kinetics,” involve a situa- 
tion that does not arise in the word ‘“‘camptogram;’’ but note 
the word “cinema.” 

The case of the compressed built-in beam with a noncentral 
concentrated load, considered by Mr. Yovits, is an instructive 
addition to the cases described by the authors. His extension of 
the camptographic method to.beams in tension should be of 
interest also, especially if the introduction of the gudermannian 
will make the graphical procedure easily manageable. 

For the benefit of readers who might be interested in extending 
the method to beams with more than two supports, it should 
be added that at the meeting of the ASME Applied Mechanics 
Division in June, 1947, Mr. David H. Ware of the General Elec- 
tric Company, Schenectady, N. Y., reported progress in that di- 
rection. 

A description of an application of the method to a problem in 
dynamics rather than statics was recently submitted by one of 
the authors (V. R.) to the Journal of Applied Physics, under the 
title ““Gyrograms for Simple Harmonic Systems Subjected to 
External Forces.” 


6 The writer has found, for example, that the derivations by means 
of camptograms of Equations [3], [4], and [5] are particularly simple. 
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Stress Concentration Around an 
Ellipsoidal Cavity’ 


L. H. Donnewu.2 The research which is presented in this 
excellent paper is part of a long-range program which is being 
undertaken by the Illinois Institute of Technology under the 
sponsorship of the David Taylor Model Basin. The aim of this 
program is the study of the detailed mechanism of brittle-crack 
propagation, although it is expected that steps in this broader 
program like the present paper will also have an interest far 
beyond the program itself. It may add to the interest of this 
paper to outline this broader program and the physical premises 
upon which it is proposed to base it. 

The program is not concerned with the “starting” of cracks, 
which usually results from fatigue effects in combination with 
local stress concentrations due to irregularities in design or 
fabrication. Such starting of cracks is nearly unavoidable in 
large structures, such as welded ship structures, but the results 
will not be catastrophic unless the erackg “propagate” in a brittle 
manner. 

Besides elastic deformations, two types of material behavior 
are involved in crack propagation, plastic flow under shear and 
cohesive failure under tension. Crack propagation can only be 
explained on the basis of cohesive failure, since plastic flow is a 
healing influence, which tends to reduce the stress concentrations 
causing propagation, while cohesive failure tends to maintain or 
increase the stress concentration as the crack progresses from 
its starting point. However, it is unlikely that crack propaga- 
tion can occur without important plastic flow taking place prior 
to the cohesive failure, even though this plastic flow may not be 
very evident. This means that elastic theory is insufficient for 
studying the local conditions of stress and strain at the end of 
the crack as it progresses. 

Let the principal stresses at a point be o1, o2, 03, in order of 
their algebraic values, o; being the largest. Then the occurrence 
of cohesive failure presumably depends on the value of o, co- 
hesive failure occurring when o; reaches some value of the cohe- 
sive strength, which we can call o,. Similarly the occurrence 
of plastic flow can be taken to depend upon the value 


a3)? + (o; 


2 


I(o, + (a2 
plastic flow occurring when the quantity o4 reaches o,, the vield 
point of the material. 
Suppose, now, that a body of a certain shape is subjected to a 
certain type of loading. There will be some critical point (or 
points) at which the danger of cohesive failure is greatest. As 
the loading is increased, the ratios to each other of the principal 
stresses at this point, and hence the ratio also, will 
remain constant. The question of whether destructive cohesive 
failure or a hegling plastic flow will occur at this point then de- 
pends upon whether the “stress distribution property” o;/o, is 
greater than, or less than, the ‘characteristics of the material 
property” o,/o,. If o:/o4 is greater than o,/o,, cohesive failure 
will oceur. If 0/04 is less than o,/o,, plastic flow will occur first. 
The value of the “material property” ¢,/o,, increases with the 
“ductility” of the material, and so might be considered to repre- 
sent a quantitative measure of ductility. It would be a far more 
significant and quantitatively applicable value than the common 


'“Stress Concentration Around an Ellipsoidal Cavity in an In- 
finite Body Under Arbitrary Plane Stress Perpendicular to the 
Axis of Revolution of Cavity,’ by M. A. Sadowsky and E. Sternberg, 
published in the September, 1947, issue of the JouRNAL oF APPLIED 
Mecuanics, Trans. ASME, vol. 69, p. A-191. 

? Research Professor of Mechanics, Illinois Institute of Technology, 
Mem. ASME. 
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measures of this property. The value of o;/o4 in simple tension is 
unity. Hence what we ordinarily speak of as “‘ductile’’ mate- 
rials (that is, materials behaving in a ductile manner under a 
simple stress condition) have values of o,/o, greater than unity, 
while “brittle” materials (behaving in a brittle manner under 
a simple stress condition) would have values of o/c, less than 
unity. Whether a given material will behave in a ductile or a 
brittle manner under more complex stress conditions then de- 
pends on the exact value of ¢,/o,, which should be determined as 
a function of temperature for each kind of material. Such de- 
terminations are outside the scope of the present program, but 
will presumably be covered eventually by other investigations. 

The stress-distribution property o:/o; measures the same gen- 
eral condition as what has come to be called ‘“triaxiality,”’ but the 
significance of its value is perhaps simpler to interpret. The 
value of o; /o, for simple tension is 1, and for equal triaxial tension 
it is infinity. If its value is known for various structural shapes 
and loading conditions, and the corresponding information about 
the properties of various materials is available, designers would 
be able to select materials or otherwise control the conditions 
intelligently, to insure ductile behavior. 

The purpose of the present investigation might be described as 
an attempt to determine this stress-distribution property o;/o. 
for the case of a plate containing a crack under simple tension, 
and to study the effect on this of variables such as crack length 
and plate thickness. Two cases must be investigated, namely, 
(1) that of a short crack, such as a fatigue crack perpendicular 
to the tension and (2) a propagating crack. 

The critical point where the maximum value of o;/o, will occur 
for either of these cases is known to be a point in the plane of 
the crack, but slightly beyond the end of the crack, and _ half- 
way between the faces of the plate. At this point the stress 
will be finite even for a crack of zero width. On the other hand, 
just at the end of the crack, the stress is theoretically infinite for 
a crack of zero width. The value of ¢;/o4 at the latter point will 
be low, so that there is no danger of cohesive failure occurring 
there, but plastic flow will occur there, and this may have an im- 
portant effect on the conditions at the critical point. 

There is probably little chance of analyzing the effect of this 
plastic flow completely, but such a condition of combined elastic 
and plastic flow can be represented approximately as the super- 
position of two elastic conditions: Condition A, in which the 
region of plastic flow is neglected, but only enough load is applied 
to bring the average stresses over it up to the yield point of the 
material; and condition B, in which the region of plastic flow is 
regarded as a hole, and the stresses are found for the remaining 
loads. 

Fig. 1 of this discussion shows (1) first, a rectangular crack 
abed, which represents an initial fatigue crack; (2) regions S where 
plastie flow is likely to occur and which could be considered as 
holes for the B condition; and finally, an elliptic-prismatic hole, 
which would give about the same effect as the crack plus the 
holes S. To be able to analyze this case, we need a three- 
dimensional elastic theory for the case of a plate with an elliptic- 
prismatic hole, having any ratio of major to minor axes. This 
would cover both the initial rectangular crack used in condition 
A and the elliptic hole used in condition B. 

After cohesive failure has occurred at such a critical point and 
spread back to the original crack, the shape of the end of the crack 
will evidently be something like that shown in Fig. 2. Fig. 2 
shows (1) the end of a crack abcde which has ‘‘propagated”’ for 
some distance; (2) a region S where plastic flow is likely to occur; 
and (3) an ellipsoidal hole which would have about the same 
effect as the crack plus the plastic regions. To analyze this 
case we evidently need a three-dimensional theory for the case 
of a plate with an ellipsoidal hole having any ratio of its axes. 
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Fig. 1 


The theory of an ellipsoid of revolution in an infinite solid, which 
is the subject of the present paper, is an important step in the 
development of such a theory. It is not expected that exact 
solutions of the general cases just outlined will be obtainable, 
but any exact solutions of special cases Which can be obtained 
are of great value in setting up and interpreting more general 
approximate solutions. 


R. E. Pererson.® It is interesting to note from the authors’ 
Fig. 7 that, for a very slender ellipsoidal cavity perpendicular 
to the stress direction, a maximum value of stress-concentra- 
tion factor of approximately 2.83 is obtained. This value seems 
to be surprisingly low, so that it is natural to look for a physi- 
cal explanation. 

If one considers a rough analogy with flow lines, the result 
seems reasonable. Consider first a disk of ellipsoidal contour 
of radius a and thickness b with the axis along the direction of 
stress. A flow line at the axis would need to go out a distance a 
and around a small radius, resulting in a major flow disturbance, 
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corresponding to a high stress-concentration factor. In the case 
of the present ellipsoid, however, the flow line at the axis does 
not go out a distance a, but takes the short route around b. Near 
the end of the ellipsoid the flow disturbance would be much less 
than for the case of a disk, and a corresponding relatively low 
stress-concentration factor may be expected for even a rather 
sharp-ended ellipsoid. 

It is realized that this discussion does not present anything 
basically new and that the authors appreciate these relationships 
without resort to such a crude analogy, but it is thought that for 
the benefit of readers interested in application of the results, it 
may be worth while to stimulate a discussion along these lines. 


AvutTuors’ CLosuRE 


The authors are greatly indebted to Prof. Lloyd H. Donnell 
for indicating his views as to the significance of the solution in 
connection with the important problem of brittle crack propa- 
gation. Mr. Peterson’s attempt to account for the low stress 


concentration at the poles of a very slender ellipsoidal cavity, 
by means of a flow analogy, ought to contribute to the physical 
understanding of the results obtained. 
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Book Reviews 


Gas Dynamics Tables for Air 


Gas Dynamics TABLES ror Ain. By Howard W. Emmons, Associate 
Professor of Engineering Science, Harvard University. Dover 
Publications, Inc., New York, N. Y., 1947. Cardboard, 6 X 91/4 
in., 46 pp., illustrations, and tables. $1.75. 


REVIEWED BY AscHER H. Suaprro! 


ROFESSOR EMMONS has collected in a pamphlet tables 

and charts giving numerical values for some of the important 
functions met with in problems involving the compressible flow 
of air. All the tables and charts are based on the assumptions 
that air is a perfect gas with constant specific heats and that the 
ratio of specific heats is exactly 1.4. 

The first table, which is also the most extensive, pertains to 
isentropic flow. The second table refers to normal shocks, and 
the third refers to the characteristics functions for supersonic 
flow. In the fourth table the acoustic velocity is given as a func- 
tion of the temperature. 

The charts are small graphical representations of the tables, 
and are presumably useful for making quick computations as to 
orders of magnitude and for showing trends. 

At the beginning of the pamphlet is a short section in which the 
formulas underlying the tables are summarized. 

The number of significant figures in the tables varies from three 
to five. However, inspection by difference methods indicates that 
linear interpolation is in general not permissible with the number 
of significant figures presented, so that caution must be used in 
this respect. . 

Considering the present importance of problems in the flow of 
compressible fluids, and the number of groups working in this 
field, it is strange that one can point to only a few publications in 
which useful tables are presented. It is encouraging, therefore, 
to find that Professor Emmons and others are making such tables 
available, and it is to be hoped that even more complete formu- 
lations will find their way into print. 


Vector and Tensor Analysis 


Vector AND Tensor ANALYsIS. By Louis Brand. 
Sons, Inc., New York, N. Y., 1947. 
and 439 pp., illustrated, $5.50. 


John Wiley and 
Cloth, 53/s X 83/g in., ix 


Reviewep By Louts A. Pipes? 


‘THs book presents the standard vector analysis of Gibbs and 

Heaviside and the more general tensor analysis of Ricci in a 
systematic manner. In the first part of the volume, the standard 
concepts of vector and dyadic analysis are developed and applied 
to the solution of numerous problems in geometry and in me- 
chanics. An introduction to the concepts of dual numbers and 
motor algebra is given and the application of motor algebra to 
line geometry and mechanical problems is illustrated. 

In the chapter on linear vector functions, the dyadic algebra 
of Gibbs is developed and its connection to matrix algebra is 
demonstrated. The use of dyadic algebra in the solution of cer- 
tain mechanical problems is shown. The fundamental properties 
of vector fields are discussed from the point of view of differential 


Associate Professor of Mechanical Engineering, Massachusetts 
Institute of Technology, Cambridge, Mass. 


? Associate Professor of Engineering, University of California at 
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invariants and the general properties of orthogonal co-ordinates 
are developed. Ina chapter on hydrodynamics, the Eulerian and 
Lagrangian equations for a fluid in motion are derived and a dis- 
cussion of the Kutta-Joukowsky formulas is given. The book 
gives a comprehensive discussion of geometry on a surface by 
vectorial and dyadic methods and several of the fundamental 
theorems of surface geometry. The basic concepts and theorems 
of tensor analysis are developed in the ninth chapter and the 
volume concludes with an interesting chapter on the quaternion 
algebra of Hamilton. 

As is stated in the author’s preface, this book is the first volume 
of a proposed two-volume work devoted to the exposition of 
modern vector and tensor analysis and the application of these 
mathematical techniques in mechanics, electrodynamics, rela- 
tivity, and the theory of rotating electrical machines. The book 
is of an advanced nature regarding both content and manner of 
presentation. It presents the standard material of vector and 
tensor analysis in a more precise manner than that usually found 
in books in this field, and affords an excellent foundation for 
those who wish to study the more advanced phases of vector and 
tensor methods. 


Sequential Analysis 


SEQUENTIAL ANALysis. By Abraham Wald. John Wiley & Sons, 
Inc., New York, N. Y., 1947. (Wiley Mathematical Statistics 
Series, Walter A. Shewhart, editor.) Cloth, 51/4 X 9 in., xii and 
212 pp., 16 figs., $4. 


REVIEWED BY FREDERICK MOSTELLER?® 


NE of the important wartime contributions to the body of 

statistical theory was the development of sequential analysis 
by Abraham Wald. The best-known technique for sampling in 
the past has been single sampling. That is, the experimenter 
decided to take a sample of a fixed number of observations and 
analyze these in order to reach a decision. If one is testing 
whether items in a lot have, say, 3 per cent or fewer defectives as 
against 12 per cent or more defectives, it has always seemed rea- 
sonable that if all the early items in a sample were nondefective, 
or if a large proportion were defective, the decision to be made 
was pretty clear before many items had been inspected. In 
borderline cases, however, it seemed reasonable that one should 
take larger samples before reaching a decision. Using this notion 
Dodge and Romig invented double sampling, the second sample 
being used in close decisions. This double sampling produced a 
substantial saving in the average number of items inspected, 
while providing the same protection for both producer and con- 
sumer against the rejection of high-quality material and the 
acceptance of low-quality material. 

Wald has developed the notion of such multiple sampling in 
two directions. First he has developed an item-by-item sampling 
scheme. After each item is inspected one makes the decision 
either to reject the hypothesis under consideration, accept it, or 
to suspend judgment till further evidence is gathered. Second, 
the scheme is applicable not only to attribute inspection, but to 
work with measured variables. After considering the general 
problems connected with testing hypotheses (Part 1) the author 
considers the following specific applications in Part 2: (1) Test- 
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ing the mean of a binomial distributions, (2) testing the differ- 
ence between the means of two binomial distributions; and for 
normal distributions (3) testing that the mean (known standard 
deviation) falls short of a given value, (4) testing that the stand- 
ard deviation does not exceed a given value, (5) testing that the 
* mean (known standard deviation) is equal to a specified value. 

There is a short chapter on multivalued decisions and a very 
short one on the problem of estimation. The more difficult mathe- 
matical derivations are included in a lengthy appendix. 

In the reviewer’s opinion this book is largely for people who 
want to know the foundations and theory of sequential analysis, 
rather than for those who just want a quick survey or who actu- 
ally want to use the technique. For those desiring a quick sur- 
vey there is ‘Sequential Method of Sampling for Deciding be- 
tween Two Courses of Action,” also by A. Wald, Journal of the 
American Statistical Association, 1945, pp. 277-306; and for 
those desiring to use the technique, ‘Sequential Analysis of 
Statistical Data: Applications,” Statistical Research Group, 
Columbia University, Columbia University Press. 


Stability of Motion 


PRoBLEME GENERAL DE LA STABILITE DU MouvreMENT. By A. 
Liapounoff. Princeton University Press, Princeton, N. J., 1947. 
Cardboard, 6 X 9 in., 474 pp., $3.50. 


REVIEWED BY STEPHEN H. CRANDALL‘ 


HE editors of the “Annals of Mathematical Studies” have 
made available the classical treatise of Liapounoff which 
first appeared in 1892 in a publication of the Mathematical 
Society of Kharkov. In 1907 a translation of the original 
Russian into French was published by E. Davaux in the An- 
nales de la Faculté des Sciences de Toulouse. The present 
volume is a photolithoprint reproduction of this latter work. 
The ordinary questions of stability of motion of a dynamical 
system can be answered from a study of a set of differential equa- 
tions of the form 


dx, _ 


where the right-hand members are functions of the unknowns 
x(t), x2(t), ..., 2,(t) which vanish when all the x, are zero. The 
stability investigation consists in determining whether the x, 
remain small if given small initial values. Liapounoff’s work is 
an exhaustive study of differential equations of the form [1] in 
the case when the X; can be expressed as power series in the z,,. 
The first chapter deals with the problem in general while in the 
second and third chapters, two important special cases are con- 
sidered. 

The exposition begins with a description of a method of con- 
tinued approximations for obtaining the solutions to Equa- 
tions [1]. It is proved under very general circumstances that 
this process converges. The conditions under which the stability 
can be determined from the first approximation are discussed 
and general stability criteria are advanced for this case. There 
are also some general theorems on the stability of systems in 
which there exists a function of the z; of special type, e.g., a 
definite quadratic form. 

In the second chapter, attention is focused on the special case 
where the coefficients in the expansions of the Xy in powers of the 
z, are all constant. This is the case treated (incompletely) by 
Routh. In addition to a thorough discussion of the stability 
problem, there is also some information regarding the existence 
of periodic solutions to the system [1]. This latter subject, 
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namely, periodic motions in nonlinear systems, has recently 
been receiving considerable attention from both engineers and 
mathematicians, yet much of the modern analysis stems di- 
rectly from the work of H. Poinearé, 1890, and from the 
treatise under review. 

The case in which the coefficients in the expansions of the Xy 
in powers of the z, are periodic functions of t, is treated in the 
third chapter. Here, again, there is an exhaustive study of the 
stability problem, leading to the establishment of general cri- 
teria. 

A very lucid style of formal mathematical French makes this a 
comparatively easy book to read. However, it definitely does not 
present an engineering approach to the problem of stability. The 
general level of mathematical abstraction is fairly high. No 
actual dynamical systems are studied, though in several instances 
particular systems of differential equations are chosen to illus- 
trate the general criteria obtained. 

It is an interesting commentary on the erratic path of scien- 
tific progress that the results and methods of attack developed 
by Liapounoff, after many years of scientific hibernation, are 
now being incorporated in some of the most recent investigations 
of nonlinear systems. It goes without saying that this volume 
should be in every reference library of mathematies and physics. 


Handbook of Engineering and 
Manual of Mathematics 
and Mechanics 


Wareksury’s HANDBOOK OF ENGINEERING. By L. A. Waterbury. 
Fourth edition. Revised by H. W. Reddick, W. M. Lansford, C. O. 
Mackey, H. H. Higbie, H. 8. Bull, John Wiley & Sons, Inc., New 
York, N. Y., revised, 1947. Leatherette, 3 K 5'/2 in., 386 pp., with 
index.and tables, $2.50. 


MaANuAL OF MATHEMATICS AND MrcuHanics. By Guy Roger Clem- 
ents and Levi Thomas Wilson. Second edition. McGraw-Hill 
Book Company, Inc., New York, N. Y., 1947. Cloth, 6 X 9 in., 
ix and 349 pp., figs. and tables, $3.25. 


REVIEWED By G. 8. CHERNIAK® 


T is becoming increasingly apparent that a contradiction is 
developing between the definition of a Handbook and the 
volumes or sets of volumes running to several thousand pages, 
which are sold under that name. The term Encyclopedia would 
appear to be much more appropriate to these works. Neverthe- 
less, a definite need exists, particularly among engineers in indus- 
try, for compilations of frequently used fundamental data, access 
to which could be had without recourse to massive tomes or li- 
brary sets which in addition to containing the 10 per cent of the 
information which is required 90 per cent of the time, also con- 
tain the 90 per cent which is needed less frequently. 
The two books which are the subject of this review definitely 
fall in the classification of Handbook rather than Encyclopedia: 
Waterbury’s Handbook presents a usefully concise outline 
of basic mathematics from algebra through the integral calculus, 
theoretical mechanics, strength of materials, fluid mechanics, 
thermodynamics, and electricity. In addition condensed tables 
of natural functions and thermodynamic properties of steam are 
given. It is felt that this section could be improved by the addi- 
tion of a few more commonly used tables. The major portion of 
the book follows the usual procedure of presenting a brief deriva- 
tion, some examples of application, and a compilation of formu- 
las. 
The Clements and Wilson Manual places the major emphasis 
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on mathematics and devotes about two thirds of the book to 
tables of functions, numerical tables and sections on algebra, trigo- 
nometry, analytic geometry, calculus, differential equations, and 
vectors. The remainder of the book covers very briefly the ele- 
ments of applied mechanics, electricity, and elementary physics. 


Air Conditioning and Elements of 
Refrigeration 


Air CONDITIONING AND ELEMENTS OF REFRIGERATION. By Samuel 
P. Brown. McGraw-Hill Book Co. Inec., New York, N. Y., 1947. 
Cloth, 6 X 9 in., ix and 644 pp., figs. and tables. $6. 


REVIEWED By S. C. Cotuins® 


HE objective of this book as indicated by the author in 
™ the preface is to provide a practical working textbook and 
handbook on air conditioning and related subjects for students 
of all ages having a background of high-school education. The 
objective has been accomplished creditably. 

The book is divided into 27 chapters, the headings of a few 
of which are as follows: Basic Science; Physical Properties of 
Air; Heat, Work, Energy, and Their Measurements; Thermo- 
dynamic Properties of Steam; Introduction to Psychrometry; 
Mechanical Refrigeration Equipment; Application of Refrigera- 
tion to Air Conditioning; Calculation of Cooling Load; Warm- 
Air Heating and Winter Air Conditioning; Automatic Control 
Devices, ete. 

Included in the appendix are Steam Tables (Keenan and 
Keyes) in abbreviated form, psychrometric tables, properties of 
refrigerants, tables of thermodynamic properties of ammonia, 
carbon dioxide, freon, methyl chloride, and sulphur dioxide and 
tables of coefficients of heat transmission for walls of various ma- 
terials and types of construction. 

The author’s presentation of fundamental facts and principles 
often leaves much to be desired and the arrangement of the mate- 
rial in the book as a whole could be improved. 

The author’s description of various processes and equipment 
for air conditioning and the simple calculations pertaining to them 
will be weleomed not only by those who plan to sell or install 
such equipment but also by many others who have a more casual 
interest in the subject. 


Theory and Application of 
Mathieu Functions 
THEORY AND APPLICATION OF Matuigu FuNcTIONS. 


Lachlan, D.Sc. Clarendon Press, Oxford, England, 1947. 
6 X 9!/,in., xii and 401 pp., figs. and tables, $12.50. 


By N. W. Me- 
Cloth, 


REVIEWED BY STEPHEN H. CRANDALL’ 


I studying the vibration of an elliptical membrane in 1868, k. 
Mathieu solved the equation 

ay + (a — 2q cos 2z2)y = 0 

dz? 
This is called Mathieu’s equation and its solutions are called 
Mathieu functions, or elliptic-cylinder functions. The text un- 
der review is the first full-length work in English devoted entirely 
to this subject and is probably the first treatment, in any lang- 
guage, which was not written by a mathematician, for mathema- 
ticians, 
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The book begins with a short historical résumé of the develop- 
ment of the theory and closes with a very complete bibliography. 
The main text is roughly two-thirds theory and one-third appli- 
cation. The author presents the classical mathematical theory 
briefly but gives detailed attention to the various methods of 
computing solutions. Several numerical examples are worked 
and there is considerable discussion concerning the relative mer- 
its of the various formulas, with regard to numerical computa- 
tion. Mathieu functions arise in most practical applications 
under two circumstances: 

(1) Inthe solutions of certain partial differential equations with 
boundary values prescribed on an ellipse. 

(2) In discussing the motion of some periodically forced sys- 
tems which satisfy differential equations that may usefully be ap- 
proximated by Mathieu equations. 

Some of the examples of the first class treated by the author are 
the problems of vibration of an elliptical membrane, oscillations 
of an elliptical lake, flow of a viscous fluid about an elliptical eyl- 
inder, diffusion of heat in an elliptical cylinder, and propagation 
of electromagnetic waves in an elliptical wave guide. Examples 
in the second category are not so well known. Amplitude distor- 
tion in a loud-speaker, frequency modulation and the vibrations 
of some dynamical systems are illustrated. 

In general, Dr. McLachlan does in this text for Mathieu fune- 
tions what he did for Bessel functions in 1934 when he published 
“Bessel Functions for Engineers.” The style in the more recent 
book is more terse, and somewhat more mathematical sophistica- 
tion is expected of the reader. Those technologists who have need 
to use Mathieu functions will undoubtedly find this book very 
useful. 


Ferrous Metallurgical Design 


Ferrous Desicn. By John H. Hollomon and 
Leonard D. Jaffe. John Wiley & Sons, Inc., New York, N. Y.. 
1947. Cloth, 6 X 9'/4in., x and 346 pp., 140 figs., 35. 


REVIEWED BY PETER E. Kyte’ 
HE purpose of this work is, first, to point out the need for 
choosing steels for a given application using scientific princi- 
ples, rather than trial-and-error methods; secondly, to explain in 
detail the scientific principles which are needed; and thirdly, to 
show how these principles can be applied by the metallurgist to 
produce the parts required by the mechanical designer. 

There is no doubt about the need for such an approach in the 
application of steels and the authors have discussed this point at 
sufficient léngth in the preface and introduction. The scientific 
data concerning steels occupies about 264 pages of the book and 
includes the most modern concepts of phase transformations, heat 
flow, mechanical behavior and properties, quenching, harden- 
ability, quench cracking, and temperability. A bibliography con- 
taining 317 references follows. 

The portion of the book which most clearly bears out the title 
is of necessity rather brief and is confined to the last two chapters. 
The design procedure suggested is most applicable to steel parts 
wherein tempered martensitic structures give optimum proper- 
ties. Under these conditions the analysis of any problem is re- 
solved by the authors into ten steps. These involve determining 
quenching procedure, estimating hardenability, selection of com- 
position, estimating austenitizing and tempering procedures, 
checking the results of adopted procedures and compositions on 
the properties obtained on manufactured parts, readjustments in 
design, service tests, and the establishment of inspection and 
process-control procedures. The last-chapter carries through a 


8 Professor of Metallurgical Engineering, Cornell University, 


Ithaca, N. Y. Mem. ASME. 


| 
| 
4, 
4 
$< 
= ee 
The 
| 
a> 


92 JOURNAL OF APPLIED MECHANICS 


complete application of the recommended procedure to the design 
of an externally threaded steel tube requiring a specified mini- 
mum yield strength and subject to momentary heating in service. 

The authors are to be commended for their courage in writing 
this book which represents a new analysis of the problem of choos- 
ing steels for engineering applications. While it is true that some 
of the data used are not as exact as may be available following 
more extensive research and some of the concepts are not yet 
fully understood or agreed upon by metallurgists, the thoughts 
presented will undoubtedly stimulate much thought which will 
ultimately lead to a more thorough understanding of the metal- 
lurgical design of steel parts. It is to be hoped that this method 
of analysis can be extended to nonferrous metallurgical design 
and then followed up by a co-ordination of all work in this field to 
provide general rules which will govern all metallurgical design, 
particularly for those cases where strength considerations are 
most important. 


Conduction of Heat in Solids 


By H. 8S. Carslaw and J. C. 
Cloth, 


ConpucTION oF IN 
Jaeger. Oxford University Press, New York, N. Y., 1947. 
6 X 91/2 in., 386 pp., figs. and tables, $8. 


REVIEWED BY JOSEPH Kayt® 


HE first edition of this book appeared in, 1906 as Carslaw’s 

“Introduction to the Theory of Fourier’s Series and Integrals 
and the Mathematical Theory of the Conduction of Heat.” 
A second edition, consisting of two volumes, appeared in 1921. 
The third edition consists of a revision of these two volumes. 
In both the second and third editions a single volume has dealt 
with the conduction of heat in solids. The fact that this is the 
third edition of a highly mathematical work is evidence of the 
authors’ skill in selection and presentation of their material. 

The book is readily divisible into two parts. In the first part, 
the first ten chapters, the “‘classical’’ treatment of heat conduction 
is given using the methods of the Fourier integrals, series, and 
transforms. The topics, which are the same as for the earlier 
editions, are as follows: 1. General theory. 2. Infinite and 
semi-infinite solid. 3. Solid bounded by two parallel planes. 
4. Therod. 5. Therectangle. 6. Rectangular parallelepiped. 
7. Infinite circular cylinder. 8. Cylindrical co-ordinates. 9. 
Sphere and cone. 10. Sources andsinks. Graphs and numerical 
solutions, which run parallel to the rigorous mathematical treat- 
ment, make these chapters particularly useful to engineers. 
Although problems for use by students are not included, many 
results which are given without proof could be employed as as- 
signed material. 

The second part of the book, the last five chapters, presents an 
excellent treatment of heat conduction with the aid of the La- 
place transformation. The topics are as follows: 11. Problems 
in linear flow. 12. Cylinder and sphere. 13. Use of Green’s 
functions. 14. Further applications of the Laplace transforma- 
tion. 15. Steady temperature. This portion of fhe book is an 
important one to engineers because of its treatment of the Laplace 
transformation. This device is introduced so skillfully that an 
engineer, with a background in the calculus, can follow easily the 
matter-of-fact presentation; it is shown to be a powerful tool 
available for the solution of problems in heat conduction; and it 
is applied repeatedly to the more complicated problems of heat 
conduction so as to show its superiority over the ‘classical’ 
methods. A collection of most of the Laplace transforms useful 
in heat conduction is included in the book. 

The book does not present any of the recent developments 
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employing the relaxation method, that is, the method of finite 
differences, for the solution of the partial differential equations 
encountered in heat conduction. Since the relaxation method is 
of such wide application a comprehensive mathematical text 
should present some material on this method. 

This book represents the best available collection of solutions 
to problems in the field of heat conduction. For this reason 
alone, it is invaluable as a reference book. The high quality of 
the printing job and the legibility of the text are additional 
recommendations of the book. 

The index of the book is seriously deficient. Authors are 
omitted altogether and the number of entries is too small. No 
bibliography is included. These deficiencies, which were not 
present in the second edition, should be corrected as soon as 
possible. 


-Experimental Stress Analysis 


EXPERIMENTAL Stress ANALYsis. Proceedings of the Society for 
Experimental Stress Analysis, vol. 3, no. 2. Published and dis- 
tributed by Addison-Wesley Press, Inc., Kendall Square, Cam- 
bridge, Mass. Cloth, 8'/2 X 11 in., xvii and 166 pp., illustrated, 
$5. 


REVIEWED By A. M. Wau"? 


HIS volume, edited by C. Lipson and W. M. Murray, forms 

the second part of volume 3 of the proceedings of the Society for 
Experimental Stress Analysis. The book contains eleven papers 
covering a variety of subjects, and in addition is featured by a 
panel discussion on fatjgue of manufactured parts by the follow- 
ing authorities: Arnstein, Holt, Horger, Kommers, McQuaid, 
Peterson, Rosen, and Townsend. 

In a rational evaluation of a given design, particularly as re- 
gards danger of failure, the engineer must, in general, give pri- 
mary attention to two main considerations, i.e., (1) the nu- 
merical determination of the mechanical stresses set up by the 
operating loads and (2) the evaluation of these stresses in terms 
of danger of fatigue or static failure as related to the properties 
of the material. In previous publications of the SESA, the 
first part of this problem has been extensively treated particularly 
where it involves the use of SR-4 gages or photoelasticity for 
stress determination. In the present volume, however, the second 
aspect of this problem, i.e., the-evaluation of the stresses as re- 
lated to failure, is perhaps emphasized to a greater extent than in 
previous ones. 

Referring to the panel discussion previously mentioned, this 
includes brief discussions on fatigue failures of a variety of struc- 
tural elements such as: aluminum airship girders; bolted, 
welded, or riveted connections; automotive rear-axle shafts, con- 
necting rods, pistons, and crank-pins; and telephone apparatus. 
The determination of varying stresses in airship structural mem- 
bers is also discussed. An observation of interest is that the 
endurance limit of automobile rear axles, tested in cantilever 
bending with one end pressed into a head, may be approximately 
doubled by shot-peening. Also of interest are the results of tests 
showing that the fatigue life of aluminum airship girders may be 
increased by prestressing so that points of high stress concen- 
tration will yield in tension. This is in line for example with the 
common practice of prestressing helical and leaf springs to ob- 
tain increased service life. 

Other papers in*the panel discussion include an evaluation of 
the gain in endurance strength obtained by going to a higher- 
strength steel where stress concentration due to grooves or fillets 
is present. It is shown that to obtain maximum benefit from high- 
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strength materials, stress concentration should be reduced as 
much as possible. Other discussions treat the effects of over or 
understressing in fatigue and the metallurgical aspects of fatigue 
failures. On reading these papers, one gains the impression that 
the solution to most problems involving fatigue failures is me- 
chanical rather than metallurgical. In other words, the solution 
usually involves a change in design so as to reduce the peak stress, 
rather than a change in material or heat-treatment. 

Closely related to the problem of fatigue of manufactured parts 
is that of determining allowable working stresses in machine 
elements subject to combined static and variable loading. This 
subject is treated in an interesting paper by Noll and Lipson 
who give a series of useful design charts based on available 
fatigue-test data for steels of different hardnesses, showing the 
relation between mean stress and maximum stress for various sur- 
face conditions including ground, machined, hot-rolled, and 
forged surfaces. Discussion of this paper by Lessells indicates 
that the endurance values given are rather low compared to 
laboratory-test results, particularly for the forged pieces. This 
may probably be explained largely by the greater amount of sur- 
face decarburization present in the manufactured specimens 
tested by the authors. It may also be noted that use of the dis- 
tortion energy theory is suggested for combinations of variable 
stress superimposed on a mean stress. It is the reviewer’s opinion 
that, while the use of this theory for completely reversed stress on 
ground or machined parts is indicated on the basis of test re- 
sults, further research work would be desirable to determine the 
applicability of the theory where combined static and variable 
stress is involved and in particular where a decarburized skin is 
present. 

A paper by Poole and Johnson dealing with mechanical fail- 


ures of steel-plant machine equipment suggests that about 50 per’ 


cent of such failures are due to fatigue or alternating stress, while 
the remainder are due to welding or heat-treating defects, or 
overstressing. 

The question of stress in spur-gear teeth forms the subject 
of a paper by Boor and Stitz, who utilize photoelasticity, SR-4 
gages, and Stresscoat in their investigation. It is concluded that if 
the ratio of tooth load to modulus of elasticity is kept the same, 
elastic similarity will exist between steel and plastic gears of the 
same dimensions. On this basis contact ratios and load distribu- 
tions in steel gears may be predicted from tests on plastic gears. 

Other papers in this volume treat such diverse subjects as 
analysis of the machining process, mechanical behavior of the 
skull under blows or impacts, use of bicycle spokes in testing air- 
craft structures, improvements in technique of using SR-4 gages, 
and the use of resistance gages over long periods of time. It is 
of interest to note that preliminary results obtained by LE. L. 
Kimble indicate that SR-4 gages may be used under water by 
covering the gage with neutral vaseline poured while heated into 
a sealed container surrounding the gage. 

As in the case of previous publications of the SESA, engi- 
neers interested in fatigue problems or stress analysis should find 
many data of interest in this volume. 


Theory of Bessel Functions 


A TREATISE ON THE THEORY oF BeEssEL Functions. By G. N. 
W atson. Second edition. University Press, Cambridge, England, 
The Macmillan Company, New York, N. Y., 1946. Cloth, 7 xX 
10 in., vi and 804 pp. $16.50. 

REVIEWED BY Francis B. HitpeBRAND"! 
HIS book, which appeared in its first edition in 1922, has 
long served as an authoritative reference for material per- 
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taining to the theory of Bessel functions. In the present 
American edition a number of minor errors and misprints are 
corrected, and certain statements are modified in the livht of 
later discoveries. Otherwise, the contributions to special 
branches of the field in the last twenty-five years are not in- 
cluded. 

The work is of interest not only to mathematicians, as an illus- 
tration of the development of applications of the theory of func- 
tions of a complex variable, but also to physicists and research 
engineers, as & comprehensive source of formulas and results 
useful in the solution of a great variety of practical problems. 

Workers in such fields as elasticity and hydrodynamics are 
well aware of the importance and frequent occurrence of Bessel 
functions, and related functions, in the treatment of problems 
pertaining to regions with circular or circular-cylindrical bounda- 
ries. Solutions of such problems are frequently obtained in 
terms of series or integrals involving these functions. The need 
for a treatise of this type is indicated by the necessity of a certain 
amount of manipulation in obtaining and evaluating these solu- 
tions, as well as by the need for criteria under which the formal 
solutions so obtained may be accepted as valid. 

Readers other than pure mathematicians may regret the 
absence of explicit applications to physical problems, as well 
as the conciseness of the derivations, but will in all probability 
succeed at least in obtaining relations and properties useful for 
manipulation and interpretation, together with warnings as to 
when such manipulations may lead to incorrect results. 

The first eight chapters present the definitions of the several 
types of Bessel functions in terms of infinite series and definite 
integrals, and treat their important properties, including their 
behavior for large values of the argument. The two following 
chapters discuss certain functions associated with Bessel func- 
tions. In chapters eleven and fifteen important identities are 
established and useful information related to the zeros of the 
functions is presented. The three intervening chapters evaluate 
integrals involving Bessel functions in the integrand while the 
four following chapters deal with the representation of a given 
function in terms Of series or integrals involving these functions. 
The treatise concludes with eighty-seven pages of numerical 
tables and a very comprehensive bibliography of ‘related works 
which appeared before 1922. 


, 
Cours De Mécanique 
Mécanique. By Henry Favre, Zurich, Switzerland. 


Published by Dunod, Paris, France; Leemann 
Paper, 6!/4 X 9!/2in., 384 pp., figs. 


Cours De 
Vol. I, “Statique.” 
Brothers, Zurich, Switzerland. 


Reviewep By J. P. Den Hartoa!? 


HIS book, in the French language, is the first volume of a 
series of three, covering the regular course in engineering 
mechanics as it is given at the famous Federal Polytechnic in 
Zurich, Switzerland. The first volume, now under review, deals 
with statics;. the second volume is to treat the dynamics of 
rigid bodies; and the third volume will contain the theory of 
elasticity, the dynamics of elastic bodies, hydrodynamics, and 
mechanical similitude. It is stated in the preface that the first 
volume is somewhat simpler mathematically than the two 
following ones, because its subject matter is taught in the second 
semester at Zurich, before the completion of the formal course in 
calculus. 
The volume here being reviewed is subdivided into three parts: 
The statics of rigid bodies (200 pp.); the statics of elastic bodies 
(170 pp.); and hydrostatics (12 pp.). 
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The first of these covers the subject matter usually denoted by 
“statics” in American textbooks, including friction, centers of 
gravity, bending-moment diagrams in beams, trusses, cables, and 
funicular polygons. It is written very much in the style of an 
American textbook, containing 80 problems, and many figures. 

The second part contains the usual elementary course in 
strength of materials, except that it ends up with the elements of 
the theory of elasticity and the complete theory of Saint Venant 
for the torsion of noncircular bars, even including the rectangular 
bar with its infinite series of hyperbolical sines and cosines. 

The third part, of only a few pages, deals with fluid pressures as 
usually treated in American books on statics, and includes a 
short derivation of the stability of floating objects with mention 
of the metacenter. 

Thus with the exception of the last twenty pages of the second 
part, the book may be said to contain the subject matter of two 
standard United States textbooks: on ‘Statics’ and on “Strength 
of Materials.”’ The book is clearly written and well printed. A 
particularly pleasing feature is that all significant formulas are 
given prominence by being printed in a “‘box,”’ i.e. surrounded by 
a rectangle of heavy line. This makes the volume valuable as a 
reference to the student, who, after having taken the course, by 
quickly thumbing through the pages, gets the salient formulas 
thrust to his attention without effort. It is even better than an 
index at the end, which, in true European fashion, is absent in the 
book. The figures are well drawn and numerous, and can be criti- 
cized only for having been reduced in size too drastically, so that 
the lettering in them is too small for comfort. 

In general, it is a first-class textbook, as is to be expected from a 
technical school which ranks as the most famous in Europe, if 
not in the world. 


Plasticity in Engineering 


Puasticity IN ENGINEERING. By F. K. Th. van Iterson, former Pro- 
fessor of Applied Mechanics, Delft, Holland. Former Director of 
the Dutch State Mines. Blackie and Son Limited, London, Eng- 
land, and Glasgow, Scotland, 1947. Cloth, 6'/4 X 8°/,in., 184 pp., 
136 illustrations, 8 s, 6 d, net. ; 


_ Reviewed By C. W. MacGrecor" 


HIS brief and compact book grew out of some of the author’s 

broad investigations in the field of plasticity in Holland. It 
is largely restricted to the discussion of problems related to ma- 
terials showing no work hardening, i.e., for materials, in the au- 
thor’s words, “‘like butter or dough, but also for mild steel under- 
going moderate deformation,” although a treatment. of the brittle- 
rupture problem is also included. 

Chapters | and 2 contain an introduction to the plane problem 
with very brief discussions of plastic bending and the thick-walled 
cylinder. In chapter 3 the author discusses Hencky’s well- 
known and useful theorem which determines the increase in nor- 
mal stresses in terms of the shearing yield stress as one proceeds 
along a trajectory of maximum shearing stress. Much attention 
is devoted to applications of this theorem at various positions 
throughout the remainder of the book and very effective use of it 
has been made by the author. For example, chapter 4 contains 
the problem solved by Prandtl, namely, the truncated knife-edge 
under uniform pressure, the penetration of a knife blade into a 
plastic mass, and the plastic flow pattern for metal cutting. In 
chapter 5 the theorem is applied to square holes in a long body 
under internal pressure, to the plastic region at the end of an in- 
ternal crack, and to grooved bars under tension where the grooves 
are on the broad sides. Prandtl’s solution for the flow of a plastic 
mass compressed between parallel plates is given in chapters 6 
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and 8, while chapter 7 contains Nadai’s solution for the flow by 
compression between inclined planes. Plastic flow in the annular 
space between two concentric cylinders caused by a relative trans- 
lation is discussed in chapter 9 together with clay cutting by 
means of a wire. The previous chapters have largely been re- 
stricted to the plane problem. Chapter 10, three-dimensional 
plasticity, discusses the octahedral normal and shearing stress, 
and the criterion of plasticity which in this country is usually 
called the Huber-Hencky-von Mises theory, the constant energy 
of distortion theory or the shear-strain energy theory. The au- 
thor points out, however, that this criterion of plasticity was pro- 
posed as early as December 18, 1856, by Clerk Maxwell. To 
show its validity, the author gives a rather incomplete list of 
references to experimental work, thus omitting references to 
various confirming studies in England, Germany, and detailed in- 
vestigations in this country. In chapter 23, Lode’s tests and 
Taylor & Quinney’s tests in Germany and in England, respec- 
tively, are mentioned but Lode’s tests are cited as a confirmation 
of the maximum-shear theory (although they clearly substanti- 
ated the shear-energy theory) and Taylor & Quinney’s tests are 
rather cavalierly dismissed. Some rather ingenious test methods 
of the author to investigate the validity of the maximum-shear 
and the shear-energy theories are described in chapter 11 involy- 
ing tension and bending, which are claimed to be in agreement 
with the maximum-shear theory rather than the shear-energy 
theory. <A very brief treatment is included in chapter 12 of the 
thick-walled sphere and wire drawing through frictionless dies. 

One of the most radical departures from present concepts of 
plastic flow is contained in chapter 13. In an effort to rende: 
other more complicated plastic-flow problems in rotational sym- 
metry statically determinate, the author conceives of a ‘fourth 


- state of aggregation’? between the solid and liquid states, based 


on the premise that the stresses distribute themselves so as to re- 
quire the least load, and leading to the conclusion that the inter- 
mediate principal stress S. jumps to either the largest principal 
stress S, or the smallest principal stress S;. It is claimed, with- 
out any rigorous proof, that S: sometimes jumps from S, to S; or 
vice versa at adjacent parts in the structure. Thus the author 
feels, while the shear-energy theory holds at initial yielding, that 
due to this shift of the intermediate principal stress, the material 
follows the maximum-shear theory thereafter. Many of the.sub- 
sequent problems discussed in the book are worked out under the 
assumption of the validity of this concept. 

It should be pointed out that although the author defends this 
idea in an able manner, if rigorous proof should show this concept 
to hold it would invalidate many of the existing solutions in 
plastic flow reported by such experts as Nadai and others, which 
hardly seems likely. Examples of this would be the determina- 
tion of axial stresses in thick-walled tubes under internal pres- 
sure, the torsion of a round bar, and other problems. No at- 
tempt has been made by the author to compute strains in these 
cases, and the solutions based on his concept (especially those for 
partial yielding) should be checked to determine if the strains are 
compatible with the actual conditions of the problem. 

With this concept as a basis, solutions are presented in chapters 
14 and 15 for the disk plastometer, and the Brinell hardness test. 
Chapter 16 gives an interesting discussion of the state of stress in 
the neighborhood of deeply grooved notches in tensile or com- 
pression specimens making use of the Hencky theorem mentioned 
earlier. Chapter 17 treats the plastic-torsion problem in a man- 
ner similar to that presented by Nadai for bars other than of cir- 
cular section. In fact, as the author indicates, this is practically 
the only chapter in the book in which there is much agreement 
between the two presentations of the subject. 

The author also departs from the more commonly accepted 
ideas of plastic flow in his discussion of slip planes in chapter 15. 
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He does not feel that slip planes exist in plastic flow but he calls 
the so-called flow planes by the name “‘plastified layers” and at- 
tributes these to the phenomenon of the drop in yield stress for 
mild steel. Cases are mentioned where observation has shown 
these ‘‘plastified layers’”’ to form at angles of + 10 deg from the 
directions of the maximum shearing stresses. Following the 
analysis of Bylaard, the angle of the plastified layer with the 
horizontal of a vertically pulled tensile specimen is caleulated in 
terms of the three principal stresses and some agreement is found 
with test results. 

Chapter 19 discusses very briefly the strengthening of mild 
steel by work-hardening. 

Chapters 20 to 22 inclusive consist of a discussion of the prob- 
lem of brittle rupture. The author has adopted the Mariotte- 
Poncelet, or what is more commonly called the maximum strain 
theory, to explain brittle rupture and cites the experiments of 
von Karman on marble, Rés and Eichinger on cement mortar and 
cast iron, Bach on cast iron, and some of his own tests on pure 
cement as confirmations of the validity of this theory. Again, it 
should be noted that this isin contrast to current thought both in 
this country and in many places abroad where, in general, the 
maximum strain theory has been all but abandoned either as a 
condition for flow or rupture. A good case is presented, however, 
for the maximum strain theory as a condition of rupture, and 
although most of the workers in the field have abandoned it (and 
justly so) as a flow condition, perhaps it should again be re-ex- 
amined in connection with brittle fracture. 

A number of applications of the Hencky theorem for shear- 
stress trajectories are given in chapter 23 including solid cylinders 
under external tension and compression, parallel cylinders forced 
together, notched bars, a serrated tool applied in cutting metal, a 
wedge under bending, etc. It is also suggested in the plastic 
torsion of round bars that instead of the stress state S;= S, 
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S, = 0, 8; = —S, that it is S; = 2.8, 8S: = 0,8; = 0 based upon 
the concept discussed in chapter 13 of the equality of 2 of the 
principal stresses. This of course is another departure from 
conventional thought and, although some experimental evidence 
is cited, it does not appear to be very convincing. 

The last chapter is entitled “plastic flexure’ but. should perhaps 
better be designated plastic buckling. A departure from the con- 
ceptions and results of von K4rmdén and Timoshenko related to 
plastic buckling is discussed in the light of experimental data on 
the buckling of annealed mild steel. The author shows that plas- 
tic buckling always occurred in his tests when the buckling stress 
equaled the vield point. The reviewer would have been sur- 
prised if the test data had not shown this fact on such annealed 
stock where there is no essential difference between the elastic 
limit and the yield point. With a drop in load at the yield point, 
or even if the stress-strain diagram had shown a gradual tran- 
sition to a horizontal position, an instability arises at the yield 
point which is almost impossible to support. This would not in- 
validate the plastic-buckling theory when it is applied between 
the elastic limit of cold-rolled steel, or other material, and the 
yield point, or for wider ranges for a material always possessing a 
positive slope of the stress-strain curve. 

In conclusion, the reviewer would like to compliment the au- 
thor on an able presentation of a difficult and controversial sub- 
ject. The plastic-flow theory is still very much in the embryo 
and rapidly growing stage and conflicting opinions are inevitable 
between workers in the field. While there are various points in 
the book, which, by their marked departure from present widely 
held convictions, are bound to be the sources of considerable de- 
bate, they are indeed stimulating. The only way such questions 
can be settled is to have them printed, widely circulated, and dis- 
cussed. 
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A Tabular Method of Calculating Helicopter 
Blade Deflections and Moments 


By N. O. MYKLESTAD,! URBANA, ILL. 


It is assumed that the blade rotates about a fixed axis 
with a constant angular velocity and that it is subjected 
to a known load parallel to the axis of rotation. The axis 
of the blade, which is a line through the centroid of each 
cross section, is not necessarily a straight radial line, but 
its deviation from such a line must be small. For each 
cross section, one of the principal axes of moment of in- 
ertia is also considered to be parallel to the axis of rotation 
and bending is assumed to take place in a plane through 
this axis. The load as well as the mass of the blade are 
concentrated at distinct points on the blade axis. Under 
these assumptions the proposed method of analysis will 
give the shear forces, bending moments, slopes, and de- 
flections by performing a series of tabular calculations. 
The load, which is always periodic, must first be put in the 
form of a constant term and a series of harmonic terms, 
each of which must be analyzed separately. The effects of 
the constant load and the eccentricity and slope at the 
base of the blade axis are found together and are easily dis- 
posed of in two simple tabular calculations involving only 
real quantities. The effect of each harmonic involves 
three tabular calculations with complex numbers. The 
complex numbers take care of the phase angles which 
vary along the axis of the blade. 


INTRODUCTION 


HE method of analysis is based on the assumption that the 

law of superposition holds, which is true for the.cases where 

each section of the blade has a constant velocity. In the 
case of a helicopter blade, therefore, the method is accurate only 
for vertical flight and becomes increasingly inaccurate as the 
forward velocity increases. For the purpose of finding the load 
on the blade, the latter is considered to be inflexible and subjected 
to certain rigid periodic motions such as a harmonic rotation 
about its axis or the harmonic flapping of an aileron. These loads 
are now applied to the rotating blade, which then is considered 
to be flexible but not subjected to the rigid motions from which 
the original forces were obtained. The forces resulting from the 
flexible motion of the blade are easily considered by means of the 
flutter theory and, since the law of superposition holds, the sum 
of this load and the original one due to rigid-body motions will 
be exactly equal to the total load on the flexible blade due to the 
combined motion. 

In the case of a forward-moving helicopter blade the load due 
to the forward flight and rigid motions can be found in the usual 
manner, but the flutter forces due to each harmonic of the flexible 
motion presupposes a constant velocity of each blade section. 


. Professor of Theoretical and Applied Mechanics, College of Engi- 
neering, University of Illinois. 

Presented at the Aviation Division Conference, Los Angeles, Calif., 
May 26-29, 1947, of Tue AmerRIcAN Society or MECHANICAL ENGI- 
NEERS, 

Discussion of this paper should be addressed to the Secretary, 
ASME, 29 West 39th Street, New York, N. Y., and will be accepted 
until July 12, 1948, for publication at a later date. Discussion re- 
ceived after the closing date will be returned. 

Nore: Statements and opinions advanced in papets are to be 


understood as individual expressions of their authors and not those of 
the Society. 


However, since these forces are principally damping forces it 
may be possible to obtain useful results by using the average ve- 
locity of each section. In any case the flutter theory does not 
consider the mutual induction between sections of the blade, 
which results in the damping forces being too large. 

If the flutter theory is used to find the exciting forces due to 
the rigid-body motion of the blade, these forces will be too large 
also. However, the phase angle between the blade motion and 
the resulting force will probably not be greatly affected by the 
mutual induction between blade sections, and the absolute value 
of the force can usually be corrected for by means of an empirical 
coefficient, the value of which will depend on the location of the 
section. 

In the analysis of this paper the torsional stiffness of the blade 
is assumed to be so large in comparison with the bending stiffness 
that torsion may be neglected. If harmonics higher than the 
first (fundamental) are considered, however, this is usually not 
permissible unless the elastic axis and the gravity axis coincide 
with the quarter chords; and both torsion and bending of the 
blade should then be considered. This can easily be done as 
shown in the Appendix, but the amount of work will more than 
double. A calculation of the fundamental torsion frequency, 
and the first two or three bending frequencies will indicate 
whether or not torsion should be considered for the particular 
harmonic in question. 


Meruop oF ANALYSIS FOR A CONSTANT 


The load on the blade is considered to be concentrated at. dis- 
tinct points, or stations, along the axis and the part of the blade 
between two consecutive stations is called a section. Since the 
shear force due both to the load as well as to the centrifugal force 
is considered to be constant along a section, the lengths of the 
sections should be made as short as practicable. 

In Fig. 1 is shown the gravity axis of the unloaded stationary 
blade (a line through the centroids of each cross section) with 
respect to the axis of rotation and a straight radial line through 
the base of the blade. The deflection of the base of the blade is 
arbitrarily put equal to zero. The deflection at station n is called 
n, and the slope 8,. In Fig. 2 the axis of the loaded rotating 
blade is shown with an arbitrary tip deflection 6 and a slope ¢ 
at the tip. Since moving the blade up and down in Fig. 2 ob- 
viously will not change the loads and relative deflections, it is 
not necessary to find the tip deflection 6 unless it is desired to 
find the deflections with respect to a particular radial line, such 
as that through the base of the blade. The deflection of the 
nth station is now called y, and the slope a,. The load concen- 
trated at the nth station is called F, and the mass m,. Also the 
distance from the axis of rotation to the nth station is called z,,. 

In Fig. 3 the nth section of the blade is shown in its deflected 


_ position with the shear force S,, bending moment M,,, and tensile 


force T,, at the right end. It is seen that for good accuracy the 
length J, must be small enough so that the axis of the section is 
essentially straight, since the effect of the force T,, on the section 
has been neglected in the analysis. 

If the left end of section n were clamped and a unit moment 
applied to the right end, the change in slope at this end is called 
Uy, and the change in deflection dy,. In the same way the 
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changes in slope and deflection due to a unit force are called 
Ur, and dy,, respectively. 

The shear force S, and bending moment M, are now easily 
seen to be 


Ln) 


t=1 


— Y,)....[2] 
t=1 
where & is the angular velocity of rotation. The change in slope 


between the two ends of section n due to the load and the centri- 
fugal force is 


(a, anti) — (Bn — = + 
The change in deflection with respect to the tangent at the left 
end of section nis 


(Yn — — 1,0n+1) (n, 1,Bn+1) 
+ dy,M n 


Now define two new quantities 


(AB), Basi — [3] 


and the equations for change of slope and change of deflection 
may be written 


Substituting the values for the shear force and bending moment 
from Equations [1] and [2] gives 


= (AB), + a, (1 + vp, 


t=1 


— vp, F; 


1=1 
n—1l 


[Fi(z; — — m,; 2, — y,)] 


t=1 


= (An), + Yn — a,(l, (LU dry) 
n—1 


n 
+ rn >> F; Mn — dn) 
1=1 
[F (a; Zp) maz, — Yn)) 
At the free end the slope and deflection are 
"= 6+m 


Because the equations are linear one may write 


Yn = —Gone + In + 8 


where fn, Say Jon, and g, are called the amplitudes coefficients. 
The initial values of these coefficients are found from Equations 
[9] and [10] to be 


fer 1, fi 


= 9, 
The following quantities are now introduced 
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Equations [7] and [8] now become 
—Jari = (AB), + An (fon — — F; 
t=1 
n—1l1 
—UMn { F(a; —2,) — (Gen — — (Gn — 9i)] } [20] 


1=1 


Jenti + = (An), + B, Jon + In (fen 


n 
1=1 1=1 
— m,; £27[ (gen — geile — (Gn— tid are [21] 


The following quantities are now introduced 


n—l 

i=1 

n 

i=1 
n—1 

= + e400)... [26] 
1=1 


By collecting the terms containing ¢ and those not containing ¢ 
in Equations [20] and [21], the following four equations are ob- 
tained 


Sent = + UMn Gon’ [27] 
Jenti = Jon + Ax’ fon + Gon’ [29] 


By starting with the initial values given by Equations [13] and 
{14] and repeatedly applying Equations [27] to [30], the values 
of the amplitudes coefficients can be found for all stations. 
After the amplitudes coefficients have been found the value of 
¢ can be determined by the boundary condition at the base of 
the blade. The shear forces and bending moments can then be 
written 

{31] 


Blade clamped at base 


a= — fr = ao + 


Where a is the angle at which the blade leans at the base. Solv- 
ing for ¢ gives 
[33] 
Sob 
Introducing the quantities 
[34] 
Sob 
b= [35] 


Equation [33] may be written as 


The shear forces and bending moments then become 
S, = (G, + a,f, — afen) — (bfpn)ao........ . [37] 
M, = (G,’ — aGgn’) — (38) 
Blade hinged at base 
M, = —Gyo' ¢ + G,’ = 0 


Equations [31] and [32] then give the shear forces and bending 
moments directly. 

If the deflection of the blade due to the load and centrifugal 
force is desired it can be found from Equation [12] by subtract- 
ing the corresponding value of 


Usually the deflection with respect to a radial line through the 
base of the blade is desired, in which case 


and 


Yn = (Geb — Jon) — (Go + tn 


Metuop or ANALYsIS FOR Harmonic Loap 


Consider any harmonic of angular frequency w radians per sec, 
where w is any multiple of the angular velocity of rotation Q 


where n = 1, 2, 3, ete., and has no connection whatsoever with 
the number n used to indicate a blade section. 

At the nth station of the blade, the concentrated force due to 
rigid-body motion of the blade or the harmonic of an external 
load may be written 


where F,, is the complex amplitude of the harmonic force F,. 
Due to the vibratory bending motion of the blade there will be 
an additional aerodynamic load as well as an inertia load both of 
which will be proportional) to the-deflection of the blade. At the 
nth station this additional force will be 


where y,e™ is the deflection of the nth station of the blade under 
the assumption that the unstressed axis is a straight radial line. 
The quantity P, is an effective mass and is given by the equation 


where m, is the part of the mass of the blade considered to be 
concentrated at the nth station and m,’ is the mass of a cylinder 
of air with diameter equal to the ‘chord at the nth station and 
stretching from the middle of the (n — 1)th section to the middle 
of the nth section 


where p is the density of the air, ¢, the blade chord at the nth 
station, and L,, the length from the middle of section n — 1 to 
If all sections are of equal length L, = 


the middle of section n. 
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l,, but this is not necessarily the case. The quantity A, is given 
by the expression 


where 7 = JV — Lis the unit of imaginary numbers 


U, _ 2,2 

and U, is the velocity of the nth station. The quantities F and 

G are functions of V and are plotted in Fig. 4. 


o $ @ 5 6 707 8 WU 1 2 


Vv 
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Equations [1] and (2] may now be written 


n n 
S, = + Fj) — marM...... [50] 


t=1 
n—l n—1 
t=1 t=1 


where all quantities with overbars indicate complex amplitudes. 
Equations [5] and [6] may now be written in the form 


If structural damping is considered, the elastic coefficients also 
must be indicated by complex numbers, as shown in the author’s 
text? on the subject. However, this doubles the amount of 
work involved and is usually not of sufficient importance to war- 
rant the extra work. 

At the free end of the blade the complex amplitudes of slope 
and deflection are given as 


where both ¢ and § now are definite quantities which must be 
determined by the two boundary conditions at the base of the 
blade. Equations [11] and [12] now become 


and the initial conditions for the amplitudes coefficients now be- 
come 


frwd............. (58) 
Jer =0 


2 “Vibration Analysis,’’ by N. O. Myklestad, McGraw-Hill Book 
Company, Inc., New York, N. Y., 1944, p. 260. 
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Equations [20] and [21] now take the form 


fons ? — — = A, (fon? — fins 

+ 9318 + + Fi) 

t=1 

— + + + Fi) (2; 
t=] 

— — GI} 


—GJenti? + + = —Jon e+ Gin 5 + In 
n 


t=1 


.. 
{ [Pi(—gei¢ 

+ 9815 + + F,) (2; — — mx, 
(Gen — Joi) — (Gan — gsi) 5 — — 


+ gsid + + Fi] + 


and Equations [22] to [26] are replaced by the following equa- 
tions 


(Ag) en Jon+1 Jon Ree Oe ses teu ss [62] 
n 
Gon Fi w? Joi {60 
i=1 
Gin = (66 
n 
i=1 
n—l 
Gon’ = (68) 
t=1 
n—l1 
Gin’ = Bai + (69) 
t=1 
. 
t=1 


By collecting the terms containing ¢, those containing 3, and 
those containing neither ¢ nor § in Equations [60] and [61], 
and making use of Equations [62] to [70], the following equations 
are obtained 


fone: = Anfon + Vpn + Yun 
Jontt = gon + An’ fon + UpnGen + (74] 
= Jon + An’ fon + Upn Gon + (75] 
= gn t An’ fan + Urn Gut Untn Gr’ (76] 
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The shear forces and bending moments, given by Equations [50] 
and [51], may now be written 


= —(Gon + a, fon) ¢+ (Gon + a, fon) + (Ga a, fn) 


M, = —Gon' @ + + G,’... (78] 


where ¢ and § must be found by means of the boundary conditions 
at the base. 
Blade clamped at base 


a, = fer? — far —hfy = Q 
Yo = —ged? + gd + 9, = 0 
Solving for ¢ and 8 gives 
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in the unstressed condition and to have a dyhedral angle of 2 
deg for the purpose of reducing the bending moments. The mass 
of the blade and the aerodynamic load were concentrated at 9 
stations at even multiples of 10 in. from the axis of rotation. All 
the fundamental data are given in Tables 1 and 4. 

1 Find the bending moments’in the blade due to the static 
load. 

Solution: The static load was calculated by Goldstein’s 
method and concentrated at 8 of the 9 stations. The concentrated 
shear forces due to this load are given in column 2 of Table 2(5). 
The amplitudes eoefficients are immediately found in Tables 2(a 
and 6), wherein Equations [27] to [30], inclusive, are solved for 
each section. Since the blade is clamped at the base, the value 
of gis given by Equation [33], and . 


a= fe 0.0485517, b= 0.0993157 
f Sob 


79 sad 
Seb — Ged far ao = 0.0349066, ¢ =a + bao = 0.0520185 
- Jebfo—Sed% In Table 3 the bending moments are worked out both for the 
Sob Gab — Ged far case when ao = 0 and for ap = 2 deg, in order to show the re- 
duction due to dyhedral. The bending-moment curve, for ao = 
Blade hinged at base 2 deg,.is shown in Fig. 5. 
t= —en? + pnd + i 0 2 Find the bending moments in the blade due to flapping of 
a the ailerons when the center of gravity of the helicopter is 16 in. 
M, = —Goo' ¢ + Gan'5 + G,’ = 0 forward of the axis of rotation. The helicopter has two oppositely 
asad i ? rotating rotors mounted side by side, each having three blades. 
Solving for ¢ and 6 gives The gross weight is 850 lb. The aileron motions are harmonic 
A hy. oe and spaced 120 deg apart in phase; w = Q. 
2 Gu Solution: Suppose the aileron motion is represented by the ro- 
Gob’ gab — Geb Gov tating vector Be and the vector e™ is in phase with the motion 
— Gigs'dn + dod Or’ of the blade. Then, if ¢ = 0 when the blade is downwind the 
ee... [82] azimuth angle y = wt. The bending moment at the base of the 


Goo’ 98) — Geb Gao’ 

EXAMPLES 
The following calculations all pertain to a clamped helicopter 
blade of total length 96 in. and with ailerons covering the outer 


46in. The calculations are performed for the hovering condition 
only, and the gravity axis of the blade is considered to be straight 


blade is then M,ge't, where M,e™ is the bending moment for a 
unit amplitude of aileron deflection. Now put M, = M,e'@ and 
8 = Be'*’, then 

= M, Bel(a+a’) 


where a” = a + a’ is the phase angle between the blade position 
and the bending moment at the root of the blade. Thejbending 


TABLE 1 

| 300f23 2.755726 | 4.54203 LO.5722 
3 se | LOS 100 | 10,674, 

4 2.26/32\ 0.657072) 9.439579 Jo. 6075) 
7 0.35151\ 10 1.03439 036/774 0, 10.127 
7 0.39257 12 AT 2 | 1.0208 J2.67/9 
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TABLE 2 STEADY-STATE FORCES WITH C.F. 


= 50.79 
a 1 2 Z Z + 
/ 
4g)r= 
raw (2) AG) (2 )+ 
fer for a -i_ iA’ £3) 
23.7319 \2.02 861 | 
4 $2.06 2.2/472.|| 27. 2/77 
69.7725 |/2.9/79 | $3 41.5570 
(4 ULI30 1999 | #95730 || 57.2297 
Z | 6.429797 70.4629 
39.089 168.9521) 72.6/360 || PAPAS 
? 320.9/4 | 98. | 6.77007 || 94 094 
415.009 |/34 977 |10.0687 
for jot for fer n-/ M4, (4) 
9.0377039| 0.00659 | 00393893 || 0.00947592) 39 
3 2.23/537 | 900946 | ID | 0.03/327/ | 0.4974 
250V276 |/ 33990 2.218372, | F597 37 
13.2924 | | S207 25 420567| 4.54202) 
b 7.08537 
TABLE 3 
M for ao = 0 M for ao = 2 deg 
1 0 0 
2 76 58 
3 229 159 
4 388 181 
5 671 223 
6 1193 322 
7 1960 446 
8 2921 548 
9 4051 623 
base 5369 693 


moment may now be written as 


M,pe't+=") 


or in the real form 


M,8 cos (y + @”) 


If any one of*the three blades is called blade 1, then the bendinz 
moment at the root of blade 2 with respect to the position of 
blade 1 is given by 


cos 


and that of blade 3 is 


Mstali = M,8 E (¥ + a”) cos y + cos € 


+ 
cos (y + — **) 


The total moment about a transverse axis through the axes of ro- 
tation for all three blades of one rotor is then 


+a’ 


3 


2x 
cos + cos (v + a” 
= M,B cos a” E + cos? (v ar) + cos? (v *)] 
— M,£ sin a’ E y cos y + sin (v _— *) cos ( 
+ sin (v —_ ) cos (v 


The amplitude of aileron motion is then given by the equation 
3.8 cos a” = 16 XK 850 = 13,600 in-lb 
13,600 


3 M, cos a” 


Since a’ is known, and in this case is equal to —26 deg, the prob- 
lem is to find M, and a, for a unit aileron deflection and then 
multiply all bending moments for a unit 8 by the value of B ob- 
tained from Equation [83]. 

The aerodynamic force at the nth station of the blade due 
toa unit (1 radian) aileron displacement is 


F,, = m’,c,w?|(Ry — — R,V2F) + — RV 

where Ro, Rs, and Ry are functions of the ratio 7 of aileron chord 
to blade chord for the station in question. A table of these values 
is given elsewhere.* In Tables 4(a and b) the values of P and F 
are worked out for each station where such loads are applied. 
The F forces apply only to the four aileron stations, and F = 
F, + iF;. The positive direction of F is down, and in Table 
4(b) B is considered positive when the aileron is bent down with 
respect to the blade. In Table 5(c), however, the sign of F has 
been reversed, which merely means that the aileron motion now is 
considered positive upward. This is more convenient since an 
upward aileron motion results in a downward force on the blade 
section. In Tables 5(a, b, and c) the complex amplitudes coeffi- 
cients are worked out for each section in accordance with Equa- 
tions [58], [59], and [62] to [76]. In Table 6 the values of ¢ and 
6 are worked out for a unit aileron deflection, in accordance with 
Equations [79] and [80]. The value of M, to be used in Equa- 
tion [83] is now obtained from the equation 


M, = V M yr? + M,,)* 


where M, Myr + iM,, is obtained from Equation [78] by 
putting n = b, and using the values of ¢ and 6 from Table 6. 
This gives M, = 83,000 in-lb, and a, = —32.7 deg, which means 
that the maximum root bending moment of the blade occurs 
32.7 deg of blade motion after the maximum aileron deflection. 
Since the aileron deflection is about 26 deg behind the blade 
motion, from the downwind position, the maximum root bending 
moment will occur about 58.7 deg, say, 60 deg, after the downwind 
13,600 
3 X 83,000(0.5) 
0.1094 = 6.27 deg. Had a’ been 32.7 deg instead of —26 deg, 
a” would have been zero deg and the value of 8 would have been 
only one half or 3.14 deg, which means that the ailerons would 
have been twice as effective and the maximum root bending 
moment due to aileron deflection only one half of what it is with 
a’ = —26deg. This shows the importance of considering phase 
angles when dealing with helicopter blades. In Table 7 the bend- 
ing moments are worked out for each section, using values of ¢ and 


position of the blade. This gives 8 


“Vibration Analysis,” by N. O. Myklestad,? p. 300. 
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MYKLESTAD—TABULAR METHOD OF CALCULATING HELICOPTER BLADE DEFLECTIONS 


TABLE4 TABLE FOR FINDING AERODYNAMIC FORCES 


(a) 


Wino Forces 


= 9.00 X Ib-sec? /in.* 


1 2 3 4 7 10 
6-2¢ 
TF Lo 42.4) 42:4 63.76 | 2244 |-/547 
3.97 2963 
as | 72.25) yo 5572.71 9-47 \24.1% |3222, +2222 
|/04, 04 93.464 1955.11 70 6.96 |24.29 | 4°73 |-227# 
3733 
4:47 £932 
40.4 /o 97.34 Jo | | 2643 |-s573 
292/ 
1.47 
7 | gs | 69-20 30 3243 
|59.29| so | do 2.60 | 7.67 4/00 |- ¥08 
432/ 
10 
(6) AtLeRon Forces 
2 
n tT R, R, VE Y F 
1 0.60 5.50 0. /a2 307? 
2 O55 3.39 1.30 0.564 9./33 L2t 50.4 
| 0.976 0, 0.6£27 F/.6 
4 | 0.35 0.677 0.0753 0.977 
1% 19 20 21 22 23 FM 
VF | MO w? Fr = 
32.4 —/o f+ 74.7 2.290 ~ 314 22.2 
g.s¢ | —274 233 | -39/ 33.2 
3 6.72 6.07 Ld. 4 2.46 = 324. 30.5 
497 | —~7%7 2.27 249 
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TABLE 5 
w = 50.79 w? X 10-4 = 0.257962 


1 2 3 4 vail 
O19) Gy y =z (2)+ (4 4, (2) 
0.0005 425 / | 
0,0007643 10.5999 O.00¢10143 | | 415074 13.1749 
2 0.000573 2% 0.006075 —0.032/22% 
0,001/9/0 23.7747 0.09639 A523 48 19.6770 
3 |-0.0200603| 06444/2) ~0. 00 0. 23/§ FP 
0.00/0/46 | #2.4457 0.0793293| | 2.28/25 28.9957 
4 -0,0005092) -0,263973 P1116 0, 773937 
0.0006274| 7/.43/4 O./23720 | | | 
0 OMSL IL|- 0.9385 |—/.92077 
0.0007277 | 116.072 0.207344 | S.37F03 62.7746 
Co |- 2/8672 Per |-3.2029/ 
0,0009392) 178.857 0.879757 | | 7.09772 | 75.2046 
|-2./47 9/2 | - 4.30/74 |- 0, 9873 |- 4. 
0,0010742 | 257,162 | | | 8.50949 | 92.0505 
10.5750 |-O/8 6008 |-7-36 986 976 
0.00 111497 | 349. 1.03084 J23-233 
7 —/%.3032 |—//.3540 |-0.639/5 |-7.1327 0 
FOC. 174.630 Mi 
b 23.4409 1-0-79/727 
Trace b 1 2 3 
h Pa? | Gs x T= = (4 4, (2) 
n-t for _N-t for 
0.0005 429 / 4,000 S428 00 2. 0069970 
|-0,0003997 + 0,000 3979/00 -0,00477203 
0.000 76438 400650 | 200575357 | 90°/63287 | 
é 23089 |\-0,025° 3 
LO#FOEL | 0.00253/29)| 0,0227603| 0.00565073|| 0.0994 96S 
3 -0.0005 266 |- 0047/7 94¥3\|-0, 068% 0 
0.00/0/ 4¢ | 0.0666790 | | 0.204463 
4 0, 0005092 F063 |-0,0023056/|- 9,046 7993 |-0.00 999263 0./4 6/2 
00006274 | 0.00437269 | 
F 0,000 |-0.24¥¢632 — 0,00 200037|- 2,/0 fo /% |-0.0/972)9 |-0, 242 496 
0,0007277 | 9.3¢97/3 0,0470/90 0,F6C706 
-0; 0002943 0,5 07//F |0.003§7303 |—0,2a/5 03380277 |-0, 397465 
00009392 | 2.27f00 | 0,007¢343f| | 0,06542/9| 0.732967 
7 -0.000/922 \-0,90¢403 |-0,00510 US 
| 3,0/036 0.0/0¢287 | 0.F99592| 7° 760 
0.000147 | 3.90 9/2 0.00407639 | 206 
7 2.03305 0,00922277\- _|-0.0669/F3 0.72 9 942) 
2.76/92 
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MYKLESTAD—TABULAR METHOD. OF CALCULATING HELICOPTER BLADE DEFLECTIONS 105 
TABLE 5 (Cont.) 
f] 
Table c 2 3 
h +O) eg] F 49 = 
se 
jo? (Yt A(4) ty (3) tA(4) 
for fer n-s for. 
0.0 3/4 
0.039/ | 00707720! 0.332833 | 1.95904 
|-0,00332 74\- 0.0235 3/5 0.006679 
0.0322 | 2.395467 | | 
00305 0.169160 |-0.0103 969 |-0.09 8 
3.342062 | 2740229 | /0.6497 
—0.00279 £63049 153 4)-0,36495H 
Ol4#S 539 | 7473a/ | 1.420386 | 
36.7727 | 14.41 127.69 IF 
2.02299 95384 |-/. 40453 |-0.2040/3 Ps? 
C4H.45063 9.230§°3 | 25.0879 | | IF 
| 0.334097 39-7939 3 AL 
|-0,0757720 |- 4.30542 |-0, 3622 
/41. 68 | 55.7109 | 4.539576 | 42/952 
7 3 ¢32/7/ — 4. 
190.80 
17-5756 9.28309 0.525072. 
TABLE 6 DETERMINATION OF ¢ AND 3 TABLE 7 DETERMINATION OF BENDING MOMENTS 
M = = tana = 
Ny hee 0 0 
2 88 —0.67 105.2 
—39 —33.8° 
$56.67 3 304 358 
2.79757 2, ~bas.vdo 0.0791) 94 - —192 —0.632 —32.3° 
4 613 715 
he he —0.603 —31.1° 
: "369 ~0.586 30.4° 
|Z. 2 2 ; “1890 9990 
J —1152 —0.610 —31.4° 
7 2940 3470 
—1843 —0.627 —32.1° 
3710 0.636 325 
—37 —0. —32.5° 
J2,K2 = ‘ 5810 6900 
= —3720 —0.640 —32.6° 
; 10 7630 9080 
—4910 —0.643 —32.7° 
20,/0/ ie 9770 600) 
4000 
5 that are 0.1094 times those obtained in Table 6. The bending- 30 Oyramic 
moment curve is plotted in Fig. 5. In combining these bending 2.» 
moments with those of Table 3, it should be remembered that ‘aed 
the load in Example 1 really is upward so that the resulting bend- State 
ing Moments are negative with respect to those of Example 2. 4 
This means that the maximum upward bending moment at the ¢ 2 & & = Ff @ 7 
Mches 


blade root occurs at an angle of 60 deg after the blade reaches 
its upwind position or 240 deg after the downwind position. * 
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Appendix 


In case the elastic axis and the gravity axis are far apart it may 
be necessary to make an analysis where both bending and tor- 
sion are considered simultaneously. Calling the distance be- 
tween the gravity axis and the elastic axis s, the amplitudes of the 
rigid-body aerodynamic torques about the elastic axis 7’, and 
the amplitudes of the angles of rotation about the elastic axis 6, 
the equations for the amplitudes of the shear forces, bending 
moments, and torques about the elastic axis are 


S, = + + F;) — 4, m,e0* ...... [86] 
n—1 
M, > + F;) — 2,) 
| 
n—l 
2(y; + 8,0; Yn 8,0n) ee {87] 
t=1 


i=1 

where the quantities P,’, Q;, and Q,’ are defined elsewhere.‘ Also 
Got: = Bn — Up, — [89] 

[91] 

an = fone — fon’ — fund [92] 

Yn = + Gand + Gund — 

0, = hen? — hand + [94] 


where y is the angle of twist at the tip of the blade. The twelve 
amplitudes coefficients may now be found by four tabular calcu- 
lations. The first three, involving the subscripts ¢, 6, and y are 
identical with Tables 3(a), 3(b), and 3(c), respectively, of the 
author’s previous text.6 The fourth table can easily be found by 


4“Vibration Analysis,” by N. O. Myklestad.? 
5 Ibid., sec. vi-8. 
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putting ¢, 6, and y equal to zero in Equations [92] to [94], and 
substituting into Equations [89] to [91]. This gives 


= + URn G,, + OMn G,’ [95] 

Gn+i = Gn + + G,’ [96] 

where 
n 

[(Pigi + Pi'hi) — [98 
1=1 

G,' = {99} 
1=1 

H, = (7.’ — — G, [100] 

[101] 

(Ak), = kav — [102] 


and the other quantities are defined elsewhere.’ A tabular form 
for these equations is now easily constructed, starting with the 
initial values f; = g: = hy = 0. 

The shear-force, bending-moment, and torque amplitudes’ may 
now be written in the form 


Sn ="—(Gon + anfen) + (Gin + 


+ (Gyn + On — (Gy + fy) [108] 

M,, —Gon' ¢ + Gan'é + G,’ oe {104] 
T, = —(Hon + + (Hin + ba fends 

+ (Hyn + bafyn) + (Ha — {105} 


In the case of a clamped blade, the boundary conditions at the 
base are a, = 0, y, = 0, and @ = 0, from which the values of ¢, 3, 
and y can be obtained by means of Equations [92] to [94]. In the 
case of a flapping hinge, the boundary conditions at the base are 
y> = 0,6, =0,and M, =0. Also, the rigid-body forces due to 
cyclic pitch control can be taken care of by assigning the 
proper value to 6). 
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Tensorial Analysis of Control Systems 


By GABRIEL KRON,' SCHENECTADY N. Y. 


The equations of small oscillations superimposed upon 
a state of steady motion may usually be represented by a 
set of linear algebraic equations ZagAx® = Afa. Whena 
complex dynamical system is given, such as a servo- 
mechanism, it is possible to establish the resultant equa- 
tions by first removing all interconnections between the 
various amplification stages and finding the impedance 
matrix Zag of each isolated stage. The effect of their in- 
terconnection is representable by a matrix of transfor- 
mation C%a’. The impedance matrix Za’s’ of the resultant 
system may be found without any physical analysis by a 
simple routine matrix manipulation involving Zag, C%a’, its 
partial derivatives 0C%«’/Ox* and the steady-state force vec- 
tor fa. (In oscillatory problems the law of transforma- 
tion of the impedance matrix Zagis not that of a tensor.) 
The method is illustrated by setting up the differential 
equations of various types of speed-, pressure-, and posi- 
tion-governing systems used in central-station work. 


Tue New Point or View 
\ SERVOMECHANISM is an example of a structure with 


several stages in which each stage may consist of several 

alternative units and in which the units themselves may 
assume several alternative arrangements to perform their de- 
sired functions in the most effective manner. Because of the 
large variety of units and their possible arrangements, the 
analysis of such structures is rather time-consuming, since every 
time a unit in one of the stages of amplification is replaced by 
some other unit, or whenever their mutual positions are changed, 
quite often the analysis of the whole structure must be under- 
taken from the very fundamentals. 

This paper intends to show by an example that it is possible 
to repeat analytically the procedure followed in the physical 
rearrangement. It is possible to set up once for all the equa- 
tions of each unit or stage quite independently of the presence of 
the other units. Then it is possible to combine these equations 
in the same manner in which their physical equivalents are com- 
bined. The rearrangement or resubstitution of the equations 
of the component units is quite automatic and requires no 
analytical or physical reasoning. 

The examples considered are the various types of speed-, 
pressure-, and position-governing systems used in central-station 
work, each system containing various governors, pilot valves, 
link mechanisms, drives, stabilizers, etc., that are interchangea- 
ble among themselves. The equations established are those of 
small oscillations superimposed upon a steady motion. The 
paper confines itself to the routine establishment of the equations 
of small oscillations for a given servomechanism and does not 
undertake their solution. 

The mathematical background needed is only that of addition 
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and multiplication of matrices. The philosophy underlying the 
method of reasoning is that of tensor analysis. 


TENSORIAL METHOD oF ATTACK 


In analyzing a large number and a large variety of engineering 
systems, the tensorial method of reasoning suggests the following 
attack: 


1 Do not analyze the given systems immediately as they are 
usually complicated. Instead, set up first the equations of other 
related systems that are comparatively easy to analyze or whose 
equations have already been found on previous occasions. 

2 Then change the equations of the simpler systems into those 
of the given complex systems by a routine procedure. 


Tensor analysis supplies routine steps by which these transi- 
tions from the simpler to the more complex systems are accomp- 
lished in a logical and organized manner. 

There are two grocedures available to establish simpler sys- 
tems, both procedures to be used independently or simultaneously, 
as follows: 


1 Break up the complex system into several component 
systems by removing certain strategically located interconnec- 
tions. This breakup may be accomplished in several successive 
steps. 

2 Assume new simpler types of reference frames either in 
the original or in the broken-up system. 


It is surprising how few types of ultimate elements there are 
that form the components of the great variety of engineering 
structures. It is only the study of these ultimate building blocks 
which requires real analysis, the building up of the complex 
structure itself is mere routine, provided the manner of inter- 
connection of the component parts is known. 


TRANSFORMATION OF REFERENCE FRAMES 


While the engineer is accustomed to a change of reference frame 
in going, say, from a rectilinear to a cylindrical co-erdinate system 
by a relation of the form 


dr®’ = a 
dx®..{1] 


dz = = dz’ = Cdz’ 


dx* = 


he is not aware that such processes as building up a complex 
structure from component units or introducing constraints may 
also be looked upon as a “transformation of reference frames,” 
to be represented by relations analogous to Equation [1]. The 
main difference between the conventional ‘‘spatial’’ transforma- 
tions treated in introductory books on tensor analysis and the 
less conventional ‘interconnecting’ transformations used here 
is that in the latter case the matrix of transformation C%a’ in 
Equation [1] is not square but rectangular, that is, the trans- 
formation is “singular” instead of being “nonsingular.” Of 
course singular transformations are also used in texts on tensor 
analysis (or rather on differential geometry) under such special- 
ized headings as “the theory of subspaces’ which deal with the 
properties of lines, surfaces, and n-dimensional spaces immersed 
in spaces of higher than n dimensions. 

It is regrettable that common engineering mechanisms, such as 
a flyball governor, find their geometrical analogues in such 
abstruse subjects as the topology or differential geometry of n- 
dimensional curved spaces immersed in spaces with still higher 
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dimensions. However, the engineer can arrive at a systematized 
analysis of structures without a previous study of geometry by 
an understanding of the mathematical processes of ‘‘transforma- 
tion,” “invariance,” and “group” that otherwise underlie the 
present-day theoretical physical sciences, 

The tensorial treatment of engineering: problems in the pres- 
ent paper differs in one respect from the treatment of geo- 
metrical or even physical problems by writers on tensor analysis. 
Here the components of tensors are represented on paper not as 
a set of isolated numbers, but as matrices. Because of the 
necessity in engineering practice of working out many problems 
numerically, the use of matrices was found to speed up the 
manipulations considerably. In geometry (or in the theory of 
relativity) the authors are more interested in a compact formula 
rather than in a numerical solution, hence they ignore the use of 
manipulative aids such as a matrix. However, the appearance of 
matrices should not blind the engineer to the appreciation of the 
underlying philosophy, namely, the “invariant” point of view of 
all engineering structures. 

According to this point of view, when an arbitrary collection of 
basic engineering units is given, for instance, governors, pilot 
valves, links, turbines, stabilizers, etc., then all possible structures 
constructed from the given units form a group. In other 
words, it is possible to derive the equations $f performance of any 
of the innumerable structures from the known equations of any 
one particular structure with the aid of a nonsingular (square) 
transformation matrix (or ‘‘connection”’ matrix) C. 

For the purpose of the present paper the particular structure 
whose equations are assumed to be knowg is the: ‘‘primitive’’ 
system, a structure with no interconnections between its units. 
Also, since only system stability is investigated, the presence of 
forces that do no work is ignored, and the connection matrix C 
assumes a rectangular form instead of a square. The missing 
columns in C may easily be supplied, however, if needed, for some 
other purpose (say, for the construction of a model). 


1 THE ELEMENTARY BUILDING BLOCKS 
SuBDIVISIONS OF GOVERNING MECHANISMS 


The various types of speed-, pressure-, and position-governing 
systems are composed of definite units which are interchangeable 
among the various systems. Such units are, for instance, the 
following: 

1 Governors. 

Pilot valves. 

Link mechanisms. 

Turbines. 

Drives for governors. 

Stabilizers (droop compensators). 
Loads, 


These units are of various types, in general, interchangeable 
among themselves. For instance, in the case of governors there 
are the following types: (a) flyball, (b) displacement pump, (c) 
centrifugal pump, (d) piston pressure, and others. Also, these 
units may be arranged among themselves in numerous combina- 
tions. For example, in a two-stage hydraulic amplifier, the sta- 
bilizer may be connected across 

(a) The first pilot valve and first piston. 

(b) The second pilot valve and second pixton. 

(c) The first pilot valve and second piston. 

It should be mentioned that the actual division of the complete 
governing system into the various units listed is to a considerable 
extent arbitrary. What in one case is called a governor, governor 
drive, load, etc., may in another case be stil] further subdivided 
into even simpler elements, and in still other cases not so finely 
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divided. Indeed, the same names may be applied to different 
units in different systems to conform to well-established nomen- 
clatures and customs. 

In determining a governing system with the best possible 
characteristics, numerous possibilities must be investigated. 
For example, the stabilizer is moved to a different position, or 
the method of driving the governor is changed. It is thus quite 
desirable to be able to study the many modifications without 
having to set up the equations and the analysis all over again 
from its very beginning each time such a change is made. 

A method of attack is shown here which eliminates any repeti- 
tion of analysis and requires only an analytical change corre- 
sponding to the physical change. 


ANALYSIS OF RESULTANT SYSTEMS 


(a) The equations of small oscillations of any systems are repre- 
sented by a set of linear algebraic equations 


Af = Z Ar | = [2] 


in which the coefficients Zag are functions of the forces fy appear- 
ing during steady motion. While the steady-state force fo trans- 
forms as a tensor, the symbol Z is not a tensor and its law of 
transformation contains besides C also the expressions 0C /dz and 
fo. Because of its complicated law of transformation, the sym- 
bol Z will be called (for lack of better name), the “motional 
impedance matrix” or shortly (since no ‘‘steady-state” impedance 
matrices are established in the paper, as in the study of the hunt- 
ing of electrical machinery) the “‘impedance matrix.” 
(b) The method of attack is as follows: 


“1 The various systems are subdivided arbitrarily into as- 
semblies of convenient stages without any interconnection be- 
tween these units. 

2 The equations of small displacements Equations [2] (in ef- 
fect the motional impedance matrix Z and steady-state force 
vector fo) are separately set up for each component stage. 

3 For each different type of governing system the proper 
transformation matrix C is established showing how the com- 
ponent stages are interconnected. In the general case (as in the 
flyball governing system) this C is a function of the variables z. 

4 The Z and fy’ tensors of the resultant systems are found by 
the following laws of transformations 


oc, a ) 
C,ZC + fo Za = ZapC a’ C 8 + or?’ fa 
fo’ Cfo fa’ C*a'fa 


(for proof see Appendix) where Z is the sum of the Z’s of each 
component stage. 

The equations of oscillations are the set of linear equations 

Af’ = Az’ | = Za'p' Ax®’........ [4) 
where the Af’ are known applied forces and Az’ are the unknown 
displacements. 

(c) Itis important to note the following: 

1 When C is a function of the variables, the steady-state 
forces fo must also be known. 

2 When C is a function of time then all p( = d/dt) in Z also 
refer to the C following it. 

These equations and laws of transformations are also used in 
the study of hunting of interconnected rotating electrical ma- 
chines. 

ANALYSIS OF COMPONENT STAGES 
(a) The stages mentioned are built up of a few elementary units 
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in various combinations, For instance, the link mechanisms 


are built up of levers, springs, dashpots. 


The centrifugal-pump governor is built up of levers, springs, oil 


circuits. 


The flyball governor is built up of flyballs, spindle, 


spring. 
In the governing systems under consideration 
there are thirteen such elementary units. 


(b) The stages are analyzed in exactly the same 
manner as the resultant system, namely: 


1 The interconnections between the various 
units of a stage are removed so that only an assem- 
bly of elementary units is left. 

2 The matrices Z and fo are established for each 
type of unit. 

3 For each stage, a transformation matrix C 
is established showing the manner of interconnec- 
tion of its component units. 

4 With the aid of Equations [2] and [3], the Z’ 
and fo’ of the resultant stage are found. 


ANALYsIS OF ELEMENTARY UNITS , 


(a) The basic equations for each elementary 
unit must be established from the basic principles 
of physics. For instance, these basic laws are as 
follows: 


1 Newton’s law of motion for the lever. 

2 Hooke’s law for the spring. 

3 The laws of hydraulics for the oil and steam 
circuits. 

4 The Lagrangian equations for the flyball. 


While the previous two steps of establishing the 
equations of the resultant systems and those of 
the component stages are mostly of a routine na- 
ture, this first step of establishing the equations 
of the elementary units requires analytical work. 

(b) If the various types of governing systems 
considered in this paper are subdivided into their 
ultimate structural units, it is found that they 
are composed of only thirteen types of fundamen- 
tal units, as follows: 


1 Six “mechanical” units, shown in Table 1. 
2 Five “hydraulic” units; in particular: 
(a) Three “‘oil circuits,”’ shown in Table 2. 
(b) Two “‘steam circuits,” shown in Table 3. 


3 Two “electromechanical”’ units, shown in 
Table 4. : 


Hence if the basic equations for an accelerated 
motion of these elementary units are established 
from fundamental principles, the equations of the 
resultant systems must follow by a routine pro- 
cedure. 


EQuaTIONS OF ACCELERATION 


(a) The equations of motions, if p = d/dt, are as ° 


follows: 


The lever (assuming only vertical motion) 


109 
The spring 
The dashpot 
TABLE 1 THE SIX “MECHANICAL” ELEMENTARY UNITS 
x 
x 
® x 
> xX f= x Ikid+x) 
x 
2 
x | mp2+r'p x [-mg 
SPINOLE 
© 


FLY- BALL 


p? +4, p 


4mkokd Yo Pp 


p*+rp p- 


TURBINE-SHAFT 


cos 
8 
2mgisin 
r . 
Yo -2mk 
y P 
Ip*+rp+k |-Vv 


TABLE 2 THE THREE “OIL-CIRCUIT” ELEMENTARY UNITS 


fo= 


[DISPLACEMENT PUMP 


by x Y P 
p Z=Y -q fo= Yi-qP 
Pi -! | Tp P 
PILOT- VALVE 
18) \x x P 
P 
y Z= x . -q 
\ P}-Sap| ¥cp OWo/(P2-Po) 
y x Pp 


| | 


| 


CENTRIFUGAL - PUMP 


“xP 
x fg= -Pq 
bep | | P| 


A 
“4 
2k 
- 
: 2 
4 
* 
f = mp*z — mg.............[5] 
° 
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TABLE 3 THE TWO “STEAM-CIRCUIT” ELEMENTARY UNITS 
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The oil circuit in the centrifugal pump 


f 


TURBINE 
L— The steam circuit in the condensing turbine 
P = WpP + @e............ [14] 
h f h 
The steam circuit in the topping turbine (assum- 
Pi- Wp + - P $; ing two steam-storage bowls, each with two differ- 
ent pressures) 
®) (Wi + Ws)pP, + WapP, + 
= WP, + + WepP 
TURBINE pP, + (Wa + Wo)pP, + ¢, 
The electromechanical governor drive, consist- 
h ing of a synchronous generator-synchronous motor 
h set 
= m — 
(Wet We) p+ - f= (Top + TOW {16] 
7 = : “ $ The electromechanical governor drive, consist- 
oPt b D) DF ing of a synchronous generator and an induction- 
Pb dh (W, + W3)P+ Ph motor set 
h Pe Pb f = Top(y™ —W)........... [17] 
fo= | | $b- $e | $1 " Pp (b) In case of the oil and steam circuits there is 


also an applied force upon the piston due to the hy- 
draulic pressure P and equal to 


TABLE 4 THE TWO “ELECTROMECHANICAL” ELEMENTARY UNITS 


(© 


Tp P+T, |-(T\P+T.) 


where g is the piston area. 
q 


STEADY-STATE AND HUNTING EQUATIONS 


SYN. MOTOR + SYN. GEN. 


y9 


For the study of small oscillations, not the fore- 


going equations of accelerations are needed but 


m 
TpP -TpP f 2 y T two other sets derived from the former. These are 
y9 y9 as follows: 
IND. MOTOR + SYN. GEN. 1 The equations of small oscillations. 
2 The equations of the steady motion, upon 
{7] which the oscillations are superimposed. 


The spindle (with two degrees of freedom, namely, rotation and 
linear vertical motion) 


T=Ipy+rpy 
f = mp*x + r’px 


The flyball (with two degrees of freedom, namely, rotations 
around a vertical and a horizontal axis). 


Ty = + ny 19) 
To = 2m(l6 — kk'p? + gl sin 6) + 
The turbine shaft 
ipo + + PV...... [10] 
The oil circuit in the pilot valve * 
[11] 


The oil circuit in the displacement pump 
apy — cpz — by (P — Py)'/* = 0.......... [12] 


Both the steady-state and hunting equations may be derived 
from the equations of acceleration previously given, in par- 
ticular: 


1 The steady-state force equations are derived by giving the 
variables x their steady-state value (which is usually a constant 
or zero). 

2 The hunting equations are found by replacing each variable 
x by x + Az, then subtracting the steady-state force equations 
and neglecting second-order terms. . 


The steady-state equations cannot be expressed as linear fulne- 
tions of the variables, hence they are represented as a vector fo 
with as many components as there are degrees of freedom. On 
the other hand, the equations of hunting always may be expressed 
as a set of linear equations Af = Z Az in the variables Az, hence 
they are conveniently represented in the form of a matrix Z (not 
containing Afand Az). 

For each of the thirteen elementary units, the fo vector and 
the Z-matrix are shown in Tables 1 to 4, inclusive. 

From this point on the method of reasoning will be purely 
tensorial. However, it is emphasized that, even in the estab- 
lishment of the equations of the elementary units, it is possible 
to use tensorial methods if the problem requires it. 
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2 THE COMPONENT STAGES 
INTERCONNECTION OF ELEMENTARY UNITs 


From the equations of the thirteen elementary units given in 
Tables 1 to 4, inclusive, the equations of the various stages are now 
to be established. Three examples will be shown in detail, as 
follows: 


1 The link mechanism in Fig. 1. 
2 The flyball governor in Fig. 5. 
3 The displacement-pump governor in Fig. 4. 


The connection matrices C and final equations (or rather fo 
and Z) of several other stages are shown in Tables 5 to 7, inclusive. 


Tue Given Link System To Be ANALYZED 


The problem now is to establish fy and Z for any complicated 
link mechanisms which occur in the governing systems under 
consideration. It will be assumed for simplicity that the motion 
of each bar is only vertical, and all rotary motions are negligible. 
As an example the link mechanism in Fig. 1(6) will be analyzed. 

The system consists of six bars and one spring, and is supported 
at four fixed points. If the displacements of two points are 
known, then the displacements of all other points are also known, 
hence the system has two degrees of freedom. 

The Z and fy Matrices of the Primitive System. The first step 
in the analysis is to remove all interconnections between the bars 
and the springs, so that six independent bars and one spring are 
left, as shown in Fig. l(a). It is easy to set up the equations of 
small displacements, that is, the Z- and f-matrices of this simple 
system of bars and springs having no interconnection. 

The assemblage of these individual bars and springs.will be 


called the “primitive”? system. Its impedance matrix is 


L 2 3 4 5 6 7 


2 map? | 

i 


| 


2| | 119] 


5 | | msp? | 


feel map 


6 | | mep? | 


7 | 


The steady-state force vector (containing all constant forces) is 


1 2 3 4 5 6 7 


x ix? 
4 e 


a) THE “PRIMITIVE” SYSTEM 


Fie. 1. Given Link System 


where d is the displacement of the spring at x7 = 0, and 2x,’ is the 
additional steady-state displacement of the spring due to the 
weights, ete. 


Connection Matriz C. (a) The next step is to show mathemati- 
cally how the bars and springs are interconnected. For this 
purpose there will be established the ‘connection matrix” or 
“transformation matrix’? C. Each different interconnection has 
a different C. 

Matrix C is found by establishing first a relation between the 
displacements x of the primitive system and the displacements 2’ 
of the connected system. The primitive network may have seven 
different displacements 


1 2 3 4 5 6 7 


while the connected system may have only two different displace- 
ments (arbitrarily selected) 


l 2 


In other words, the problem is to express z', x*, x3, x4, x5, x4, 
and x? in Fig. 1(a), in terms of z and y in Fig. 1(b), by comparing 
the two figures. 

(b) Five of the old variables may be expressed in terms of z 
only (x', x?, x3, x4, 27), one in terms of y only (2*), and one in 
terms of both z and y (x5). Hence by inspeetion 


xz! = (I;/L) = a, 2 
x? = (l/h) = 
z* = (Isls/ljle) = aga 123) 
z= yY=a,r+ ay | 
+ ly) lio(ls + ls) 
= (ly/le) y = ary 
xz? = (l/h) = 


Considering the floating bar No. 5, the displacement z° has to 
be expressed first in terms of auxiliary displacements at the two 
ends, say, u and v, then these u and v may be replaced by their 
values in terms of z and y, that is, from Fig. 2. 


4 


b) THE RESULTANT SYSTEM 


“AS 
| 
= 
al 
x74 
x 
4 
bi 
6 
5 10 y 
Ln 
2 
AL. 


112 


JOURNAL OF APPLIED MECHANICS 


TABLE 5 STAGES IN GOVERNING SYSTEMS 


ay, = / 
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TABLE 6 STAGES IN GOVERNING SYSTEMS 


CENTRIFUGAL- PUMP GOVERNOR 


CONDENSING TURBINE 


© © 
y th 
4 x p y h p 
¥ -V 
Z=x mp*+rp+k]| -c Z=h 
x p h Pp 
fo +k (d+x) Pawo fo +GP 
ELIMINATING P ELIMINATING P 
Ty th 
y x y h 
y y rp+k BYWo(Ts p+!) 
x |2ac Wop |mp+(r-bc*) p+k h 
y x y h 
-ca ¥2 -mg fi. P, 
il +k(d+x) ° +ry 
a? 


= SLOPE OF "POWER VS. LIFT” CURVE 
Ts= W/G= TIME-LAG OF STEAM 
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STAGES IN GOVERNING SYSTEMS 


TOPPING TURBINE 


y x h Pe 
[1p2+r,p +k, 
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(Wo +We)pt 
_ DP - 
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OP, 
~cPe-mg 
f,= +k (d+x)- +, (P,, P,). 
Eliminating Pe & Pr 
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ptk, 
2 dpt+e 
fp?+hp +i 
h 
x h 
° 
= try m,a+k(d+x) 
a>, ap 
(We We) f = + We)(W,tW,)- Wy Ws 


JUNE, 1948 


| 
Aig’ 
| 
G 
x ) : 
| 
4 
be 
od 
we 
Te 
SSE 
a 
| 
7 


where 


KRON—TENSORIAL ANALYSIS OF CONTROL SYSTEMS 


115 


Performing the multiplication for Z’ in two steps, first C,Z is 


| 


aymyp? | | | agmgp? asmsp? | 


| 


| agmsp? | 


azmep? | 


(c) The matrix of transformation C is established by arrang- 
ing the coefficients of x and y in the form of a matrix as 


ry 


The second step is 


(a;?m, + + a3?ms3 | 

| 

+a,?m, + a;?m;)p? + as*k| 


ime 

2ta:| z | 

C= 4 a [26] y | 

5 | dy | ds 

| 

7\a| | in Fig. 1. 


(d) In the general case, the matrix of transformation C is 
always found by establishing a relation between the velocities 
i! of the primitive system and the velocities of the new system 
was 


tion [20] 


7 

= ae 1 

= 2 fo = 
a3z 3 | a3 


= ag . [27] 
= + 5 | as | | 
ayy 6 y 
z? = ag 


and to arrange the coefficients of the new velocities in an array. 
However, the two arrays are the same in the present case, since 
the coefficients are all constants. 


Therefore in this special 
case the transformation matrix reduces to a relation between 


displacements.* In other words, the matrix of transformation C ; ad 
always represents thescoefficients of the new velocities, and, when fu = 
the coefficients are all constants, it is sufficient to consider only y 


the coefficients of the new displacements, 

The Z' and fy’ Matrices of the Connected System. Once the 
transformation matrix C has been established, finding Z’ and fo’ of 
the connected network is purely automatic. It consists only of 
matrix multiplication. In particular, the following transforma- 
tion formulas are valid (for proof see the Appendix). 


| 


ds | ay 


representing the impedance matrix of the given link mechanism 


The multiplication could also have been performed by finding 
first ZC, then C,(ZC) in the order shown: 


The force vector fo’ is found by C;fo where fo is given in Equa- 


—mg | —m3g —msg|—meg k(d + 20’) 


—y(aym, + + + + asms) + ask(d + 297) 


— g(agms + az me) 


representing the steady-state force vector of the given.system. 
However, fo’ still contains 29’, an old variable whose value in 
terms of new variables is from Equation [23], z7 = asr. Hence 


.[32] 


+ ame + + + asms) + ask(d + 


— g(agms + 


THE FLYBALL GOVERNOR 


-[33] 


The flyball governor is an assembly of three elementary parts 
as shown in Fig 3(a), namely, the flyball, the spindle, a spring. 
The Z- and fo-matrices of the primitive system are 


Z' =CZC + [28] 2myko2p?’ + rnp | Amikoko'y op 
= \2myl,2p? ri'p 
| —4mikoko'y op |+2gmil; cos 
| fo’ fo SoC | [29] Z= o?( Koko” 
+ko’?) [34] 

Since in the present example the com- 
ponents of C are all constant, 0C/dz is zero, 4 - —|— 
and the second term drops out leaving : mop? + T2'p| | 


That is, Z of Equation [19] is multiplied by 


ve 


T2 


C of Equation [27] twice in succession, and fo 
of Equation [20] once. 


f= [nv 1 | —2m,(koko’ Yo? — hg sin y2 | + z:)| ... [35] 


. 
L+h found 
hs bb 
3 
[31] 
ay | a2 | ds | | | 
mee [as | 
Z3 | k 
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The resultant system has only two variables, ¥ and @. The 


relations between the old and new variables are 
tz = fo(0) | 
= fils) | 
where fo(@) is a function of 6, which may be assumed to be fo = eS 
Isin @. Also, a + 6. 
The relations between the old and new velocities are a) THE “PRIMITIVE” SYSTEM b) THE RESULTANT SYSTEM 
Fig. 3) GOVERNOR 
vw | 6 
6 = 6 . | 
fl| | .....-. [37] fo = 0 + k(d [41] 
where z2 = fo by Equation [36]. The resultant Z’ and fo’ are 
6 
+ + rap Yop 
| (2myl,? + mef"*)p? + (ri + 
| —4mkoko’ pop +2m, (gl, cos — Yo?(koko” + ko’*)] 
oc _ [38] +hef’2 + fo"[—mag + k(d + fo] (42) 
060 
= fo” 6 
So’ = | (ri + 2mi(Koko’ Yo? — gh sin + fo'[—mag + k(d + 
where, approximately, fo’ = 1 cos % and fo” = —/sin %. The DisPLACEMENT-PuMP GOVERNOR 
coefficients of the new velocities give the transformation matrix The displacement-pump governor assembly consists of six 


C. It should be expressly noted that the coefficients of C are elementary parts as shown in Fig. 4. They are as follows: 


functions of 6, hence 0C’/0@ is not zero. 1 Displacement pump, item (8), Table 2. 


By the laws of transformation 2 Pilot valve, itemi (7), Table 2. 
= rol OF 3 The two arms of the valve and piston, each possessing a 
= + [39] mass and friction. The pilot valve also has spring force ki, item 
’ (2), Table 1. 


4 Twosprings, item (2), Tabie 1. 

In the present system, C is a function of a single variable @ and 5 There is also a lever arm (assumed weightless) with a ratio 
consequently only one column in 0C'/d@ contains nonzero com- 
ponents, As a result, the product (0C,/00) fo is a ma- The Z and fo matrices of the system before interconnection are 
trix whose components are 
all zero except the single 


column of 6. (In the general vy | 

cake, when C is a function of 

several variables, 0C,/0@ is a 

cube for each system and 1 = ae, 

(0C,/26) f is a matrix with 

several rows and columns.) 2 
q2 

vat: mp? + np + 
| | 
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QP» ayo | ko( 22 
= ; .. [44 


as follows 


The interconnected system Fig. 4(b) has five variables in place 
often. The relations between the old and the new variables are {~ 


P2 


.. [45] 0) THE “PRIMITIVE” SYSTEM b) THE RESULTANT SYSTEM 


Fic. 4 DispLAcEMENT-PuMP GOVERNOR 


velocities. All its coefficients are constant. 


and C, fo 


The relation among the velocities is the same as that between 
the displacements. C represents the coefficients of the new _ latter. 


The Z’ and fo’ matrices of the governor assembly are by C,ZC_ —_ equations of four other systems are shown in Tables 8 to 11, in- 


3 THE RESULTANT SYSTEMS 


Tue Z anv fo MATRICES OF THE Primitive System 


When the Z and fy matrices of the various types of component 

, stages are known, they may be combined into a large number of 
governing systems, or rather into the Z and fy matrices of the 
The establishment of one particular governing system 
will be shown in detail, while the C tensors and the resultant 


clusive. 


x? Pi 


| 


mp? + rip + ki + ks + 


kab, 


kab, 


Zi’ | Z' 


+ rep + ky | —e = 


. - [46] 
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a — Po) 


P? 


| cP? — mq + kids|eP’— mg | |ay —by rr ex 
=> ee 4 . 
+habi(ds + 220) | + 220) | | P, — P,)'/7 | 


the resultant is 


The pressure on the piston P; and AP? play no part in the analy- 
sis, hence they may be eliminated. Using the formula? 


4g) may be subdivided into six component systems forming the 


Let the flyball governing system in Fig. 5 (containing a stabi- 
lizer in which the flyballs are electrically driven), be analyzed. 


primitive system containing the following: 
1 Flyball governor (Fig. 3). 


x? 


mp? + [rn + (Ps — ye?/a pop 


P) 


7} 
= c(a — b)’ + cP? — mg |eP!'— mg | 
+ kabi(da + 220)| +hs(ds + 220) 


* “Tensor Analysis of Networks,”’ by Gabriel Kron, John Wiley and 
Sons Inc., New York, N. Y., 1938, p. 249, Equation [10.18]. 


Link mechanism, item (1), Table 5. 
Pilot valve, item (3), Table 5. 
Condensing turbine, item (5), Table 6. 
Stabilizer, item (2), Table 5. 

Electric drive, Table 4. 


- [50] 
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Each of these component systems has a Z and an fy matrix 
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TABLE 9 


CENTRIFUGAL -PUMP GOVERNING SYSTEM 
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TABLE 10 GOVERNING SYSTEM CONSISTING OF FLY 
AND TWO PIL 


OT VALVES 


‘BALL GOVERNOR, STABILIZER, ELECTRIC DRIVE 


FLY- BALL GOVERNOR + STABILIZER + ELECTRIC ORIVE + TWO PILOT VALVES 
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TABLE 11 
COMBINED PRESSURE AND FLY-BALL SPEED-GOVERNING SYSTEM 
24 cee 
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while the given system has only six degrees of freedom and six 
variables 


These are as follows: 


Difference of pressure on piston, P. 

Angular displacement of motor drive, y’”". 
Angular displacement of generator drive, ¥. 
Angular displacement of flyball, 6. 

Linear displacement of stabilizer arm, z. 
Linear displacement of turbine valve, h. 


oon WN 


Each of the old variables may be expressed in terms of one 
of the new variables, except the pilot-valve displacement 2s, 
which must be expressed in terms of @and xz. These relations are 


6 =80 
z' = /lsin 6 

= 

z= — = sine — 

p=pP (55) 
v=y 

zi=h 
var 
yp 


In the equation | sin @ may be replaced by the single symbol 
f. 

Since the coefficients are not all constants, but some are func- 
tions of the variable @, it is next necessary to set up a relation 
between the velocities by differentiation, hence 


= bl cos — bet 
h 
P= Pp 


= h 
yn 
= ye 
where / cos 6 may be denoted by f’. 
The components of C are functions of 6, hence 
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Pw 0 4 h 


x! sin 


x —b, l sin @ 


[57] 


where —l sin @ may be denoted by f’. This matrix has nonzero 
components only along the column @. 
Z’ AND fo’ MATRICES OF THE GIVEN SysTEM 
The impedance matrix Z’ of the given system is found by 


where Z, fo, C, and 0C’/d@ are given in Equations [51], [52], [56], 
and [57], hence 


A | B | 
—|-|— 
| | |e Bleos@| —F 
|__| _Fteose | —@ | | 

Hb, lcos@| H 
| | |Kblcos6| Kh | L | ....{59) 
|) 
PQ. 


6 1 
l cos 6 


x? b; cos 6 by 


.. [56] 
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Py yp 0 z h 
M l cos 6 Hb " 
0 D + (l cos + Hb,?)\l cos — F) 
of Leos —F) G+ | Q 
hid Q 
6 
fo0C/00 = 6 | sin 0 (b + db) |} ......... [61] 
Adding this term to the row and column of @ in C;ZC, the resultant Z’ is 
Py wp 6 h 
| 0(6 + dby) cos 6(Hb,b, — F) 
= l cos 0(Hb,b: — F) G+ P+ Q 
h | Q 
It is interesting to note that in the equation Af = ZAz, the The law of transformation of Az is 
equation of the piston (row h) may be left out, and the value of 
the remaining variables may be calculated from the remaining ox ox* Ar®’ = 
equations, that is, in the equations of governors, the columns of ox’ | oxr®’ 
P (piston pressure) and the rows of h (piston equations) may be ek rer [65] 


left out. 
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Appendix 
Tue Law or TRANSFORMATION OF Z 


(a) The equation of small oscillation of a dynamical system 
may be written as a set of linear equations 


df | Zap = Af®........... [63] 


Let a new set of variables 2’ be introduced, x = f(x’), which 
keeps the instantaneous power input invariant, that is 


Because of the invariance of the power input, the law of trans- 
formation of f is 


and the law of transformation of Af is 


fa = Ca®’fa’ 


Af = C,7 Af’ + AC,— fo’ | Afa = Ca® Afa’ + ACa®’ fa’ 


Substituting Ar and Afinto Equation [63] 


ZC Ax’ = Af’ + fo! 


Multiplying by C, 
C,.ZC Az’ = Af’ + C, AC,—' fo’........... [66] 
C,~' in this equation cannot be established if C is singular. 
Hence C,~! must be eliminated from the equation. Let 
C-!C =I] (unit tensor) | = Ig*’..... [67] 


=0 = AC 
Hence 
C, AC,-! = —AC,C,-! | Cg ACa®’ = —ACg“Ca*’. .(68] 
Also 
Seo Cfo | fa? [69] 


Substituting these last two equations into Equation [66] 


C, AC.—' fo’ = —AC,fo = —foAC 


. en 
: 
« 
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Hence the new form of Equation [66] becomes 


C,ZC Az’ = Af’ —fy AC = af — Ar’.....[70] 


or in its final form 
(czc + fo Az’ = Af 

If the law of transformation of Z is 

oc tot Wa’ 

Z = CLC + Za's = Ca*ZapCa’® + fa 
.(71] 
then the new equation of small oscillation is 
= Af’ | = [72] 


(b) If the components of C are functions of time, then in the 
product C,ZC all components must keep their proper order, and 


p = d/dt contained in Z refers to all quantities to the right of 
them, namely, to the components of C and of Az’ (but not to the 
components of C;). 

(c) If the applied steady-state force f’ is a function of the 
variable z, then 


where F is any applied oscillatory force. Hence in such a case, 
the law of transformation of Z is 


Z C,ZC + fo [74] 
re) 
Za's’ = + fa 


In the governing systems under consideration, the applied 
steady-state forces are not functions of the variables, hence 
of’ /dz is zero. 
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Impact of a Mass on a Damped 


Elastically Supported Beam 


By W. H. HOPPMANN, 2np,? BALTIMORE, MD. 


In this paper a study is made of the problem of the cen- 
tral impact of a mass on a simply supported beam on an 
elastic foundation with considerations of internal and 
external damping. The differential equation for the 
forced vibration of the beam is developed. It is solved 
for the case in which the force is a function of time and is 
concentrated at the center of the beam. Formulas are 
obtained for the deflections. An expression is developed 
for the coefficient of restitution which is essential in deter- 
mining the deflections and the strains. Criteria are de- 
vised for determining the cases in which the beam may be 
considered as a single-degree-of-freedom system when 
damping and an elastic foundation are considered. The 
importance of these criteria is discussed. A numerical 
example illustrating the theory developed in the paper is 
worked out in detail. Results of computations for several 
numerical solutions are given in tabular form. 


NOMENCLATURE 
The following nomenclature is used in the paper: 


mass of body that strikes beam 
velocity of body that strikes beam 
coefficient of restitution 
Young’s modulus of elasticity 
mass per unit volume 
Poisson's ratio 
length of beam 
area of cross section of beam 
moment of inertia of cross section of beam about 
neutral axis 
z = distance from neutral axis in plane of cross section of 
beam 
M = reduced mass of beam (one half total mass) 


m 


k = modulus of elastic foundation in force per unit 
length of beam per unit deflection of beam 
k 
= 
_kl 
Ele 


¢, = coefficient of internal damping 
¢: = coefficient of external damping 


‘From a thesis submitted in partial fulfillment of the require- 
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R, = radius of curvature of beam at location z along beam 

[EI 
pA 

n = number of nth mode of vibration of beam 

p, = circular frequency of nth mode of vibration of un- 
damped vibration of beam 


| 
= 


1 
5, 2 + le 


8, = 6,/p, = fractional damping factor of nth mode of 
vibration of beam 
t = time 
F(x, t) = driving force assumed to be acting at any point z 
along beam at time ¢ 


f(t) = driving or contact force at center of beam during 
impact 
= —-~———- = “normalized” force acting at center of 
mvo(l + e) 
beam 
¥,(t) = Hertz normalized force 
F,(t) = Lee normalized force 
7, = length of time sinusoidal pulse is assumed to act on 
beam 


7, = period of nth mode of vibration of beam 
1’, = period of fundamental mode of beam 
= (Ll + e) 
E*>x = sum of potential energy and kinetic energy in beam at 
end of contact between mass m and beam (t = T'z) 
U* = energy dissipated by damping during time of con- 
tact of mass m and beam 
’ dimensionless factor proportional to E* px 
v,, = dimensionless factor proportional to U * 
Q, = 
us 
w(z, t) = deflection of beam 
w(x, t) = deflection before end of impact 
ws(2, t) = deflection after impact 


INTRODUCTION 


Hertz (1)* developed a theory of impact to determine the 
motion of two solid elastic spheres which collide with one an- 
other. The theory is based upon the results of his investiga- 
tions of two elastic bodies pressed against one another under 
purely statical conditions. For these static conditions he de- _ 
rived the relation between the sum of the displacements at the 


3 Numbers in parentheses refer to the Bibliography at the end of 
the paper. 
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point of contact in the direction of the common normal and the 
resultant total pressure. If the elastic bodies are two solid 
spheres, the sum of these displacements is equal to the relative 
approach of the centers of the spheres. The relative approach 
varies as the two-thirds power of the total pressure. Assuming 
that the spheres act as rigid bodies, except for elastic compres- 
sion at the point of contact, he developed a formula for the 
duration of contact. In order that such a theory be valid, it is 
essential that the duration of contact be large in comparison 
with the period of the fundamental mode of vibration of either 
sphere. 

Rayleigh (2) investigated the Hertz theory of impact to deter- 
mine its range of validity. He examined the possibility of the 
excitation of vibrations in the spheres and found that the ratio 
of the maximum kinetic energy of vibration to the sum of the 
kinetic energies of the two spheres just before collision is approxi- 
mately 


where 

Q = relative velocity of approach 

E = modulus of elasticity of each sphere 

p = density of each sphere : 

V/ E/p = velocity of propagation of dilatational waves in 
spheres 

This ratio is usually a very small quantity, and Rayleigh con- 
cluded that the Hertz theory of impact has wide application be- 
cause under ordinary conditions vibrations will not be generated 
in an appreciable degree. He further states that, in so far as his 
conclusions hold, the energy of the colliding spheres remains 
translational, and the velocities after impact are deducible from 
the principles of energy and of momentum. 

If vibrations are excited in one of the colliding bodies, the 
Hertz theory of impact must be modified in order to account for 
the motion of the two bodies. This is the case if a mass m, such 
as a solid sphere, strikes an extended elastic solid, such as a beam. 
Then consideration must be given to the vibrations excited within 
the beam. 

Timoshenko (3) derived the integral equation for the case of 
the central impact of a sphere on a beam in the following man- 
ner. If F (t) is the force acting between the sphere and the beam 
during contact, the distance traveled by the sphere in time ¢ 
after collision is 


where 


vo = velocity of sphere before collision (beam assumed to be at 
rest) 
m = mass of solid sphere 


The deflection of the center of a simply supported vibrating beam 
under a force F(t) at its center is (3) 


f F(r) sin pa(t — 7) [3] 
fr M Pn 
where 


M = one half of mass of beam 
P, = circular frequency of the nth mode of vibration 


Timoshenko used the Hertz expression for the relative approach 
and hence wrote it 
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where K; is a constant depending on the elastic and geometrical 
properties of the sphere and of the beam at the point of contact. 
Consequently the equation obtained by Timoshenko is Equation. 
[4] = Equation [2] — Equation [3] or 


1 
K, F*/* = uot — — F(r) (t—r)dr 
m 0 
sin p,(t — r) 
if 6 


1,3,5 


Timoshenko (3) solved Equation [5] numerically for two specific 
problems by subdividing the interval 0 to ¢ into smal! elements 
and calculating, step by step, the displacements of the sphere. 
This procedure, because of the excessive time it consumes, is not 
satisfactory. 

Lennertz (4) reduced Equation [5] to two simultaneous alge- 
braic equations for the determination of F(t) by introducing the 
following simplifying assumptions: 


(a) The duration of contact is small compared with the period 
of the fundamental mode of vibration of the beam. 

(b) Only the fundamental mode of vibration of the beam is 
excited by the collision. ; 

(c) The force between the sphere and the beam during contact 
may be considered as a sinusoidal pulse whose amplitude and 
duration may be determined by the two algebraic equations pre- 
viously mentioned. 


No criterion was given by Lennertz to determine whether as- 
sumption (6) is satisfied in any given problem. 

The Lennertz assumption that the fundamental mode of vibra- 
tion is the only one excited by the collision restricts the solution 
to a narrow range of problems in which, while assumption (a) is 
satisfied, the duration is not so short as to be in the range of the 
periods of the higher modes. Other means must be sought to ob- 
tain a satisfactory yet rapid solution of the problem. It de- 
velops that the determination of the coefficient of restitution is 
convenient for this purpose. 

Raman (6) determined the coefficient of restitution for a solid 
sphere transversely striking an infinitely extended elastic plate. 
For that. purpose he used expressions for the loss of energy and 
the change of momentum of the sphere as follows 


2 r 


m =mass of the sphere 
vo = velocity of sphere before collision 
e = coefficient of restitution 
= sum of potential energy and kinetic energy transferred 
from sphere to plate during contact 
I, = impulse integral of force between sphere and plate during 
contact 


| 


The £, and J, were evaluated with the aid of a known velocity 
distribution in the plate at the end of the impact. Raman 
pointed out that the corresponding problem of the impact of 4 
sphere on a bar would be susceptible of stricter analytical treat- 
ment. 

Zener and Feshbach (5) evaluated the EZ, of the Raman solution 
by calculating the sum of the kinetic and the potential energies in 
terms of the unknown contact force. Also, they used J, in terms 
of the contact force as follows 


I, = = +6)... (8) 


3 
: 
> 
1 
vot — — F(r) (t—r)dr.............[2] where 
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They sought a satisfactory approximation to F(t). For this 
purpose a normalized force (t) was defined by 
so that 
{10} 


The value of this integral is independent of the shape of F(t). 
They then prescribed that this normalized force should be such 
that its maximum equal the maximum of the corresponding nor- 
malized Hertz force. In order to be able to perform the neces- 
sary integrations in the problem, a suitable function for defining 
F(t) was chosen as follows 


T 2 2 
and 


>= 


F(t) = 0 f 
F( or 2 


Results for particular problems solved by them in this manner 
agreed excellently with those obtained for the same problems by 
the tedious solution of Equation [5}. 

Lee (7) extended the work of Zener and Feshbach to include a 
determination of the motion of the beam and also to establish the 
formula for the sum of the kinetic and potential energies for each 
mode as the criterion for the applicability of the Lennertz solu- 
tion. 

So far no mention has been made of the effect of damping on 
the behavior of the beam. 
ternal damping in reducing stresses in vibrating elastic struc- 
tures was emphasized by Féppl (11). He concluded that for 
some engineering applications of steel its internal damping 
capacity may be just as important as its tensile strength. 

Unfortunately, at the present time there is no complete and 
satisfactory knowledge of the laws governing the internal damp- 
ing of vibrations in elastic structures. To be sure a large num- 
ber of experiments have been conducted by various investigators 
to determine the rate of decay in free vibrations or the energy 
absorbed per cycle by friction in steady vibrations. However, 
no successful attempt has been made to combine theory and ex- 
perimental results in such a way as to provide a rational basis 
for the design of structures in which vibrations play an important 
role. An illustration of the rieed for a comprehensive theory of 
the vibration of structures, including satisfactory provisions 
for damping, will now be given. 

Symonds and Vigness (16) in connection with an investigation 
on a “drop’-type shock-testing machine solved the Bernoulli- 
Euler beam equation for a horizontal cantilever which, when 
moving in a direction perpendicular to its length at constant 
velocity, has its clamped end stopped by application of a half- 
sine-wave pulse acceleration. The results of their analysis show 
that as the arresting of the fixed end of the beam becomes more 
and more abrupt, the strains at that end increase without limit. 
In the light of laboratory experience this appears unreasonable 
because the actual strains do not become unbounded. 

In an attempt to explain this anomaly, Mindlin (10) investi- 
gated the effect of internal damping by using the Sezawa differen- 
tial equation (8) for the damped vibrations of a beam. He found 
that the strains at the clamped end then become bounded, and 
proceeded to show how solutions of the Sezawa equations may be 
modified so as to give results that are in good agreement with 
certain experiments. 

In this paper a study is made of the problem of the central im- 
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pact of a mass on a simply supported beam on an elastic founda- 
tion with considerations of both internal and external damping. 


STATEMENT OF THE PROBLEM 


The beam is simply supported and affixed to an elastic founda- 
tion idealized as a large number of springs characterized by the 
factor k, called the modulus of the foundation (12). In Fig. 1 
is shown the general arrangement. The springs are assumed to be 


2 
rigi@ 
base of 
2 
Fic. 1 GerenerRAL ARRANGEMENT OF BEAM 


massless and fastened at their tops to the beam and at their bot- 
toms to a rigid base. The y- and z-axes are assumed to be prin- 
cipal axes of the cross section of the beam. The length of the 
beam is along the z-axis. 

The beam is straight and of constant cross section. Its length 
is 1, its cross-sectional area is A, and its principal moment of 
inertia of cross section is J. Also, the beam has density p, 
Young’s modulus of elasticity Z, and Poisson’s ratio v. The mass 
of the moving body which strikes the beam is m. Initially, the 
beam is assumed to be at rest and the mass moving in a direction 
normal to the length of the beam with velocity Vo. 

Internal damping is assumed to be identical with that used by 
Sezawa (8) in the development of his differential equation of the 
free transverse vibrations of a bar. It is completely specified by 
the following formula for the bending stress 


which issimply a special form of Stokes’s law. 
In Equation [12], E is Young’s modulus, ¢, is the bending 
strain, c; is the constant of solid viscous damping, ¢, is the time 
rate of change of ez. 
External damping is assumed to be identical with that used by 
Jeffcott (9). It is simply proportional to the velocity of the 
beam at any given section and the constant of proportionality is 
C2. 
The problem is to find the deflections and the strains in the 
beam. For this purpose the first requirement is to develop the 
differential equation of motion of the beam subject to a force 
F(z,t) which ultimately will be particularized to desc,ibe the 
contact force subsisting between the mass and the beam. 
The vibrations of the mass, in view of the conclusions of 
Rayleigh (2), are considered to be negligible as previously ex- 
plained. . 


DIFFERENTIAL EQuATION OF MoTION or BEAM 


The cross-sectional dimensions of the beam will be considered 
small in comparison with the length, and the effects of shearing 
force and of rotatory inertia will be neglected. The differential 
equation, including the effects of external damping, internal 
damping, and elastic foundation is as follows 


ow 
EI teu + he + = FG, 0)... 


and putting 
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EI Co ol k 


2 = = = - 
a pA’ re pA’ Un pA’ pA 


the required differential equation is 


o‘w ow F(z,t) 
2 — [14 
Inasmuch as the beam is assumed to be simply supported on 
its ends and initially at rest, the boundary conditions and the 
initial conditions are 


w(0, t) = 0 Bl | | 
z=0 


dxdt 
{ 
w( EI — +6 
ow 
(2,0) =0 —| =0| 
| 


If the function F(z, t) is particularized to be a force concen- 
trated at the center of the beam and written as f(f) the solution 
of Equation [14] may be written as follows by separation of 
variables and use of Laplace Transform (15) 4 


(x, t) nar 1 
w(z, t) = sin“ sin 
sin [VV p,? — 6,7 (t— 7)] f(r)dr 


0 


1 
M=- Al 
2? 


where 


Now it is necessary to develop an analytical expression for the 
contact force f(t) in terms of known physical parameters so that 
the integral in the formula for w(z, t) may be evaluated. 

Tue Force or Impact 


One of the conditions which the contact force must satisfy is 
that its time integral for the duration of the impact should equal 
the change of momentum of the striking mass. The change of 
momentum may be written as follows 


vo 


where 


m = mass of sphere 
vp = velocity of mass just before collision 
v; = velocity of mass just after collision 


Using Newton’s definition of the coefficient of restitution 


Equation [17] may be written 


(: = mvo(1 + e) 


and using the impulse-momentum relation 
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To 
S(Ddt = +e) [19] 
where 7» is the time of contatt. 
or 
f(t) 
50 = 
then 
To 


Zener and Feshbach (5) call §(¢) the normalized force and note 
that the value of the integral Equation [21] is independent of the 
function §(t). Only the shape of the function is subject to error 
if an arbitrary function is chosen; &(t) can be chosen in many 
ways to satisfy Equation [21]. Following Zener and Feshbach, 
the Hertz contact theory (1) is used to determine §(!). For the 
case of the impact of a sphere on a beam (Hertz force exponent 
2/3) the use of the theory is discussed by both Zener and Fesh- 
bach (5), and by Lee (7). For the impact of cylinders on beams 
Salvadori (14) developed the necessary formulas. He also dis- 


_ cussed the case of a generalized Hertz force with the exponent 


lving between 0 and 1. 
Accordingly §(t) is approximated by the Hertz normalized 
force F_(t) where 


F_(t) = 


F ,(t) is the Hertz contact force, and Tx is the Hertz contact time. 
For purposes of integration it is advisable to approximate the 
Hertz normalized force by a sufficiently simple analytical ex- 
pression; Lee (7) adopted the following 


< 
F,(t) = ar," t (23] 
=0 t>T, 


It is readily seen that Equation [23] satisfies Equation [21]. 

Now T7, may be chosen so that contact time of Equation [23} 
equals the Hertz contact time, or it may be chosen so that the 
maximum force given by Equation [23] equals the maximum of 
the Hertz normalized force. The latter seems to be the better 
choice as suggested by Zener and Feshbach (5). 

From Equations [20] and [23] the required expressions for the 
contact force which subsists between the mass m and the beam 
during contact is 


at 
S() = + e) oT, sin T, 
=0 t>T 1 


jog] 


Now the deflection formula for the beam is obtained by sub- 
stituting Equation [24] in Equation [16] and performing the 
integration. It will be observed that the deflection still de- 
pends on the unknown coefficient of restitution e. Formulas will 
now be developed so that e may be determined in terms of known 
physical parameters of a given problem. 


ENERGY ForRMULAS REQUIRED FOR DETERMINATION OF 
COEFFICIENT OF RESTITUTION 


Following the suggestion of Raman (6) and its further de- 


velopment by Zener and Feshbach (5), the coefficient of restitu- 
tion will be determined in terms of the energy in the striking 
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mass, just before collision, and the energy given up to the beam 
during contact. 

The potential energy transferred from the mass m to the beam 
system consists of energy of bending and energy of deformation 
of the elastic foundation. 

Noting that 


1 
V, = energy of bending = 2 EI rl (=) as 


1 
k 
V2 = energy of deformation of foundation = ef w'dz 
0 


and 


the total potential energy under consideration will then be 


2 1 
k 
J Vit V; wdz. . [25] 


The kinetic energy in the beam at any time is 


where 


A = area of cross section of beam 
p = mass per unit volume of beam 


then 


Now in order to obtain E*px, Equation [27] will be limited to 
the range 0 to 7’, as follows 


Writing 


and using Equation [16] for the deflection w and Equation [24] 
for the contact force then 


E* px = ; mug? (1 (30) 


48nQnx 
inn — ——— (A sin AT 


— B cos AT,) + (A cos AT, + Bsin | 


2 
sin AT, B cos ary | 


1 
A= {|- 
2 B,Qn 
+ AT 
48,°Q,? + (20/1 — B,2Q,— 
— + 1 
48,°Q,? + (20/1 — + 1)? 


28,9, 
48,°Q,2 + (20/1 — Q, + 1) 


20,71 — B,?—1 


= cos AT 


1— + 1 
+ (2V1— + 1)? 
20,V1—8,?—1 
4 A! + (20/1 — 8,72, — 


2 48,°Q,? + (20/1 — Q,—1)? 


—— in AT 
4B,2Q,? + (20/1 — B82 Q, + 


4 
48,2Q2, + (20/1 — B,?Q, — 1) 


+ (20/1 — + 1)? 
28,9, 
48,20,2 + (20/1 — 6,*Q, — 1)? 
+ | [33] 
+ (24/1 — 8,2Q, + 1)? 


In order to obtain the function U*, it is necessary to calculate 
the work done against external damping and the work done 
against internal damping. The sum of the two will give the 
energy dissipated by damping forces. oe 

The work done against external damping, per unit length of Re 
the beam in the deflection dw is Pete 


Cow = wot = Com?dt 


Hence the energy absorbed in time ¢ is 


U, = dz dt........... [34] 
The work done against internal damping, per unit length of Saw 
the beam in the deflection dw is 


dbw 
and the energy dissipated throughout the length of the beam in 
time is 
= 
Ow . 
= ——-w°dt........ 
Us = 01 > [35] 
n=1 
Then the sum of the energies dissipated externally and internally 
is 
If tis replaced by 7, in Equation [36] then 
[37] 
Finally 
1 m 


where ¥,, is as follows 


1 —48nQnx 4/] — 2 
8 1—8,? 3 + Cs) — Ce? 
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sin? AT, + sin AT, cos AT, + 
V1 — 8? 4Q, 


V1 cos (sin AT, Bho 


V1 — 8,? 


+ CC; {e— 28nQnx + A2) 


8, 


cos ars) + 


sin AT, + (As + Ay) cos AT,] + As + Aa} + GCs 
{e—28nQne [(— A, — Ay) sin AT, + (Ai + cos 
+ A; + As} +°C2C; {e728»Qn* [(— A, + A;) sin AT, 
+ (42 — Ai) cos AT;] + As— Ai} + One 
[(A, — Ag) sin AT, + (As — A.) cos AT,] + A; — Aa} 


Vv 


V1— 8, 


sin 2AT, — cos2 +1 [39] 


and 
2 
48,2Q,? + 
-48,20,2 + (2W1—8,2Q,—1)’ 
+ (2071 —8,2Q, +1)?’ 
Ay = 
48,2Q,? + (20/1—8,?Q,—1)° 
and 
48,°Q,2 + (20/1 — B,7Q, + 1)? 
4Q,2—V1—8,2Q, 
4 8,°Q,? + (2~/1—8,2Q, —1)? 
2 8,Q, 
48,2Q,2 + (2~V1—8,2Q, —1)? 
28,2, 
+ (2V1—6,7Q, +1)? | 
28,0, 
4 8,°Q,? + (20/1 — 8,7, — 1)" 
2 8,2, 
+ (20/1 — 820, +1) 
4 + (2V1—6,2Q, + 1)? 
Q 2? -2-V1 — 8,7Q, 
4 B,2Q,2 + (2/1 —8,2Q, —1)? 


The @, and W,, are plotted in Fig. 2 and Fig. 3, respectively, as 


functions of +/Q, with 8, as parameter. 


Ly 
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8,, = fraction of critical damping 
Q,, = number of vibrations of undamped beam in time 7’; 


Pal’s 
27 


The curves are discussed in a later.section. 


BENDING DEFLECTIONS OF BEAM 


It is necessary to know the coefficient of restitution in order to 
calculate deflections and strains in the beam as may be seen by 
referring to Equations [16] and [24]. This coefficient may be 
expressed solely in terms of #, and ¥, which are functions only 
of the known, parameters 8, and Q,. 

Recalling Equations [30] and [38], the expression for the coef- 
ficient of restitution e can be written 


ne m 
M M 


=. 
M n M } n 


Now the bending deflections and strains in the beam may be 
obtained in the form of infinite series containing only physical 
variables. 

Substituting the first part of the equation for the impact force 
Equation [24] into Equation [16] and integrating, then w, repre- 
sents the deflection of the beam before time 7';. The second part 
of Equation [24] shows that the impact force on the beam after 
Tis zero. Therefore after 7’, the deflection w,, which is really 
the solution for a steady-state sinusoidally time-varying force, 
does not represent the deflection of the beam for the impact 
problem. If, however, we add to w; a solution for the case of a 
sinusoidally time-varying force of the same shape as the original 
but which is 180 deg out of phase in time with it and which be- 
gins at 7’,;, we obtain the correct deflection formula we, for the 
time after T;. Consequently the deflection formulas may be 
written as follows 


[42] 


e 


(1 + e) sin 


2 
At 
1,3,5 2MT, — d*)? + 4d%5,?] [2 8,4 cos 


r 
(25,2? — p,? + A?) sin a] — 26, cos At + (p,? 


7 OS ts Ty....... [43] 


— sin sin 
and 
n 
(1 + e) sin — 


{ § cos AT, 


— ginTL (26,?— p,? + A*) sin AT’, + 28,d] cos At 


[ Asin AJ’, + (28,2 — p,? + 


cos AT, + (26,,?2,— p,? + sin at sin = 


for t = TL [44] 


The bending strains may now be obtained simply by dif- 
ferentiating the deflection twice with respect to the variable 2 


Be 
sa 
or 
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It should be noted that this involves multiplying each term of the 
series by n?, which then makes the resulting infinite series much 
less rapidly convergent and results in relatively larger contribu- 
tions from the higher modes. 


Tue Bream As A ONE-DEGREE-OF-FREEDOM SysTEM 


Lennertz (4) devised an ingenious method for solving rapidly 
the Timoshenko beam impact equation* on the basis of certain 
restrictive assumptions. One of these assumptions was that the 
fundamental mode alone be excited by the impact. Then the 
beam is equivalent to a one-degree-of-freedom system. 

In order to determine whether this basic condition is satisfied 
by any particular beam, Lee (7) noted that it was only necessary 
to determine whether the energy of vibration of the beam was 
confined to the fundamental mode. For this purpose he pro- 
posed an analytical study of the distribution of energy in the 
various modes. This can readily be accomplished as will be 
demonstrated later in the next section. Lee concluded that for 
all practical purposes the beam behaves as a one-degree-of-free- 
dom system if at least 80 per cent of the energy is in the funda- 
mental mode. 

When damping is considered, another reason for wanting to 
know whether a given beam is equivalent to a one-degree-of- 
freedom system is that calculation’ may be shortened, and, in 
particular, the time for maximum deflection and strain can be 
computed readily. 


DISTRIBUTION OF ENERGY IN VARIOUS MODES OF VIBRATION 


It may be seen from Equation [30] that ©, is proportional to 
the sum of the potential and kinetic energies in the nth mode of 
vibration at the end of the impact. In Fig. 2, ©, is plotted as a 
function of +/Q, with 8,, the damping factor, as a parameter. 


‘ Bibliography (3), sec. II, p. 4. 
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Recalling that Q, is (p,7',)/(2z), it is seen that for each circular 
frequency, p,, and a given 8,, a value of #, is determined. The 
curve for 8, equal to zero is given by Lee (7) and called by him 
the energy spectrum of the beam. In accord with this notion 
Fig. 3 gives the energy spectra in the case of damping. 

The percentage of energy in any particular mode of vibration, 
such as the kth, is given as follows 


®,, 
1,3,5 


Curves ®, in Fig. 2 give a complete idea of the distribution of 
energy (sum of the potential energy and the kinetic energy) in 
each mode of vibration at the end of the contact between the 
striking mass and the beam. In like manner the W, curves in 
Fig. 3 give the energy dissipated by the damping forces in each 


10 


& 
w 
w 
4 
2 
Vv Q, 
Fic. 4 Ratio or ENeray 1n Turrp Mope To Enerey in FunDa- 
MENTAL 


(y:= dimensionless foundation parameter.) 


mode of vibration during the time of contact (¢ = 0 tot = 7T7;). 
The function ®, and W,, can be used for solving the impact prob- 
lem for a simply supported beam under the following influences: 
(a) Elastic foundation; (6) internal damping; (c) external 
damping and any combination of (a), (b), and (c). 

It is necessary to know only the undamped frequencies, the 
physical damping constants, and foundation stiffness factor. 
The Q, has been given previously, and the required 8, values are 
obtained as follows. Recalling expressions [16] and the definition 
of 8,, then 


It may be recalled that 


r; = internal-damping constant 
r, = external-damping constant 
7, = foundation constant 


In particular, if y; = 0 andr, = 0 then 


rene? 1 7; 


1 
Pp, = const X p, 


and if y, = Oandr,; = 0 then 


100 
> 
9 
rat 
ery 
~ 
: 
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In general one might consider the case 
8, = const X p,% 


It is interesting to note that 8, equal to a constant for all 
modes (N = 0) was used as an hypothesis by Mindlin in connec- 
tion with the Vigness and Symonds problem previously dis- 
cussed, and resulted in mathematical predictions that conformed 
well with his experimental results. 

Therefore the #, and ¥, curves can be used to account for the 
effect of the various types of damping as well as for the effect of 
an elastic foundation on the energy distribution in the several 
modes. 

The beam does not absorb energy for large values of Q,, that is, 
when the fundamental period of the beam is small compared 
with the time of contact. In particular if Q; (the fundamental) 
is much larger than unity, the beam absorbs no appreciable en- 
ergy. This is in accord with the conclusions of Rayleigh con- 
cerning the impact of spheres. 

The dispersive effect of elastic foundations on the energy 
distribution in the various modes of vibration may be readily 
studied from the function @,. In the following an examination 
is made of the particular case in which there is no damping, 6, 
equal to zero: 

From Equation [16] 


Is v1 
and putting 
kl+ 
the frequency may be written 


Since 8, is assumed to be zero, the formula for ®, from Equation 
[31] becomes simply 


ra 1 + cos 2x Q, 
n 2 (4Q,2— 1)? Ee eee 


Since #, is proportional to the energy in the nth mode, the 
ratio of the energy in the nth mode to the energy in the funda- 
mental is 


Ei (1 +cos2rQ,) (4Q,?—1)* 


and 


Equation [49] has been plotted in Fig. 4 for n = 3, with y: as a 
parameter. 

Lee (7) showed that the Lennertz approximate solution (4) of 
the beam impact problem in the case of a simply supported beam 
is valid for values of ./Q, between 0.3 and 0.5. Now it may be 
observed that this range is reduced if the beam is affixed to 
elastic foundations. This is so because the frequency of the 
fundamental approaches the frequency of the third mode (n = 3) 
with increasing foundation stiffness as can be seen from Equation 
[47]. The energy in the third mode increases in comparison 
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to that in the fundamental as shown in Fig. 5. The frequencies 
of the higher modes are little influenced by the presence of the 
elastic foundation. For example, if y: = 7, the frequency of the 
fundamental is increased by about 183 per cent, the frequency of 
the third mode by approximately 4 per cent, and the frequency 
of the fifth mode by '/, of 1 per cent. 

In order to obtain some idea of the effect of yz on the stiffness 
of the system, the following approximate formula for the deflec- 
tion caused by a static force P when y: < 10 is deduced from 
Timoshenko® 


Hie 
“- v2 = 0, we have the approximate deflection formula for a 
force P at the center of a simply supported beam. 
If = 10 


Ele 
or less than 10 per cent of the deflection of the beam when yz = 0. 


Tue LenNeRTZ APPROXIMATE SOLUTION 


As mentioned previously, Lennertz (4) obtained an approxi- 
mate solution of the Timoshenko integral equation (3) for the 
impact of a sphere at the center of a beam on the basis of three 
assumptions. One of these was that the force of impact could be 
represented as follows 


where the K and ) are evaluated in terms of known physical 
parameters by substituting Equation [53] in the Timoshenko 
equation and integrating. Fortunately, he was able to replace 
the resulting equation in F by two simultaneous algebraic equa- 
tions for the determination of K and X. 

Now when damping is considered, the integral equation for 
the impact of a mass on a simply supported beam is obtained by 
replacing the integral which represents the displacement at the 
center of the beam in the Timoshenko equation by Equation 
[16], developed herein for the deflection of the damped beam, 
with z equal to 1/2, as follows 


m Jo 
1 sin p,?— 6,2 (t—r)dr 
F(r) 
1,3,5 0 


. (54) 


V —8,? 


The quantities in Equation [54] have been defined previously 
and are given in the nomenclature. 

If F is defined now by Equation [53], the integrals in Equation 
[54] can be evaluated. Unfortunately, the resulting complicated 
equation cannot be replaced by two simultaneous algebraic equa- 
tions for the determination of K and i. 

If damping is considered, a solution of the problem, even when 
the beam is equivalent to a one-degree-of-freedom system, can 
be obtained at present only by the complicated step-by-step 
method used by Timoshenko (3), or by the method presented in 
this paper. 


NUMERICAL EXAMPLES 


In order to illustrate the theory developed in this paper, the 
details of determining the deflection and the strain for a simply 
supported steel beam struck by a steel sphere will now be given. 


5 Bibliography (13), Equation [176], p. 370. 
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The beam is of constant rectangular cross section. It is 104 
n. long, 10 in. deep, and 1 in. thick. The sphere weighs 50 lb 
and strikes the beam normally with a velocity of 5fps. For both 
beam and sphere Young’s modulus is 30 X 108 psi, Poisson’s 
ratio is 0.3, and the weight per cubic inch is 0.2836 lb. 

Two separate cases will be considered as follows: 


(a) Beam attached to elastic foundations. 
(b) Beam subject to internal damping. 


For case (a), assume a foundation modulus k such that y: = 
1. Then the frequencies of the symmetrically vibrating beam 
are in radians per second 


E. 
(I! +1) = 750 


+ 
Ps 


and 


1) = 4805 


and 
l4pA 


+ 1) = 13,270 


Now it is necessary to compute the value of the parameter 
T,. As explained before, the maximum of the normal- 
ized force will be taken equal to the maximum of the Hertz 
normalized force. According to 8. Timoshenko® the relation- 
ships necessary to compute the maximum normalized Hertz 
force and the Hertz contact time 7’, are given. 

The expressions for Hertz force and time of contact are found 
as follows 


Fy = na’/? 


and 


dt = 


= Hertz contact force 
n = constant 
nm, = constant 
@ = a(t) = distance sphere approaches beam 
v = velocity of sphere before collision 


Then 


putting 


where a, = maximum distance of approach. 


Then 
0 Jo 


using Equation [22] the maximum of the Hertz normalized force 
may be written 


_ 


* Bibliography (17), p. 351. 


5 vo 


F y(t) max 5 


and according to Timoshenko* 


Maximum of $g = 


Ty = 2.94 = 
Vo 
So 
FA(max) x Ta = 1.8375 
and 
‘ 1.8375 
Himax) 
Putting Faymax) equal to the maximum of §;,(?) 
from Equation [23] 
A(max) >= Tx = JL(max) 


So T, = 0.855 Tg the required relation. 

From Timoshenko,* the following expression for the Hertz 
contact time may be deduced 
fm? (1 


2 
Vor E 


rf. (1 —»?)2 
vor E? 

From this expression the value of T;, may be computed for 
the numerical example under consideration. * Itis 


and consequently 


T, = 3.28 


T, = 4.83 X 10-* sec 


Now the values of Q, may be computed. Recalling the ex- 
pression for Q,, 


= 
and using the values of P,, and 7’, just computed 
VQ: = 0.240, VQ; = 0.607, and +W/Q, = 1.010 
From Fig. 2 and Fig. 3, with 8, = 0, it is found that 
= 0.99, d; = 0.78, and = 0.10, = 0 approx. 


whereas 


X 1.87 


x 1.87 


= 0.222 


Now all of the quantities in Equation [44] for the deflection 
are known and the maximum deflection may be computed. The 
results are shown in Table 1. Also the maximum bending 
strain at the midsection of the beam may be computed. The 
results are given in Table 1. 
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TABLE 1 SUMMARY OF ATED RESULTS FOR 104-IN 


DAMPING | EXTERNAL | INTERNAL | ELASTIC | COEFFICIENT] MAXIMUM | MAXIMUM 
ALL MODES 8, B. INCHES 
° ° ° 22! 52 468 
° ° 222 035 4.06 
° ° ° 3 227 027 367 
5 229 02! 338 
° ° ° 10 235 008 2.83 
° ° ° 261 .044 405 
° ° 002 ° 218 366 
poz | ° 220 os! 454 


The second case for consideration is that for the beam subject 
to internal damping. 


The values of V/ Q, are as before 


V/Q: = 0.202, +/Q; = 0.606, and +/Q,; = 1.01 
Assume that 8; the fractional damping factor for the first mode is 
0.002. Then that for the third mode is 3? X 0.002 or 0.018, 
and that for the fifth mode is 5? X 0.002 or 0.050. 

Entering Fig. 2 and Fig. 3, respectively, on curves correspond- 
ing to the proper 8, parameter, then 
= 0.98, = 0.76, and = 0.08 
and 


Vv, = 0.001, ¥; = 0.025, and YW; = 0 approx. 


VARIATION OF DISPLACEMENT AT 

CENTER OF BEAM 

INTERNAL DAMPING 


FIRST 
MODE 


| 
| 


i THIRD MODE 


Fic. 5 VARIATION OF DISPLACEMENT AT CENTER OF BEAM 
(Internal damping, 6: = 0.002). 


° Le} 
TIME X 10", SEG 
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Hence 


The parameter 7’, is the same as for the first two cases treated 
It is 
T, = 4.83 X 10-4 sec 


Now all of quantities required in order to compute deflections 
are known. The deflections at the midspan have been computed 
and plotted as functions of time for each of the modes in Fig. 5. 

The bending strains at the top and bottom surfaces of the 
section at the midspan have been computed and the results are 
shown in'Fig. 6. 


VARIATION OF STRAIN IN OUTER FIBER 
AT CENTER OF BEAM ° 


INTERNAL DAMPING, 


STRAIN X 10° 


| 
=. 
| 
| 


Ss 20 
TIME X SEC. 


Fic. 6 VARIATION OF STRAIN IN OUTER FIBER aT CENTER OF BEAM 
(Internal damping, 6: = 0.002.) 


Table 2 gives results of computations with methods developed 
in this paper for a beam equivalent to a single-degree-of-freedom 
system. The same problem was analyzed by Timoshenko (3) 
for the limited case of an undamped simply supported beam. His 
results are also included in the table. The beam is of constant 
cross section, 1 cm X 1 cm, and is 15.35 cm long. The striking 
body is a sphere of radius 1 cm moving with a velocity of 1 cm 
‘per sec. Both beam and sphere are of steel with Young’s modu- 
lus 2.2 X 10% kg per sq cm, Poisson’s ratio 0.3, and specific gravity 
7.96. 

The data in this table are interesting because they provide & 
study of a beam which reacts to the impact as a single-degree-ol- 
freedom system. This is so because the beam absorbs in the 
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TABLE 2 SUMMARY OF RESULTS FOR 15.35-CM 


EXTERNAL | INTERNAL | ELASTIC |COEFFICIENT| MAXIMUM | MAXIMUM 
CONSTANT] DAMPING | DAMPING |FOUNDATION| OF DEFLECTION| STRAIN 
FACTOR | FACTOR FACTOR |RESTITUTION 
° ° 325 78 166 
3 362 SS 116 
5 301 44 94 
° 10 an 32 67 
318 98 207 } 
° ° 002 310 1.10 2.35 


NOTE |: RESULTS OBTAINED BY NUMERICAL INTEGRATION IN PAPER BY STIMOSHENKO, REF (5). 


fundamental mode over 95 per cent of the energy imparted to it 
by the sphere. 


Discussion OF RESULTS 


In discussing the results given in the tables, it is important to 
bear in mind that three modes of vibration are excited appreciably 
in the beam covered by Table 1, whereas only the fundamental 
mode of vibration is excited appreciably in the beam covered by 
Table 2. Also, only the odd modes are excited, because the 
impact is central and the vibrations therefore are symmetrical 
about the middle of the beam. 

Table 1 shows that a maximum strain of 4.68 XK 1074 is de- 
veloped. Strains of this magnitude are of concern in engineer- 
ing design. The strain corresponds to a stress of about 14,000 
psi. 

Also, Table 1 shows that by increasing the foundation factor 
from yz: = 0 to y2 = 10, the deflection is reduced by about 83 
per cent, whereas the strain in comparison is only reduced by 
about 40 per cent. The reason for this is that the percentage 
of strain in the higher modes is much larger than the percentage of 
deflection, and the frequencies of the higher modes are altered 
but little by increasing the elastic-foundation modulus. 

External damping has a similar effect. It reduces the deflec- 
tion and strain mainly in the fundamental mode. Inasmuch as 
the strain is proportionately larger than the deflection in the 
higher modes, the totad deflection is reduced by a larger percent- 
age than the total strain. Table 1 shows that the deflection for 
the example under consideration is reduced by about 15 per cent, 
whereas the strain is reduced by 10 per cent. 

Internal damping of the Sezawa type has just the opposite 
effect. For 8, = 0.002, the deflection is decreased about 2 per 
cent but the strain is decreased over 20 per cent. This is due to 
the very large damping of the higher modes introduced by this 
damping hypothesis. 

Table 2, which covers a beam equivalent to a single-degree-of- 
freedom system, shows that the percentage decrease in deflection 
is the same as that for the strain when the stiffness of the elastic 
foundation is increased. 

An increase of the external damping factor from 6, = 0 to 
8: = 0.1 decreases both the deflection and the strain about 12 
per cent. The internal damping factor 8, = 0.002, the same for 
all modes (i.e., Mindlin’s hypothesis) accounts for a reduction 
both in deflection and in strain of less than 2 per cent. 


CONCLUSIONS 


As a result of the analysis in this paper, the following general 
conclusions are presented: 


A suitable method has been developed for studying the effects 
of elastic foundations and of damping on the bending strains and 
deflections in a simply supported beam subjected to central im- 
pact by a solid mass moving with a given velocity. 

Impacts by relatively small masses moving with low velocities 
develop bending strains of practical concern. 

For cases of impact on simply supported beams on elastic 
foundations, in which several modes of vibration are excited, the 
maximum deflection rapidly decreases with increase of the foun- 
dation modulus whereas strains decrease at a much smaller rate. 

If the fundamental mode of vibration of the beam is the only 

one appreciably excited by the impact, the strain is proportional 
to the deflection, and both decrease at the same rate with increas- 
ing foundation stiffness. 
* External damping has a rapidly decreasing effect on reducing 
deflection and strain as the number of the mode increases. In- 
ternal damping of the Sezawa type appreciably reduces deflec- 
tion and strain in the higher modes. For a sufficiently high 
number of the mode the vibration becomes aperiodic. The “‘con- 
stant 8”? damping is intermediate in effect on deflection and 
strain. 

For simply supported beams without elastic foundations in 
which several modes of vibration are excitéd by the impact, a 
very large portion of the deflection is in the fundamental mode, 
whereas a considerable portion of the strain is in the higher modes. 
In this case internal damping of the Sezawa type has a decidedly 
restraining effect on the strain but not on the deflection. 

If, in the impact, the beam acts like a single-degree-of-freedom 
system, relatively large damping factors are required noticea- 
bly to reduce strain and deflections. , 

The coefficient of restitution for the mass striking the bea m 
increases very slowly with increase of foundation stiffness if 
several modes of vibration are excited, but it increases rapidly 
if the beam is equivalent to a single-degree-of-freedom system. 

Increasing the modulus for an elastic foundation attached 
to the beam reduces the amount of energy absorbed by the struc- 
ture. The reason is that the period of vibration of the funda- 
mental of the structure then becomes small in comparison with 
time of contact. This is in accord with the results obtained by 
Rayleigh (2) for impact between two solid spheres as described 
early in this paper. 
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The Hydrosphere—A New Hydrodynamic 


Bearing 


By M. C. SHAW! ann C. D. STRANG, JR.? 


A fitted spherical bearing has been found to operate 
a when subjected to large values of 
thrust? or radial-thrust load. An examination of the 
geometry of this bearing fails to reveal the usual wedge- 
shaped oil film in the direction of motion of the moving 
bearing surface. However, a wedge does exist normal to 
the direction of motion. When Reynolds differential 
equation is applied to the bearing it is not evident whether 
this normal wedge is capable of producing positive pres- 
sure. When the differential equation for pressure is writ- 
ten with respect to co-ordinates directed along and per- 
pendicular to a ‘‘mean streamline,” it is apparent that a 
wedge normal to the direction of motion may produce 
positive pressure, provided there is flow in the normal di- 
rection. The results of several experimental tests are 
analyzed with respect to the qualitative theory presented, 
and the unique characteristics of this bearing are com- 
pared with those of other existing hydrodynamic bearings. 


NOMENCLATURE 
The following nomenclature is used in the paper: 


f = coefficient of friction 


h = film thickness, in, 
h, = maximum film thickness, in. 
N = journal speed, rpm 
n = co-ordinate direction normal to mean streamline 
P = unit load, psi 
p = pressure, psi 
R = radius of bearing, in. 
8 co-ordinate direction along mean streamline 
U = velocity of bearing surface in the z-co-ordinate direc- 
tion, ips 
u = velocity of fluid particle in z-co-ordinate direction, ips 
u’ = velocity of fluid particle in s-co-ordinate direction, 
ips 
w = velocity of fluid particle in z-co-ordinate dirgction, ips 
w’ = velocity of fluid particle in n-co-ordinate direction, ips 
Z,y,2 = co-ordinate directions 
a = angle defining mean streamline (see Figs. 6 and 8), 
deg 
u = viscosity of lubricant, reyns 
p = density of lubricant, lb sec?/in.‘ 
¢ = spherical co-ordinate 
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t, = shear stress on fluid particle in s-co-ordinate direction, 
psi 


w = angular velocity of journal, radians per sec 


INTRODUCTION 


It has been known since the publication in 1886 of Reynolds 
classical paper (1)* concerning the theory of hydrodynamic 
lubrication that an oil wedge in the direction of relative motion 
may cause sufficient pressure to be developed in the oil film to 
support an applied load without metallic contact. Before the 
basic mechanism of hydrodynamic lubrication was known, the 
performance of journal bearings was far superior to that of thrust 
bearings because the journal bearings automatically developed a 
wedge-shaped oil film by assuming an eccentric position under 
load, while the geometry of existing thrust bearings did not favor 
the formation of such a wedge. With the advent of Reynolds 
theory of lubrication, the importance of the oil wedge was recog- 
nized and the very efficient hydrodynamic thrust bearings of 
Kingsbury and Michell were evolved. 

It is still generally considered necessary that the surfaces of a 
bearing converge in the direction of motion of the moving bearing 
element in order that positive pressure be developed under 
steady-state conditions. Consequently, hydrodynamic bearings 
are generally designed to produce a fluid wedge when operating 
under load by one of the following methods: 


1 Having the journal center move into a position which is 
eccentric with respect to the bearing center as in the case of a 
full, partial, or fitted journal bearing, 

2 Having depressions tapered in the direction of motion ma- 
chined into the fixed bearing surface as in the case of the so-called 
fixed-pad bearing. 

3 Mounting the stationary bearing element upon a pivot, 
enabling it to adjust its position freely and thus form the desired 
wedge as in the Kingsbury or Michell-type bearing. 


Since the development of the Kingsbury and Michell-type bear- 
ings there have been minor improvements in the design of thrust 
bearings ‘utilizing the oil wedge, but until the present no prac- 
tical thrust bearing based upon new hydrodynamic principles 
has been forthcoming. 

It has recently been discovered that the fitted spherical bear- 
ing shown in Fig. 1 is capable of hydrodynamically supporting 
loads of very great magnitude. The two components of this 
bearing are fitted together without clearance, the journal being 
a portion of a perfect sphere. The bearing surface is divided 
into a number of sectors by a multiplicity of equally spaced 
radial oil grooves. It is evident that when this bearing is sub- 
jected to an axial load there is no provision for the formation of 
a wedge in the direction of motion of the moving surface. Hence 
the source of the hydrodynamic pressure which is experimentally 
found to develop in this bearing is not readily apparent from our 
ordinary conception of lubrication. 

In this paper Reynolds differential equation for the pressure 
developed at any point in an oil film will be considered with 


3 Numbers in parentheses refer to the Bibliography at the end of 
the paper. 
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regard to a set of co-ordinate axes which differ appreciably from 
those usually applied in lubrication calculations. It will be 
shown that this altered point of view is particularly advantageous 
in explaining the performance of the spherical bearing shown in 
Fig. 1, which has been called the “hydrosphere.’”’ Numerous 
experimental data will be presented to illustrate the unusual 
operating characteristics of this bearing and to support the quali- 
tative theory which is set forth. 


THEORY 


Inasmuch as the hydrosphere has been found to function hy- 
drodynamically, it is necessary that the surfaces be completely 
separated by a film of lubricant when the bearing is operating 
under load. The required space for this oil film may be obtained 
only by having the center of curvature of the journal move in an 
axial direction from the center of curvature of the bearing sur- 
face. The oil film thus produced will be crescent-shaped in a 
radial direction, as shown diagrammatically in Fig. 2. Thus 
while this bearing is without a wedge in the direction of motion of 
the moving surface, a wedge does exist perpendicular to the direc- 
tion of motion. 

The hydrosphere is equivalent to the slider bearing in Fig. 3 
with the exception of certain geometrical differences to be dis- 
cussed later. Therefore itis advantageous to investigate initially 
the load-carrying capacity of the simpler bearing in Fig. 3 and 
then proceed to make the necessary changes in extending these 
results to the hydrosphere. 

A re-examination of the steps in the derivation leading to 
Reynolds’ differential equation (Equation [1]) shows that it still 
holds when the film thickness varies both normal to as well as in 
the direction of motion of the moving surface; that is 


p Oz oz \u oz ox 


when h is a function of z and z, as well as when h is merely a func- 
tion of z, where h is the oil-film thickness, » is the viscosity, p 
is the pressure, U is the velocity of the moving surface, and the 
co-ordinate directions z and z are taken as shown in Fig.3. Thus 
Equation [1] is applicable to a slider bearing having an oil film 
of any shape. The variation of pressure in the 2- and 2*direc- 
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tions must be somewhat as shown in Fig. 4 for any bath-lubri- 
cated slider bearing, the pressure being zero along all of the 
boundariés. 

If the viscosity of the lubricant as well as the film thickness is 
constant at all points, Equation [1] reduces to Laplace’s equa- 
tion 


If a pressure gradient similar to that shown in the z-direction in 
Fig. 4 were in some way developed in such a parallel-surface 
bearing, the pressure gradient in the z-direction would have to 
be as shown in Fig. 5 in order that Equation [2] be satisfied. A 
pressure pattern of this type obviously cannot be obtained physi- 
cally. The only other possible pressure distribution which can 
satisfy Equation [2] is one in which the pressure is constant at 
all points, and hence zero at all points if the pressures at the 
boundaries are zero. The foregoing argument thus establishes 
the well-known fact that Reynolds equation ours & zero 
load capacity for a parallel-surface bearing. 
The application of Equation [1] to a bearing of the Kingsbury 
_ or Michell type in which A varies linearly in the z-direction 
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only, the viscosity being assumed constant throughout the oil 
film, has been considered by many investigators during the last 
half century. Forsucha film shape Equation [1] becomes 


Unlike Laplace’s equation, Equation [3] is not satisfied when 
the pressure is constant at all points. It is well known that this 
equation is satisfied by a pressure distribution such as that in 
Fig. 4, and, in fact, approximate solutions for Equation [3] have 
been given on several occasions (for example, see references 2 
and 3), from which the pressure at any point is given in terms of 
the velocity, viscosity, and shape of the oil film. Lord Rayleigh 
(4) has further shown that bearings having nonlinear variations 
of film thickness in the z-direction are also capable of producing 
a pressure distribution similar to that in Fig. 4. 

Applying the same general method of attack to a bearing of the 
type shown in Fig. 3, in which the film varies in the z-direction 
only, Equation [1] reduces to 


d%p 
de?’ 


Like Laplace’s equation, Equation [4] is satisfied when the 
pressure is constant at all points. This isolated observation does 
not prove, however, that the pressure at all points in the oil 
film must necessarily be the same; another pressure distribution 
may exist which also satisfies Equation [4]. In fact, it is not 
difficult to show that the required pressure distribution in Fig. 
4 may under certain conditions also satisfy Equation [4]. How- 
ever, inasmuch as the variables actually responsible for the de- 
velopment of pressure (U and x) are not explicitly present in 
Equation [4], a superficial examination of this equation will 
not reveal whether the bearing is capable of operating hydro- 
dynamically. From the present point of view this question may 
be answered only by obtaining a complete solution of Equation 
[4], a task that is apparently at least as laborious as that of 
solving Equation [3]. Before pursuing the present analysis 
further therefore, it may be well to examine another less con- 
ventional method of attack. 

In the solution of certain problems in fluid mechanics it is 
advantageous to employ a special pair of rectangular co-ordinates 
directed along and normal to a streamline, respectively. For 
example, this is the case in the development of Euler’s general 
equation for the motion of an ideal fluid (5). In view of the lack 
of success just experienced with conventional Cartesian co- 
ordinates, it would seem advisable to attempt a solution for the 
bearing in Fig. 3, using a streamline (s)-normal (n) system of co- 
ordinates. 

Consider the slider bearing shown in Fig. 6. The variation of 
velocity across the oil film in the z- and z-directions at A will be 
somewhat as shown in the end and side elevations, respectively. 
The mean velocity vectors in the z- and z-directions (u and w) at 
A will be as shown in the plan view of the bearing, and mean ve- 
locity vectors may be found similarly for other points in the plan 
view. Let a mean streamline be by definition a line which is 
drawn tangent to the resultant of the mean velocity vectors u 
and w at all points along its length. Line CAD might be such a 
mean streamline for the bearing in Fig. 6. Other adjacent mean 
streamlines are shown dotted on either side of line CAD. If 
imaginary vertical walls are now erected along the two dotted 
streamlines and extended completely across the oil film, the 
volume thus defined might be termed a mean stream tube. It 
is evident that the net flow across the vertical walls of the mean 
stream tube must then be zero. 

A plan view of an elementary portion of the mean stream tube 
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is shown to an enlarged scale in Fig. 6, where the mean velocity 
along the stream tube is designated u’. In accordance with the 
law of conservation of matter, the net mass of fluid leaving the 
quasi-rectangular elementary volume must be zero or 


10 1 du’ 
2 Os 


1 oh 


. 1 d(dn) 
[an — as) = 0...[5] 


where p is the mass density of the lubricant. When higher-order 
terms are ignored this continuity relationship becomes 


(phu’dn) 0 
Os 
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A developed section view of the bearing in Fig. 6, taken along 
the mean streamline CAD, is shown in Fig.7. The velocity of the 
moving surface will not, in general, be constant at all values of s 
(since s is not in the direction of motion) but will be equal to 
U sin a where 


All of the important pressure and shear forces which act in the 
s-direction are shown upon an enlarged particle of dimensions 
ds, dy, dn, in Fig. 7. If inertia forces are considered negligible, 
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then for static equilibrium the sum of all forces in the s-direction 
must be zero 


2? ae) ay [an 


1 d(dn) 


ds 
1 1 Or, 
E + + ay) dean 
13 d(d 
Op Or, 
or = [9] 
where r, is the shear stress in the s-direction. By Newton’s law 
of viscous shear 
ou’ 
10 
[10] 
10 
and hence = = {11] 


re) 
As a consequence of the thinness of the film, = may be con- 


sidered to be independent of y. Integrating Equation [11] twice 
with respect to y and evaluating the constant of integration by 
use of the fact that u’ is U sin a when y is 0 and w’ is 0 when y ish 
gives 
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The quantity in parentheses on the left side of Equation [14] is 
the rate of mass flow along the mean stream tube due to the pres- 


sure gradient 


the rate of mass flow along the stream tube due to the component 
of motion of the moving surface along the stream tube. It is 
evident that a positive pressure gradient dp/ds will cause flow in 
the negative s-direction, while the shear flow due to the motion 
of the bearing surface will always be in the positive s-direction. 
Hence Equation [14] merely states that the change in pressure 
flow must be equal and opposite to the change in shear flow in 
moving from point to point along a mean stream tube. 

In order that a bearing function hydrodynamically, it is essen- 
tial that a pressure gradient such as that shown in Fig. 7 obtain 
along a mean stream tube. The pressure flow will thus be in the 
negative s-direction from O to A, but in the plus s-direction from 
A to B. The shear flow must then decrease continuously from 
O to B in order that the total flow at each section remain constant 
in accordance with the law of conservation of matter. Hence 
positive pressure must be developed in any bearing provided 
the quantity (eU sin a hdn) decreases continuously along a mean 
stream tube. 

Inasmuch as no restriction has been placed upon the shape of 
the oil film in the foregoing derivation, the film thickness A in 
Equation [14] may be any function ef z and z. For the bearing 
in Fig. 3, U is independent of s, the film thickness h decreases in 
the s-direction, and the angle «@ will likewise decrease in this 
direction as a consequence of w increasing in the z-direction in 
accordance with the continuity relationship. If the decrease in 
density along the stream tube be assumed to compensate any di- 
vergence of the streamlines, it is evident that the bearing in Fig. 
3 will act hydrodynamically. It has thus been shown that a 
bearing having a wedge normal to the direction of motion of 
the slider but no wedge in the direction of motion may function 
hydrodynamically provided the lubricant has a component of 
velocity in the normal directon. 

As has been previously mentioned, the popular method of 
causing the shear flow (pU sin a h dn) to decrease continuously 
along a mean stream tube involves the use of a wedge-shaped 
oil film in the direction of motion. Fogg (6, 7) has recently 
shown that a bearing may function hydrodynamically without 
an oil wedge as a consequence of the decrease in density in the 
direction of motion accompanying the rise in oil temperature. 
It is now evident that other sources of pressure exist in a bearing, 
such as the following: 


1 Any forces which tend to increase the flow in a direction 
perpendicular to the direction of motion of the moving bearing ele- 
ment so as to alter the path of a mean streamline and hence the 
angle a (for example, centrifugal inertia force). 

2 Any factors which cause the mean streamlines to converge 
(for example, the geometry of the bearing). 


- while the quantity in parentheses on the right is 
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3 Changes in density due to changes in pressure in the oil 
film. 
4 A wedge normal to the direction of motion of the moving 
bearing element. 


Returning now to the hydrosphere, Equation [14] is directly 
applicable, provided the proper substitutions are made for the 
film thickness and surface velocity. The difference in curvature 
between the oil films of the bearing in Fig. 6 and the hydrosphere 
is negligible as a consequence of the thinness of these films. It 
is evident from Fig. 2 that the film thickness at any point on the 
bearing is 


h =hcos¢—R+ V R*— hi? sin? ¢........ [15] 
or to a very good approximation. 


where h,; is the maximum film thickness, i.e., the axial ‘‘eccen- 
tricity’ of the spherical journal. The velocity of a point on the 
journal surface is : 


Hence from Equations [14], [16], and [17] . 
> cos $)* dp 


12 4 ds n) hiRw O [p sin 2 ¢ sin a dn] 
os 4 os 


A diagrammatic sketch of a single pad of a hydrosphere is given 
in Fig. 8 which shows a mean streamline for this bearing and 
the manner in which a is measured. 

Examination of Equation [18] shows that positive pressure will 
be developed only over the portion of the hydrosphere for which 
the right-hand side of the equation is negative. The useful por- 
tion of the bearing surface cannot be exactly ascertained without 
knowing the paths of the streamlines. While the width of a 
stream tube would not be expected to vary greatly for the bearing 
in Fig. 6, an appreciable change is to be expected in dn for the 
hydrosphere. Inasmuch as the width of the stream tube for pure 
radial flow between concentric spheres varies as sin ¢, it is rea- 
sonable to assume that for a hydrosphere dn also varies approxi- 
mately assing. Ifthe effect of changes in p and a upon the right- 
hand side of Equation [18] be considered of less importance than 
divergence of the streamlines and changes in surface velocity 
and film thickness,‘ then to a rough approximation the sign of the 
right-hand side of Equation [18] will be that of the quantity 


O(sin 2¢ sin ¢) 


ae 
= (sin 26 cos + 2 sin cos 24) =~... .[19] 


where 


The right-hand side of the Equation [19] shows that le 
is negative for values of @ greater than tan-! 1/2 & 55 
deg. Positive pressure should not be expected to develop 
therefore in the lower portion of the hydrosphere. It is indeed 
fortunate that only the upper portion of the hemisphere is re- 
quired, for then the hydrosphere need not be limited to dead-end 
applications, but the shaft may be continued through the bottom 
portion of the bearing as shown in Fig. 9. 

_ ‘Changes in p and a are, in fact, customarily ignored in lubrica- 
tion calculations but these variables are apt to become important 
for high-speed bearings. 
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The magnitude of the pressure developed within the oil film 
of a hydrosphere cannot be computed until the manner in which 
p, a, and dn vary with s is determined. When it is realized that 
the value of a alone will be influenced by all quantities affecting 
the flow from the bearing in a radial direction, such as the pres- 
sure, the shape of the film in a radial direction, and the centrifugal 
inertia force on the oil, it is apparent that an analytical determina- 
tion of the pressure distribution is not likely to be obtained. In 
view of this difficulty it seems advisable that our discussion of 
the hydrosphere be now continued on an empirical basis. 


APPARATUS AND PROCEDURE 


The simple small-scale bearing-test machine, shown diagram- 
matically in Fig. 10, was assembled in order to study the operat- 
ing characteristics of the hydrosphere. This machine was con- 
structed around an ordinary bench-type drill press, the journal 
being mounted in a conventional Jacobs chuck. Load was ap- 
plied by movement of the drill-press spindle and a platform 
balance was used to measure the applied thrust load. 

An externally pressurized air bearing provided a frictionless 
support for the test bearing in order that friction torque could be 
measured accurately. Details of the externally pressurized bear- 
ing are shown in Fig. 11. Compressed air from a manifold was 
introduced to four recessed areas in the lower member through 
individual pneumatic resistances. The function of these resist- 
ances was to maintain the plates parallel under an eccentric load ° 
by increasing the pressure in the recessed regions under the most 
heavily loaded portion of the bearing and simultaneously de- 
creasing the pressure in the less heavily loaded recessed areas. 
Externally pressurized oil bearings of this type are used to support 
the huge weight of the 200-in. telescope at Mount Palomar 
(8, 9). 
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Friction torque was measured by means of a previously cali- 
brated strain-gage dynamometer ring. A very sensitive load- 
measuring element which is not affected by appreciable changes 
in ambient temperature is provided by attaching wire-resistance 
strain gages to the inner and outer surfaces of the dynamometer 
ring, as shown in Fig. 10, and connecting these gages into adja- 
cent arms of a Wheatstone-bridge circuit as described elsewhere 
(10). Inasmuch as the air bearing is restrained from moving, it 
will introduce no friction torque, and hence the torque measured 
by the dynamometer represents that due to the test bearing only. 
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Oil was introduced to the test bearing through the flexible neo- 
prene tubes shown in Fig. 10 in order to minimize extraneous 
torque. The ranges of test conditions obtainable with this bear- 
ing-test machine are given in Table 1. 

Many of the tests were made on bearings of 248-T aluminum. 
While this material is a poor bearing metal, it accentuates the 
effects of changes in mechanical design and gives easily repro- 
ducible results, thus lending itself to bearing-development work. 
The bearing surface was prepared by first producing a spherical 
seat by machining with a ball end mill, followed by a cold-press- 
ing operation using a steel ball. The necessary oil grooves were 
introduced by hand with a scraper, and the bearing was finished 
by lapping with Bon Ami powder against a steel ball until a per- 
fect seat was indicated by use of Prussian blue. The oil grooves 
in all bearings tested measured 1/32. in. wide X '/32 in. deep (ap- 
proximately), and, unless otherwise noted, all tests were made on 
180-deg bearings. The test journal and the balls used in the 
preparation of the bearings were standard ball-bearing parts. 

Tests were also run upon a lead-tin bearing. This bearing was 
made by lining a brass bearing block with a 50-50 lead-tin alloy 
0.020 in. thick and cold-forming the bearing surface by forcing a 
steel ball of journal diameter into the surface with a force of 8 
tons, a conventional automotive jack being used for this pur- 
pose. Four symmetrically spaced radial oil grooves were sup- 
plied, which extended to the edge of the bearing. Inasmuch as 
this bearing was not lapped, it required considerably more run-in 
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TABLE 1 RANGE OF OPERATING CONDITIONS OBTAINABLE 
WITH BEARING TEST MACHINE 


Variable Range 
Friction torque, oz-in.......... 0.07-30.0 
Oil-inlet temperature, deg 0005 150 
Oil-supply pressure, eee 0-50 
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Fig. 11 ExTerNALLY Pressurizep BEARING 


than did the aluminum bearings. While the 50-50 solder used 
to line this bearing is not a conventional bearing material, it 
does have bearing characteristics which are not too different 
from commercial white metal and was used in the present in- 
stance because of its availability. 

In making a test the bearing was run-in until reproducible 
friction values were obtained under high load. Values of fric- 
tion torque were then determined as the load was progressively 
increased, sufficient time being allowed between readings for 
temperature equilibrium to be established. Oil-inlet and bear- 
ing temperatures were determined by means of iron-constantan 
thermocouples. The bearing temperature was measured at a 
point midway up on the bearing and within '/32 in. of the surface. 
It was found that much better reproducibility could be obtained 
when the oil was not heated. However, oil-heating and tempera- 
ture control apparatus were used in some tests to determine 
the influence of oil viscosity upon the bearing operating char- 
acteristics. 


RESULTS AND Discussion 


Of the several observations which attest the hydrodynamic 
operation of a bearing, the shape of the conventional u.V/P 
curve is probably the best indication. It is well known that the 
coefficient of friction for a given hydrodynamic bearing varics 
inversely with the dimensionless product «N/P while the coeffi- 
cient of friction varies directly with »N/P for nonhydrodynamic 
bearings where u is the viscosity in reyns (lb see per sq in), V 
is the journal speed in revolutions per second, and P is the load 
acting on the bearing per unit projected area in pounds per 
square inch. A representative friction curve for a 0.75-in- 
diam lead-tin bearing’ is shown in Fig. 12. After the bearing 
was run-in, the friction data could be reproduced with the pre- 
cision indicated by the test points in this figure. The flow of 
oil through the bearing was sufficient to limit the temperature 
rise to 6 deg F, and the viscosity of the lubricant (kerosene) 
introduced to the bearing at ambient temperature was practically 
constant at 0.21 X 10~* reyns, for all test points. It is evident 
from the shape of the curve that the bearing is fully hydrody- 


5 In computing the friction force from the measured torque, it is 
necessary to assume an effective bearing radius, which was arbitrarily 
taken to be the radius of the spherical journal in plotting Figs. 12 
to 16. 
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namic above a uN /P of 0.9 X 10~§, the minimum coefficient of 
friction being 0.005 at a load of 550 psi and a speed of 1400 rpm. 

As a further check on the hydrodynamic action of this bearing, 
a 0.750-in-diam lucite unit having four grooves was constructed 
and tested in conjunction with a steel journal. By means of in- 
direct lighting the extent of the oil film was visible at loads up to 
600 psi. This test provided further evidence of the existence 
of a load-carrying hydrodynamic film. 

A series of tests were made upon a 0.375-in-diam 180-deg 
aluminum bearing in order to ascertain the effective region of the 
bearing surface. The bottom portion of the bearing was suc- 
cessively cut away, the friction curves shown in Fig. 13 being 
obtained for the several effective bearing areas tested. The load 
capacity of the bearing was not affected appreciably until the 
entire lower half was completely removed. As the bearing 
surface was cut away beyond this point, the load capacity de- 
creased rapidly. In a similar series of tests conducted upon an 
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(Bearing metal, 50-50 tin-lead; speed, 1400 rpm; lubricant, kerosene; vis- 
cosity, 0.21 X 107* reyns; load, 0 to 270 lb; number of oil grooves, 4.) 


identical aluminum bearing, the upper portion of the surface 
was successively removed by facing off the bearing block. An 
appreciable decrease in the load capacity of this unit was evi- 
dent. with the slightest removal of metal from the upper region 
of the surface. It was also noted on several occasions that 
excessive lapping of the bearing caused a slight bellmouth con- 
dition to develop at the upper edge, similarly reducing the load 
capacity. 

These observations are in agreement with the previously dis- 
cussed theory of the hydrosphere where it was reasoned that 
negative pressure would tend to be developed in the lower half 
of the bearing. The hypersensitivity of the load capacity of the 
hydrosphere to the removal of metal in the vicinity of point A 
in Fig. 2 is due not so much to the fact that a portion of the sur- 
face developing positive pressure is removed, but rather to the 
fact that the effective pressure seal that is normally present at 
point A is altered when even a little metal is removed from this 
region. The bearing was found to be far more sensitive to the 
removal of metal from the surface in the vicinity of ¢ = 90 deg 
than at @ = 45 deg. The afore-mentioned test using a lucite 
bearing visually verified the ineffectiveness of the lower half of 
the hydrosphere by failing to show a continuous oil film in this 
region. 

Comparable tests have been made with but two bearing sizes, 
0.375 and 0.750 in. diam. A slight increase in load capacity 
was observed for the larger of the two bearings, but this improve- 
ment might well be attributed to the greater relative accuracy 
of construction that is possible with a bearing of larger size. 
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(Bearing metal, 248-T aluminum; speed, 2500 rpm; lubricant, Univis 47; 
viscosity, 4.35 X 10-* reyns; number of oil grooves, 4.) 


The minimum value of uN /P before the onset of boundary 
lubrication was found to be appreciably less with 50-50 lead-tin 
alloy than with 24S-T aluminum. The experience gained with 
several bearings made from these two materials indicates that 
a highly loaded hydrosphere should be provided with a very thin 
layer of a soft low-shear-strength material such as tin-base 
babbitt, deposited uniformly upon a harder base material such as 
bronze or steel. 

It is well known that a single curve is obtained when the coeffi- 
cient of friction of a given slider or journal bearing is plotted 
against the nondimensional quantity uN /P regardless of the indi- 
vidual values of u, NV, and P obtaining. This observation is in 
agreement with the result of a dimensional analysis in which the 
viscosity of the lubricant is the only physical property considered. 
Friction curves such as those shown in Figs. 14 and 15 have 
been obtained when tests were run at different constant values of 
speed and viscosity respectively, uN /P being changed by varying 
the load. It is evident that a single uN /P curve is not obtained 
for a hydrosphere, and some property of importance to this bear- 
ing is obviously missing in the conventional dimensional analysis 
for hydrodynamic bearings. 

The fact that the performance of the hydrosphere is improved 
significantly as the speed is increased, Fig. 14, has prompted the 
suggestion (11) that the centrifugal inertia force to which a par- 
ticle of oil is subjected is sometimes of importance. There are 
two components of acceleration to be considered, one in the direc- 
tion of the mean streamline and the other in the normal direc- 
tion. It can be shown that the acceleration in the s-direction 
leads to an inertia force which is negligible compared with the 
pressure and shear forces acting for all practical values of Rey- 
nolds number. For this reason inertia force in the s-direction 
has been ignored in the analysis leading to Equations [14] and 
[18]. As Kingsbury (12) has shown, at low speed the centrifugal 
inertia force due to acceleration in the n-direction will cause little 
oil to flow from the bearing compared with that which flows due to 
pressure. However, as the speed of the bearing is increased, the 
inertia-induced flow from the bearing will become sufficient to 
alter the flow from the bearing (and hence to influence variable 
a), and in this connection may play an important secondary 
role. It is evident from Equations [14] and [18] that sin a 
need decrease in the s-direction by only the same order of magni- 
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tude as does the film thickness of a Kingsbury and Michell bear- 
ing to be equally effective in causing pressure to be developed in 
the oil film. 

If density as well as viscosity is included in the dimensional 
analysis for a hydrodynamic bearing, the following result is ob- 
tained 


where f is the coefficient of friction, p is the density of the fluid, 
and D is the diameter of the journal (sphere). This equation 
states that the coefficient of friction is a function of a Reynolds 
2 


N 


number 


would account for the multiplicity of friction curves obtained 
with different values of speed and viscosity. Additional experi- 
mental work is necessary before the applicability of Equation [21] 
to the hydrosphere may be tested. 

A series of tests were made to ascertain the optimum number of 
. radial oil grooves in a hydrosphere. An initial test made upon 


) as well the usual quantity uN /P, and hence 
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a 0.375-in-diam aluminum bearing without grooves resulted in 
immediate incipient failure, indicating that such a bearing has 
little or no load capacity. This same bearing was then succes- 
sively tested with 1, 2, 4, and 8 symmetrically spaced radial 
grooves. The results of these tests are shown in Fig. 16 and 
indicate that the optimum number of grooves lies between 4 and 
8 for the bearing tested. It is to be expected on the basis of 
similitude that this would be the case for bearings of all sizes. 

It is not surprising that a hydrosphere without grooves will not 
operate satisfactorily, for in this case the oil cannot enter the 
bearing against the adverse pressure gradient. When at least 
one radial groove is supplied, oil is carried into the bearing against 
the outward pressure gradient by the shear force along the mov- 
ing spherical surface. The streamline pattern will be altered 
as the number of grooves is changed, as will the temperature rise 
which occurs as the oil flows from one radial groove into the 
next. Hence from Equation [18] it is to be expected that an 
optimum number of grooves exists for a given bearing. Curved 
grooves spiraling from the center outward may prove to be more 
advantageous than straight radial grooves, but this possibility has, 
as yet, not been investigated. 

In addition to their influence upon the streamline pattern, the 
oil grooves enable the necessary quantity of oil to circulate 
through a bearing and thus carry away the heat developed by 
viscous shear. Inasmuch as the crescent-shaped oil film ob- 
taining in a hydrosphere is such as to prevent practically all flow 
from the equatorial region, it is essential that the grooves extend 
to the outer periphery of the bearing in order to provide an exit for 
the oil. 

It was found that the hydrosphere could operate under high 
load for extended periods of time after the pressure oil feed to the 
bearing was interrupted. Subsequent tests in which the bear- 
ing operated in a bath of oil showed no deviation from the normal 
uN/P curve obtained with a pressurized oil supply. It has 
been shown that negative pressure will tend to develop in the 
lower half of the hydrosphere, and it is evident that this negative 
pressure is equivalent to an external positive pressure in causing 
oil to flow into the grooves from the main oilsupply. This ability 
of the hydrosphere to supply its own pumping capacity may be 
looked upon as a factor of safety in the event of a failure of the 
pressurized lubrication system. 

Operation of the hydrosphere was found to be unaffected by 
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considerable misalignment of the journal. In one test the bear- 
ing block was purposely misaligned with respect to the journal axis 
by an angle of 2 deg. This misalignment was found to produce 
no measurable effect upon the performance of the bearing. There 
is no reason to doubt that even greater amounts of misalignment 
would have a negligible effect upon the operation of this bearing. 

An attempt was made to determine the load capacity of a 
0.750-in-diam aluminum hydrosphere under combined radial 
and thrust loads. While it was not possible to measure friction 
torque under combined load with the apparatus available, a 
comparison of bearing temperatures under pure thrust and com- 
bined radial and thrust loads inferred that less friction was de- 
veloped in the bearing with a combined load than when the same 
thrust load was present alone. Such bearing temperature meas- 
urements infer that the thrust-load capacity of the bearing is 
unaffected by radial loads ranging up to at least 50 per cent of 
the thrust-load capacity. 


CONCLUSIONS 


The fitted spherical bearing herein described is seen to possess 
a number of characteristics which make it of interest in practical 
applications. This bearing is similar to Kingsbury and Michell- 
type bearings in that the shape of the oil film changes automatic- 
ally so as to carry the applied load effectively. The inclination 
of the surfaces of a Kingsbury or Michell bearing in the direc- 
tion of motion of the slider is caused to decrease with load by 
pivoting the stationary bearing surfaces. These pivots must be 
mounted upon a suitable equalizing device to insure that all pads 
take an equal share of the load, and care must be taken in their 
design to prevent fretting corrosion of the pivot surfaces when 
the bearing is subjected to a fluctuating load. The inclination of 
the surfaces of a hydrosphere in a direction normal to the motion 
of the journal is caused to decrease with load without the use of 
complicating pivots. The inclination of the film in a hydro- 
sphere is caused by the movement of the journal, and in this 
respect the bearing is similar to a journal bearing. 

It has been shown that a bearing having a wedge-shaped film 
in a direction normal to the motion of the journal is capable of 
acting hydrodynamically, provided there is flow within the bear- 
ing in a normal direction. However, the load capacity of any 
bearing is known to decrease rapidly as the flow from the bearing 
in the normal direction increases. The crescent-shaped film of 
the hydrosphere fortunately takes care of these opposing require- 
ments by allowing appreciable flow within the bearing for the 
establishment of pressure, but a minimum of flow from the 
bearing. The seal which exists at the equator of the hydrosphere 
effectively limits the “end leakage’’ from this bearing. The flow 
from the equatorial region of the hydrosphere is indeed negligi- 
ble and hence the operating temperature may be adjusted by 
merely proportioning the grooves to provide sufficient flow to 
carry away the heat generated. The oil-supply pressure may 
likewise be used to alter the flow of cooling oil as bearing operation 
is insensitivesto oil-inlet pressure. 
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Like the Kingsbury and Michell bearings the hydrosphere does 
not depend upon a machine-generated surface to provide the 
minute inclination of the fluid wedge. The Kingsbury and 
Michell bearings require a pair of perfectly mating plane sur- 
faces whereas the hydrosphere requires a pair of perfectly mating 
spherical surfaces. The precision obtainable by scraping in the 
case of the plane surfaces and by pressing and lapping in the case 
of the fitted spherical surfaces far exceeds that obtainable by the 
use of machine tools and ordinary measuring instruments. 

The hydrosphere is angularly self-aligning and may operate in . 
either direction of rotation when bath-oiled or pressure fed. The 
bearing has performed satisfactorily under a combined radial- 
thrust load. The relatively small effective radius of the hydro- 
sphere (which will give rise to a low friction torque) makes it of 
particular interest for high-speed applications. In this connec- 
tion, it is to be expected that the stabilizing influence of the thin- 
film equatorial region of the bearing will prevent the occurrence 
of the high-speed self-excited vibration phenomenon known as 
“shaft whirl.” 
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A Mechanical Analyzer for the Solution 
of Vibration Problems of a Single 
Degree of Freedom 


By E. E. WEIBEL,’? N. M. COKYUCEL,? ann R. E. BLAU‘ 


A mechanical-analogy-type analyzer is described which 
is of relatively simple construction being limited to single- 
degree-of-freedom problems. Whithin this limitation 
solutions may be obtained for systems which include 
various types of nonlinear elasticity and of nonlinear 
damping. Included is a generalized solution obtained on 
the analyzer giving in dimensionless form the maximum 
displacements and forces in a system having nonlinear 
(linear plus cubic) elasticity and linear damping caused 
by a force pulse of constant magnitude and finite duration. 
The bearing of the results on the starting torques in non- 
linear systems is indicated. 


INTRODUCTION 


HE analytical solution of dynamical problems involving a 

single degree of freedom is not always as simple and direct 

as might be desired. Even in the case of linear systems 
the transient forcing function may be such as to call for time- 
consuming procedures by any of the modern operational methods 
of analysis. Mechanical methods of solution will be of value for 
such problems, and their value will be emphasized where non- 
linear elasticity and nonlinear damping add to the difficulties in 
the way of an analytical solution. In Part I the theory and 
possibilities of a simple analogy-type analyzer are described. 
Part II is a description of its actual construction features. Part 
III gives a generalized solution, i.e., for a range of parameter 
values, of a nonlinear transient problem having application to 
the starting and stopping of electrically driven machinery. 


PartI AND SCoPE 


Description of the Analyzer. The mechanical analyzer to be 
described is a dynamical system which can be arranged to repre- 
sent particular single-degree-of-freedom systems which are acted 


1 The theory and scope of the analyzer were outlined by E. E. 
Weibel. Its detailed mechanical design was carried out and a brief 
application made and described by N. M. Cokyucel in his M.S. thesis 
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solution of a nonlinear transient problem was obtained by R. E. 
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Colo. Mem. ASME. 
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at the Annual Meeting, Atlantic City, N. J., December 1-5, 1947, 
of Tur AMERICAN Society OF MECHANICAL ENGINEERS. 

Discussion of this paper should be addressed to the Secretary, 
ASME, 29 West 39th Street, New York, N. Y., and will be accepted 
until July 12, 1948, for publication at a later date. Discussion re- 
ceived after the closing date will be returned. 

Nore: Statements and opinions advanced in papers are to be 
understood as individual expressions of their authors and not those 
of the Society. 
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Fic. 2. System or THE ANALYZER, ANALOGOUS TO THE SYSTEM OF 
1 


(Left end of linear spring is given motion 2;(t) proportional to F(t) of Fig. 1. 
Input 2:(t) and response z(t) are recorded optically. 


upon by arbitrary variable forcing functions. The torsional 
pendulum construction is used somewhat as in Biot’s analyzer 
(1)5 which was used to determine vibration amplitudes of a linear 
spring mass system resulting from given motions of one end of the 
spring. In the present analyzer the varying rotation given to 
the upper end of the torsion wire represents a variable exciting 
force acting upon the mass of the system, the equations for this 
analogy being developed in this paper. Further, a variety of 
types of nonlinear elasticity and of linear or nonlinear damping 
may be incorporated in the dynamical system. By means of a 
simple optical system a record on photographi¢ paper is provided 
of the “input” and “response” functions. As the natural fre- 
quency of the system is low, visual observation of a moving scale 
may alternatively be used to obtain directly maximum angular 
displacements. 

Theory of the Analyzer. Among other possibilities and with 
certain limitations to be mentioned later, the analyzer will solve 
problems which are represented by equations of the,type 


me + f(z) + kz + gle) (1] 


Here all terms have the dimensions of force, the mass m has 
linear displacement z, and the symbols ¢ and # represent first 
and second derivatives of x with respect to time. The elasticity 
has a linear part, k,z, and a part g(x) which may be linear or non- 
linear. The damping term f(z) may be linear or nonlinear. 
F(t) is the arbitrary forcing function. This system is represented 
diagrammatically by Fig. 1. 

The practical difficulty of applying various arbitrary force 


’ Numbers in parentheses refer to the Bibliography at the end of 
the paper. 
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functions F(t) to the mass m which undergoes appreciable dis- 
placement led to the consideration of the system shown in Fig. 2 
In this system the force F(t) is replaced by the introduction of an 
arbitrary motion z,(t) of the left end of the linear elastic element 
which had been fixed in the system of Fig. 1. The equation of 
motion for the mass in Fig. 2 is 


mé + f(z) + k(x — 11) + g(x) = 0 


which may be rearranged as follows 
mé + f(z) + kz + g(x) = 


Equation [2] is identical with Equation [1] provided kia, = F(t), 
that is, if 


kx ee [2] 


[3] 


The systems of Figs. 1 and 2 are dynamically similar and the 
analyzer is a system of the second type which is used as a model 
of a system of the first type. The variable displacement 2,(t) 
may be produced by manually following a moving graph of the 
forcing function F(t) drawn with a suitable scale factor. Manual 
tracing of the input graph permits use of the analyzer for arbi- 
trary input functions without the need for special follower mecha- 
nisms, Since the natural period is long, from 2'/: to 10 sec, 
slight deviations of relatively high frequency in following the 
graph produce almost negligible effects on the response curve. 
Mechanical means can be provided (2) to trace some particular 
F(t) curves, with a reduction in the degree of attention required 
of the operator and some increase in accuracy. In Fig. 2 the 
damping and elasticity elements producing forces f(z) and g(x) 
are connected between the moving mass and the fixed frame. As 
in all analogy-type systems the only limitation on f(z) and g(z) 
is the practical one of finding mechanical or electromechanical 
elements which will provide the desired types of nonlinearity. 
Following, some important examples are described: 

The Torsion Pendulum System. The use of a torsional pen- 
dulum as the spring mass system appears to provide simpler 
mechanical details than alternative forms involving a translating 
mass. The rotational system is completely analogous to the 
original system of Fig. 1, but in Equation [1] m now represents 
mass moment of inertia, z and 2, angular displacement, F(t) 
torque, k, torque per unit angle, and all terms in Equations [1] 
and [2] have the dimensions of torque. 
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Fic. 3 Torsion PENDULUM SYSTEM OF THE ANALYZER 


(Input graph z:(t) on drum at left. The supplementary elasticity function 

9(z), provided by the members between AB and A’B’, may be positive linear, 

negative linear, cubic, ora function of time. Response function z(t) may be 

recorded or obgerved on the moving scale. An electromagnet provides eddy- 
current damping.] 


Some Types of Elasticity. Force-displacement or torque-an- 
gular-displacement curves of the types indicated by the full lines 
in Fig. 4(a, b, c, d, e) are readily set up on the torsion pendulum 
arrangement of Fig. 3. A pair of helical springs placed vertically 
with their upper ends attached to the fixed frame at A and A’ 
and their lower ends attached to the pendulum arm at B and B’ 
can be used to provide either cubic or additional linear elasticity. 


147 


Relatively stiff springs adjusted to exactly zero tension when the - 
angular displacement of the pendulum is zero will provide an 
elasticity term g(x) = k.x*. Relatively soft springs under initial 
tension which remains essentially constant will provide addi- 
tional linear elasticity. 

Negative linear elasticity can be introduced by the equivalent 
of the helical springs in Fig. 3 placed under initial compression. 
This is accomplished by the use of light buckled Euler columns of 
spring steel which remain under approximately constant load for 
fairly large values of angular displacement z, or by using light 
rigid pointed end struts AB and A’B’ placed under a constant 
vertical load. 


Force 
T or 
orque 
x 
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Fic. 4 Some Types or Exvasticiry PossintE ON THE ANALYZER 


Linear ber AB cubic, cancel kiz of torsion wire by negative 
iz in member AB of Fig. 3; c, negative linear plus cubic, statically unstable 
for small values of 


tangent elasti 1ent limited to +20; 
e, bilinear elasticity, 


y, 
by supplementary torsion wire below pendulum.] 


The load-displacement curve, Fig. 4(a), is obtained by the 
use of “cubic” springs; those of Figs. 4(b) and 4(c) by the com- 
bined use of negative linear springs and cubic springs. The latter 
type of curve occurs in the problem of the directional stability of 
ships. Fig. 4(d) represents a type of elasticity in which torque is 
proportional to the tangent of the quantity (xz/2z), where 2» 
is the limiting value of displacement. This is called by Mindlin 
(3) tangent elasticity and is representative of some types of 
package cushioning, and of some snubbing types of elastic mount- 
ing and of flexible coupling. It may be approximated on the 
analyzer by means of a simple mechanical linkage. 

Bilinear elasticity, Fig. 4(e), is obtained by the use of a supple- 
mentary vertical torsion wire placed below the pendulum with 
adjustable stops which make it operative for values of | z| < |z’o. 

Some Types of Damping. Linear or viscous damping is provided 
by the use of a conducting metallic sector moving in a magnetic 
field. For this case f(z) in Equations [1] and [2] is simply cz 
where ¢; is a constant, and the dimensionless damping ratio y = 
c:/V kim. A damping force or torque of the type c2(z)" may be 
provided by the use of low-resistance pickup coils attached to 
the pendulum and moving in a magnetic field and electrically 
loaded by a suitable eombination of commercially available 
nonlinear resistors having a voltage-current relation of the type 
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I = AE* (4). Dry rubbing friction is readily provided by the 
use of friction blocks. The introduction of negative damping 
into the analyzer system by electronic means permits the study 
of self-excited vibrations. A combination of negative linear 
damping and positive damping proportional to the cube of the 
velocity occurs in certain flutter problems and is characteristic 
of Rayleigh’s equation which is known to reduce to Van der Pol’s 
equation. The analyzer can be set up to obtain generalized 
solutions of these equations with the inclusion of other nonlineari- 
ties and of a forcing function term if desired. 

Elasticity Variable With Time. The introduction of a periodi- 
cally varying tension force in the member between points A and 
B in Fig. 3 is equivalent to the provision of periodically varying 
elasticity which is present in a wide variety of engineering sys- 
tems. Solutions may be found for such systems whose equation 


Fic. 5 THe MecHANICAL ANALYZER AS USED FOR THE RECORDS OF 
Fic. 8 


of motion is the same as Equation [1] with the addition of a term 
a-h(t), where h(t) is a periodic function of time. 

Analyzer Generalized Solutions. A generalized solution for a 
problem involving a total of p parameters, assuming the need for 
a minimum of five values of each parameter, will require (5?~!) 
test runs, data from which can be used to plot results in usable 
form. In the transient problem of Part III, four parameters A, 
+, K, and (t,/T) are involved. Four values of y and of K were 
used and six values of (t,/7'), requiring a total of 96 runs. 


PartII ANALYZER CONSTRUCTION AND CHARACTERISTICS 


Construction of the Analyzer. Fig. 5* shows the analyzer as 
constructed in the mechanical-engineering division machine 
shop. The frame is of light welded construction, trussed for 
rigidity. A period of six seconds has been used for the torsional 
pendulum in all studies to date, although 2'/2 to 10-sec periods 
are obtainable by shifting the two pendulum weights and by 
changing the diameter of the vertical torsion wire. A variable 
rotation is given to the upper end by causing the pointer on the 
radial arm to follow an input graph on the drum in the upper left 
part of the illustration. An angle scale may be seen on the near 
end of the pendulum bar, and the electromagnet used to provide 
eddy-current damping is shown directly behind the frame of the 
analyzer. The box at the right houses the recording drum of 
about ten inches diameter and ten inches face on which one 


* From N. M. Cokyucel’s M.S. thesis. 
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turn of bromide paper may be wrapped. A range of paper speeds 
from 1/15 to 1 in. per sec is available. 

A simple optical system is used.? This has the advantage of 
introducing practically no friction as compared with mechanical 
recording systems, Two galvanometer mirrors in a light-tight 
box at the lower end of the pendulum are linked with suitable 
lever ratios to the upper and lower ends of the pendulum, to pro- 
vide a record of the input and response functions. The light from 
two Leeds & Northrup straight-filament lamps passes through 
two spectacle lenses and is reflected by the mirrors returning 
through the same lenses, and through a 10-in-long cylindrical lens 
close to the recording drum to provide spots of light on the photo- 
graphic paper. Fig. 6* shows the mirror and lens assembly with 
the pendulum bar visible below it. A timing light produces lines 
every 1/, sec on the record. The upper and lower ends of the 
torsion pendulum turn in ball bearings, those at the lower end 
being small precision bearings. Angular displacements of the 
pendulum do not usually exceed +20 deg. 

7 Acknowledgment is made of the helpful suggestions in this con- 


nection by J. E. Gullberg, Associate Professor of Metrology, Univer- 
sity of California, Berkeley, Calif. 


Fic. 6 Mirror anp Lens ASSEMBLY 
(Near mirror reproduces motion of pendulum through ais 2 linkage. 


Far 


mirror is linked 1:1 to vertical tube which is ic wit! ion wire and 


attached at its upper end.) 
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Fic. 7 EqurvaLtent Viscous Dampina Mopvu tvs or Srx-SeconD 
PENDULUM AS A FUNCTION OF THE ANGULAR-DISPLACEMENT 
AMPLITUDE 


(Increase ay for small amplitudes suggests Coulomb damping. and oF 
large am iitudes gests nth pous of velocity damping, n > 1. A, damping 
without soundlion linkage. B, damping with recording linkage.) 
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WEIBEL, COKYUCEL, BLAU—MECHANICAL ANALYZER FOR SOLUTION OF VIBRATION PROBLEMS 


Although the case of zero damping does not occur in actual 
systems, the damping characteristics of the six-second pendulum 
for the nominally zero damping case are of interest. Measure- 
ments of the logarithmic decrement showed that the equivalent 
viscous damping, 7, varied with the magnitude of the angular 
displacement, Fig. 7, and had a minimum value of y = 0.002 
for a displacement of about seven degrees and values y = 0.0038 
at 1'/, deg and y = 0.0030 at 15.2 deg. A simple analysis taking 
three points on this curve and solving for three assumed types of 
damping, namely, viscous, Coulomb, and velocity squared, in- 
dicated that the damping is partly of the Coulomb type (+F), 
and partly of the velocity-squared or turbulent type, c.(z)*. For 
the viscous damping term, cz, a small negative or practically 
zero coefficient c; was obtained. 

Fig. 8* shows a typical record obtained on the analyzer by the 
author (Cokyucel) in a study, as reported in his M.S. thesis, of 
the acceleration of a linear system through a critical speed for a 
range of accelerations not covered in F. M. Lewis’ original paper 
(5). Results for this case are included in the more general solu- 


Fic.8 ‘‘AccELERATION THROUGH RESONANCE” RECORDS FoR THREE 
DIFFERENT VALUES OF DAMPING AND THE SAME ACCELERATION Rats 


[Top, y = 0.042; center, y = 0.21; bottom, y = 0.44. Upper irregular 
input curves produced by following graph of 7:(t), Figs. 3 and 5. Lower 
response curves do not show local irregularities. | 


tion obtained by Meuser (2) for systems having various amounts 
of cubic elasticity. The upper irregular curve in Fig. 8 is the in- 
put or forcing function which was produced by manually follow- 
ing a moving graph. The lower curve is the response record which 
is smooth and does not show any irregularities corresponding to 


the deviations in the input curve. As previously pointed out, the 


error resulting from such deviations is usually small. 


Part III A Nonitnear TRANSIENT PROBLEM 


Nomenclature. The following nomenclature applies to the 
problem. Dimensional quantities are defined for a translational 
system but they may be applied to rotational systems as dis- 
cussed in Part I. Dimensionless quantities apply directly to 
either type of system. 


m = mass 
xz = displacement 
c = damping coefficient, force per unit velocity 
k, = linear spring constant, force per unit displacement 
k, = cubic elasticity coefficient, force at unit displacement 
Fy = magnitude of exciting force 
= static deflection, Fo/ky pom 
T = undamped linear natural period, 2r V/. m/ky 
1(t) = unit step function, discontinuity at t = 0 
1(t—h) = unit step function, discontinuity at ¢ = t 
7 = dimensionless time variable, 2t/T. (m1 = 2xt,/T) 
= dimensionless displacement variable, 
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yy = dimensionless damping modulus, c/ V/ kym 

K = dimensionless cubic elasticity modulus, k25*,/k,, the 
ratio of cubic spring force to linear spring force at 
displacement dst (2) 

A = dimensionless displacement amplification modulus, 
Emax = Lmax/ Sst 

F = dimensionless force amplification modulus, 
F= (kitmax + =A KA’ 


The Problem. The starting torque - time curve of some types of 
electric motor can be approximated by the flat-top diagram of 
Fig. 9. A knowledge of the maximum displacement and the 
maximum force developed in a system having the nonlinear elas- 
ticity of Fig. 4(a) is of interest because of its application to elas- 
tically mounted units with snubbing-type springs and to the 
rotating elastic systems of some motor generator sets. A gen- 
eralized solution has been obtained on the analyzer giving dis- 


Fo 


Fic. 9 THe TRANSIENT ForcineG 
Function Fo[1(t) — 1(¢¢ — &)] 


placement and force amplification ratios A and F as functions of 
the dimensionless quantities K, (t,/T), and y, for limited ranges 
of these variables. 

The system is represented diagrammatically in Fig. 1 and the 
following equation 


in which the right side represents the forcing function of Fig. 9. 
This equation transforms readily into the following equation in 
the dimensionless parameters 


dé 
(1(7) — 1(r — n)]...... 


Procedure. The lower and upper ends of the torsional pen- 
dulum were held by solenoid releases which were operated at times 
t = Oand t = ¢,, respectively, using Meusér’s variable-speed excit- 
ing mechanism (2) to actuate microswitches. A finite time inter- 
val At of about 0.007 times the natural period was required for 
the upper arm to snap from position Fy to position zero. This 
was corrected for in an approximate manner and consequently 
introduced negligible error except for the test runs of shortest 
duration, 4/7’ = 1/16. Photographic records were made only 
as a check on the time of application of force Fy and on At, the 
maximum displacements being observed directly on an angle 
scale attached to the pendtlum. 

Results. Displacement amplification ratios A are plotted 
against ¢,/7' in Fig. 10 for various values of y and K, and against 
K in Fig. 11 for various values of y and ¢,/T. Values of damping 
modulus + up to y = 0.245 have relatively little effect in reducing 
peak displacements for the values of K from zero to 10.4 which 
were considered. The curves of Fig. 10 reach their maximum 
values in times which decrease as K is increased, reflecting the 
decrease in period resulting from this type of nonlinear elasticity. 

In Fig. 11 it is seen that displacement amplification ratio A 
is smaller with any nonzero value of cubic modulus K than for 
the linear case, K = 0. The greatest reduction is in the upper 
set of curves which represent maximum values of A for any 
t,/T, and which apply to excitations of long duration. 

Force amplification ratio F is plotted against ¢/7 for various 
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Fic.10 DispLAcEMENT AMPLIFICATION RATIO 
A as A FunctTION oF (t:/7) For Various VAL- 
vEs OF Dampinc Moputus y anp Cusic 
Exasticiry Moputus K 
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Fic. 11 DispLAcEMENT AMPLIFICATION 
Ratio A as a Function or K ror THREE 
VaLues oF (t:/7) anp Two VALUES OF y 
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Fic. 12 Force AMPLIFICATION Ratio F Fie. 13 Force AmpuiricaTion Ratio F Fie..14 Force Ampuirication Ratio F 
AS A FuncTION oF (41/7) FoR VARIOUS As A FuncTIOoN oF (ti/7') For VARIOUS AS A Function oF K ror THREE VALUES 
VaLues or K anp FoR y = 0.002 Vauues or K anv For y = 0.245 or (i/T) AND ror Two VALUES OF Y 


values of K, for y = 0.002 in Fig. 12 and for y = 0.245 in Fig. 13. 
A change of cubic modulus from K = 0 to K = 10.4 increases the 
maximum value of F from 2.00 to 3.34 in Fig. 12, and from 1.69 
to 2.99 in Fig. 13. 

In Fig. 14, F is plotted against K for three values of t,/T and 
for two values of y. Maximum values of F are given by the 
curves for t;/T’ > 1/2, which indicate that F may be asymptotic 
to some upper limiting value, and suggest that further increase 
of K will have little effect on F. 

Probable error in values of A is estimated to be not over +4 
per cent. Values of modulus F, being computed from values of 
A, will have probable errors not exceeding 21/2, times those in A 
or +10 per cent. 
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Aerodynamic Oscillations in 
Suspension Bridges 


By EDMUND PINNEY,! BERKELEY, CALIF. 


Following the failure in 1940 of the Tacoma Narrows 
suspension bridge by wind-driven oscillations, the need 
for developing in advance adequate data concerning wind 
speeds at which such oscillations occur became apparent. 
Numerous studies and experiments were undertaken on 
the subject, the present paper dealing with a symmetrical 
suspension bridge having two towers in which both sides 
span and tower effects are considered. A modification is 
given to include the effects of roadbed “‘slats,’”’ and a 
method is outlined for obtaining flutter speeds from road- 
bed section models which may fit into standard wind 
tunnels. The theory is applied to the Tacoma Narrows 
Bridge. 


NOMENCLATURE 


The following nomenclature is used in the paper: 


roadbed torsional displacement about center line 
half total length of bridge 
semi-width of roadbed 
half mean distance between tower shafts 
semi-length of center span 
is defined in Equation [44] 
torsional vigidity of roadbed about its rotational 
axis 
structural damping constant of bridge 
Young’s modulus for bridge structural material 
(steel) 
€ fraction df total width not occupied by air slots 
F(Z) height of suspension cables when at rest 
fi(Z), fa(Z) are defined in Equation [83] 
aeceleration due to gravity 
downward displacement of roadbed center line 
effective moment of inertia per unit length of 
bridge about roadbed center of rotation 
area moment of inertia of roadbed structural cross 
section about a line through centroid parallel 
to X-axis 
mean area moment of inertia of horizontal section 
of tower about centroidal axis perpendicular to 
bridge length 
are defined in Equations [57] and [81] 
l = height of tower above pier 
_ AM are defined in Equation [37] 
Ly, La, My, Ma are defined in Equations [84], [92], [93], and [95] 
L,', La’, M,', Ma’ are defined in Equations [88] and [89] 
L(Z,t) = downward aerodynamic force per unit roadbed 
length 
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M(Z, t) aerodynamic moment per unit roadbed length 
mm is defined in Equation [90] 
v is defined in Equation [63] 

is defined in Equation [65] 

air density 

bridge mass per unit length 

wind-speed ratio between model and prototype 

defined in Equation [100] : 

effective radius of gyration of bridge about its 
rotational axis 

are defined in Equation [39] 

scale of model 

are defined in text following Equation [17] 

values of o in center and side spans, respectively 

values of 7 in center and side spans, respectively 

time 

horizontal component of cable tension when bridge 
is at rest 

wind velocity 

weights of center span and of one side span, respec- 
tively 

vacuum bending and torsional frequencies of 
bridge, respectively 

vibration frequency of bridge 

is defined in Equation [86] 

fixed right-handed rectangular co-ordinates meas- 
ured transverse to roadbed, vertically upward 
through center of bridge, and parallel to bridge 
length, respectively, when bridge is at rest 


INTRODUCTION 


In the early part of the nineteenth century a large number of 
bridges of the suspension type were destroyed by aerodynamically 
driven oscillations. With the development of better materials 
and construction techniques the number of such failures dropped 
markedly, although it cannot be said that the aerodynamic ef- 
fects were adequately understood by bridge designers. 

On November 7, 1940, a large and important suspension 
bridge of recent design, the bridge at the Tacoma Narrows in the 
State of Washington was destroyed by wind-driven oscillations. 
The need for the development of adequate experimental and 
theoretical techniques to determine in advance the wind speed 
at which such oscillations occur became immediately obvious. 

Further incentive for such development lies in the recently 
greatly advanced costs of material and labor. A powerful eco- 
nomic incentive exists toward more careful structural analyses 
rather than the excessive safety factors of a generation or two ago. 

The experimental side of the problem has been carried on 
principally at a well-equipped laboratory and wind tunnel es- 
tablished under the direction of Prof. F. B. Farquharson at the 
University of Washington. In this wind tunnel, bridge models 
up to 100 ft in length can be tested at wind speeds up to roughly 
20 mph. A model of the Tacoma Narrows Bridge was tested in 
this tunnel, and dangerous oscillations were observed at a wind 
speed which, when properly scaled, agreed closely with the speed 
at which the bridge had failed. 
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On the theoretical side Westergaard,? Rannie,* and Reissner,* 
investigated vacuum vibration modes. Steinman® added the 
effects of quasi-static air forces. In a private publication 
Bleich® has sketched a linearized rigid-tower atin ara flutter 
theory using Theodorsen flat-plate air forces. 

In the present paper both side span and tower effects are con- 
sidered. The latter may have appreciable effects on the flutter 
modes. To investigate the flutter stability of the bridge, it is 
sufficient to assume the air forces to be linear functions of the 
bending and torsional amplitudes of vibration. The coefficients 
are taken to be of Theodorsen type, but a modification is given 
which is to apply to slotted roadbeds of the type proposed for the 
new bridge to be built at Tacoma Narrows.’ The calculations 
are considerably aided by the Army Air Forces flutter report,’ 
which has appeared since Bleich’s report. 

No account is taken of the von K4rman trail-buffeting which 
is often annoyingly present at velocities below that at which the 
bridge becomes unstable to true flutter, i.e., the dominating mecha- 
nism at high speeds. Consequently the flutter speeds indi- 
cated by the theory may be somewhat higher than those at which 
flutter would actually occur on the bridge. The calculated flutter 
frequencies may also be a little low. 

Because of the questionable nature, at least for the lower air 
speeds, of the assumed aerodynamic forces, a method is outlined 
for obtaining flutter speeds from roadbed section models which 
may fit into standard wind tunnels. Investigations of this sort 
are easier, cheaper, and faster than ones involving full models. 

In the last section, the theory is applied to the Tacoma Nar- 
rows Bridge. The results agree sufficiently well with what actu- 
ally happened to establish the value of the theory for design 
purposes. 

The bridge is assumed to be symmetric about its center. 


EQuaTIONS OF MoTION oF BRIDGE 


Let 2a be the total length of the bridge, and let 2b be the width 
of the roadbed. Establish a rectangular X, Y, Z-co-ordinate 
system with origin at a point midway between the ends of the 
bridge and midway between the sides of the bridge. The Y-axis 
will be taken to point vertically upward, and the Z-axis will be 
taken parallel to the length of the bridge. The four corners of 
the roadbed will then be at X = = b,Z = =a. 

The direction of the X-axis will be taken so that the wind has 
& positive component of velocity in the X-direction. The sides 
of the bridge corresponding to X positive and negative will be 
called the right and left sides, respectively. Thus the wind 
blows from left to right. 

Now suppose the roadbed undergoes a small displacement. 
Neglecting quantities of the second order, this may be resolved 
into a vertical downward displacement A(Z, t) of the center line 
of the roadbed and a torsional displacement a(Z, t) about the 
center line, t being the time. The angle a(Z, ¢) is measured from 
the positive direction of the X-axis toward the negative Y-axis. 

The (right/left) sides of the bridge undergo downward displace- 
ments of A(Z, t) = ba(Z, t). The point on the (right/left) sus- 

2 “On the Method of Complementary Energy,’’ by H. M. Wester- 
gaard, Proceedings of the American Society of Civil Engineers, vol. 
67, 1941, pp. 199-227. 

+ “The Failure of the Tacoma Narrows Bridge,” Texas Engineer- 
ing Experiment Station, Bulletin 78, 1944. See Section B, Appendix 
VI. 

“Oscillations of Suspension Bridges,’’ by H. Reissner, JouRNAL 
or AppLieD Mecuanics, Trans. ASME, vol. 65, 1943, p. A-23. 

5 “Rigidity and Aerodynamic Stability of Suspension Bridges,” 
by D. B. Steinman, Proceedings of the American Society of Civil 
Engineers, vol. 69, 1943, pp. 1361-1397. 

® R. Bleich, Report 10, Committee on Interpretation and Analysis, 
Advisory Board on the Investigation of Suspension Bridges. 

7 Army Air Forces Technical Report 4798. 
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pension cable having the co-ordinate Z when the bridge is at 
rest undergoes a downward displacement A(Z, t) = ba(Z, t) plus 
terms of the second order. If Y = F(Z) is the equation of the 
cables when at rest, then 


F(Z) — A(Z, 8) ber(Z, {1} 


is the Y-co-ordinate of the cable on the (right/left) side of the 
bridge. 

Let po be the mass per unit length of the bridge. This will 
vary slightly along the span due to the increasing weight of 
cables and hangers near the towers, but this small variation may 
be neglected in view of the greater dynamic importance of the 
central parts of the spans. Let I’ be the effective moment of 
inertia per unit length of the bridge about the roadbed center 
of rotation. Let ds denote the differential of length of the 
\right/left) cable. 

Let tower I be located at Z = c, and tower II be located at 
Z = —c, where c > 0. Each tower may be considered to be a 
beam hinged® at its lower end. From their structural character- 
istics may be computed the force K which, applied in the Z-direc- 
tion to the top of one of the towers, will deflect it a unit distance, 
and the torque C about a vertical axis which, when applied to the 
top of one of the towers, will twist it through an angle of 1 radian. 
From the theory of a vibrating beam may be computed numbers 
M', I such that the inertial characteristics of each tower act as 
though there had been placed at its top a body having mass 
M’ and moment of inertia J about the vertical axes of twist of 
the tower. Suppose the tops of towers I and II, respectively, 
are displaced distances r+ and r-, respectively, in the Z-direc- 
tion, and are twisted through angles @+ and @-, measured clock- 
wise as seen from above. 

The section of the bridge between Z and Z + dZ experiences 
a downward gravitational force of gpdZ. Consequently a 
virtual displacement 6h in the negative Y-direction con- 
tributes virtual work 


‘a 


Now consider inertial forces in the bridge. The section be- 
tween Z and Z + dZ experiences a translationakforce po(0*h /dt*) 
in the Y-direcfion, and a rotational torque J’(0%a/dt*) about the 
axis of rotation. Therefore these inertial forces contribute 


bh + bal dZ........ 3} 


to the virtual work of the system. 

Now consider elastic bridge forces. Let E be Young’s modulus 
for the roadbed structural material, let 7” be the area moment 
of inertia of a cross section of the roadbed about an axis through 
the cross-section centroid, parallel to the X-axis, and let C’ be 
the torsional rigidity of the roadbed about its axis of rotation. 
Then —EI"(0*h/dZ?) is the bending moment due to the elastic 
bending stiffness of the roadbed, and —C’'(da/0Z) is the torque 
about the rotational axis due to the torsional stiffness of the road- 
bed. The elastic forces in the roadbed will contribute 


f [EI" (0% /2Z*) + dZ... 
to the virtual work of the system. 

Now let 7’ be the tension in the cables; 7, which varies with 
Z, tends to stretch out the elements ds +, so the cables contribute 


[T+ 6(08+/0Z) + T_ 8(0s_/2Z)] dZ.......- (5) 


8 See reference 3, section C, part 2, p.10. However, other assump- 
tions may be substituted easily. 
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to the virtual work of the system. This is also elastic energy. 

Let L(Z, t) be the “downward lift,” or the aerodynamic force 
per unit length of roadbed measured in the downward direction, 
and let M(Z, t) be the aerodynamic moment per unit length of 
roadbed about its axis of rotation, measured from the positive 
X-axis toward the negative Y-axis. The aerodynamic forces 
will then contribute 


[— Lid, t) th — M(Z, Nba] (6) 


to the virtual work of the system. 

Let the point on the (right/left) cable which is at Z, when the 
bridge is at rest, have a Z-co-ordinate Z + £+(Z, t) when 
the bridge moves. The section between Z and Z + dZ experi- 
ences inertial forces in the Z-direction, and a Z-component of 
hanger tension when the hangers depart from vertical. These 
forces are, however, small compared with the main cable ten- 
sion, and will be neglected. 

Finally consider the towers. Their inertial and elastic forces 
are readily seen to contribute virtual work 


(M'(d*r4/dt?) + + [M’(d*r-/dt?) + Kr-Jor- 
+ + + [I(d%-/dt?) + 


to the virtual work of the system. 
Neglecting frictional forces for the present, the sum of Equa- 
tions [2] through [7] must vanish; therefore 


oth da 
—— — — 
(dh da des 
+ El +C (22) + 


+T-3 (a) dZ + + Kre) ars 


ds \? oh oa = | 


O8 08 oh 
) (F az (— bh 


153 
oZ? OZ? oZ Loz? oZ ozs” 
az \az)/ 
At the ends of the bridge and at the towers sh = 0, da = 0, 
= 0. At the ends of the bridge = 0. At tower 


I, = + and at tower II, = r- + Therefore, 
substituting the foregoing formulas into Equation [8] 


35) 


x (1 +%)| xt dZ + R+dr+ + 0+ 560+ + 


1 / 0&+ 
Ax =- 
ae + 
1 
(3 =). 


where 


(76 


f(Z) = +0) 
Since the variations are independent, from Equation [10] 


oth oh oth 


 .. [11] 


and where 


— go — L(Z, t) = 0...... [13] 


Oa , oh 0a , Pa 


M(Z,t) =0...... [14] 


where 

4K = 

dt? 

oz J az 

oZ oZ oZ Pe) ds— de- 
° he 


R+ =0, 04 =0,R- =0, O- =0......... 


From Equations [15] and [16] the horizontal component of 
tension is independent of Z away from the towers. For the hori- 
zontal component of tension in the (right/left) cable we will write 
To(l + o += 7), where 7° is the horizontal tension when the 
bridge is at rest and |r| << 1, |o| << 1. By Equations (15] and 


[16] 
Os + OF + 
Neglecting second-order terms 
Os + OF + 
ra =) 
From this 


1 / O&+ 


Very little error and much simplification are introduced by 
considering the cables inextensible. Then by Equation [8], 
neglecting second-order terms 


F’(Z) (= b {18} 
Therefore 
oh da 
G (1 +o—F H (+ bF 2)... 19 
Substituting these into Equations [13] and [14] 
ath of ah 
— L(Z,t) = goo — 2T.(1 + o)F’...... {20} 
da af da] da 
+ M(Z, t) = 2bToF’r........ [21] 


To determine F’, note that when the bridge is at rest h = 0, 
a=0,L =0,M =0,¢ =0,7 =0. Therefore by Equation 
[20] 

[22] 


In the dynamically important part of the bridge, F'’? is small 
compared to unity, so from Equations [17], [11], [20], [21], [22] 


— +o — t) — gow. . [23] 
(C’ + 2b?T») + M(Z,t) ~ gobr.... [24] 
M’ + Kra —2TMAae 0......... [25] 
[26] 


dt? 
Integrating Equation [18] by parts and using Equation [22] 


Z2 Ze 
| = | — (h = ba)dZ. . [27] 


Zz 27 
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The boundary conditions are 
h( +a, t) = 0, hzz(* a, t) = 0, h( +c, t) = 0, 
hzz(* t) 0, 


[28] 


a( +a, t) = 0, a(+c, t) = 0 
h, 0h/O0Z, 08h/O0Z3, a, Oa /OZ are continuous at Z = 0 


Then, taking 7,, in Equation [27] to be —a —c; —e, ¢; ¢, a, 


respectively 
ha 
h(Z,t)dZ 
h(Z, 
J 
[31] 
c 
From these 


fl naz = 0......182 


In the event that at the mid-span point the cables are an- 
chored to the roadbed by rigid tie-in devices 


dh da 
when Z = 0. By Equation [27], when mid-span tie-in devices 
are present 


27, 
A(Z, t)dZ = — F(O)hz(0, 
[33] 


a 
a(Z, t)\dZ = FO) az(0, 
0 


For symmetric vibration modes hz(0, t) = 0, az(0, t) = 0, and 
Equation [32] is equivalent to Equation [33]. For asymmetric 
modes Equation [32] is satisfied identically. By the symmetry of 
the bridge it will vibrate in either symmetric or asymmetric 
modes, so Equation [33] supersedes Equation [32]. 


BENDING MopEs IN VacuUM 


In this section the bending vibration modes of the bridge will 
be computed for the case in which the air forces are absent; A 
and the r’s will oscillate single “bending frequency” which 
may be denoted by w,. By Equations [23], [25] 


oth o*h 


A 4 (K — M'w,%) [35] 
From this and Equations [30] and [33] 
h(Z, +“ =0, 
w 
[36] 


c 
h(Z, )dZ — + t) = 0 
0 


where 
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A = 
4T 


and where the second of Equations [36] is to be used only in the 
absence of central tie-in devices. 
The reduced equation corresponding to Equation [34] is 


on, 


T 
+ 


[39] 
|'/2 
EI" EI” 
then sh(rZ/c), ch(rZ/c), sin(wZ/c), cos(wZ/e) are solutions of 
Equation [38]. 

In the central span, three situations must be treated, namely, 
symmetric modes, asymmetric modes with central tie-in devices 
(hereafter called ‘tied asymmetric modes’), and “untied asym- 
metric modes,” without tie-ins. 

Let o’, o” denote the values of in0< Z<cande< Z<a 
respectively. Then for —c < Z<c 

ch (rZ/c) , cos (w Z/c) 


Cos 


for symmetric modes 


Z 1 Z 
h(Z,t) = o’ lz [w%ch(rZ/c) + r? cos (wZ/c) | 


1 
+ r sh (rZ/c) — r? tan w sin (w zie) | . [41] 


for tied asymmetric modes, and 


h(Z, t) = © H’ sin [42] 


for untied asymmetric modes, H’ being an arbitrary constant, 
and the frequency w,’ of the central span satisfying 


w(w,’) = = 1,2,... 


for untied asymmetric modes. 
Write 
= (a—c)/2 
Then fore< Z<a 
1 hir(Z —ce—c’)/e 


r? + w? ch(re’/c) 


cos {w 


cos (we’ /c) 


for symmetric and tied asymmetric modes, and 
h(Z, t) = sin {w(Z — —c’)/c} [46] 


for untied asymmetric modes, H” being an arbitrary constant, 
and the frequency w,” of the side spans satisfying 


w(w,") = nac/c’, n 


for untied asymmetric modes. 

It is to be noted that H’ and H” are independent, so untied 
asymmetric center-span and side-span oscillations are inde- 
pendent of one another and must be analyzed separately. 


For —a < Z < 0 we may define A(Z, t) = h(—Z, t) for sym- 
metric modes, and h(Z, t) = — h(—2Z, t) for asymmetric modes. 
Then Equations [28] and [29] will be wholly satisfied. 

From the first of Equations [36] and Equation [45] 


a’ c’ r?/w 
—~=1+2\|-—— th (re’/c) — 
a” + E r? + w? r? + w? 


tan | 


for symmetric and tied asymmetric modes. 
By the second of Equations [36] and Equations [40] and [41] 


w?/r r?/w 


o 


“tan . [49] 


for symmetric modes, and 


‘ E __ w(2/r —X'r) (2/w + 


+ w? 


= th 
r? + w? 2 


for tied asymmetric modes, 
By Equations [39], [43], [47], the untied asymmetric bending 
frequencies are given by 


29 
=, = We mn? (27) + EI” | ,n =1, 2,.. [5i] 


for center span modes, and 


2 
= Wan” = Fe + EI" | 


[52] 


for side span modes, W’, W” being the weights of center and side 
spans, respectively. 

Multiplying Equations [48] and [49] together, for sym- 
metric modes 


y2 / , 
[thr + 2th (ré"/c)] — 20 E — 


r?/w 
r? + w? 


r?/w 
th (re je) tan w 


w?/r 
X tan (we’/c) — — 
(we’/c) 


Similarly, from Equations [48] and [50], for tied asymmetric 
modes 


r? 2 1 2 
= 1 + 2c’/c — R,(,) 


where 
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= 1, 2,.............. [47] 
= — 
= [tan w + 2 tan (we’/e)] = 1 + 2c'/e — Ry (wy). [53] 
y 
where 
R,(o) 
w?/r 
r? + w? 
‘ 
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R,(w,) = [(? th r+ th ce | 


7+ w?[\r 
r2(2/w + 1 w{2/r — d’r) 1 


Equations [53] and [55] may usually be solved by successive 
approximations which depend upon R,(w,) and R,(w,) being 
small, as they usually will be for the more important lower modes. 
Special approximation procedures may be devised for other 
cases. 

The effective spring constant K and mass M’ of the towers 
may easily be obtained by considering each tower to be a uni- 
form beam hinged at the pier.6 From the theory of simple 
beams, one may readily derive 
7 
Kw,-?— M’ = (cot x, — coth x,) 
29 


where W is the weight of one tower, and 
= [57)} 


where / is the height of a tower, and /’’’ is its mean bending 
moment of inertia about its centroidal axis. From Equation 


[37] 


ww’ 
From this 
0 


TorsionaL MopEs IN VacuUuM 


In this section the torsional vibration modes will be computed 
for the case in which air forces are absent. a, 7, and the 6’s 
will oscillate at the torsional frequency which may be denoted 
by wa. By Equations [24] and [26] 


(C’ + + I'wa? a = gpobr........ [60] 
A (C — Iwa?)d {61] 


From this and Equations [31] and [33] 


+a 


T'wa? 


(62] 
obec 
a(Z, taZ — Aur + = 0 
0 T'wa? 
where 


and where the second of Equations [62] is to be used only in the 
absence of central tie-in devices. 
The reduced equation corresponding to Equation [60] is 


(c’ + + I'wata = 0 [64] 


This has solutions sin(¢Z/c), e0s(¢Z/c), where 
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I 


Let r’, r” denote the values of r in the intervals of 0 < Z < c, 


c < Z <a, respectively. In accordance with Equation [60] for 
—c<Z<e 


q = Q(wa) = 


Z 
Wa cos q 
for symmetric modes 
gob , JZ. _ 
a(Z,t) = Twat {1 — cos(qZ/c)] — tan q sin azo} 
[67] 
for tied asymmetric modes and 
a(Z, t) = [68] 


for untied asymmetric modes, A’ being an arbitrary constant, 
and the frequency wa’ of the central span satisfying 


Forc<Z<a 


cos(qe’/c) 


for symmetric and tied asymmetric modes, and 
ob 
oZ, t) = gin —e—e’)/c] ...... [71] 
I Wa? 


for untied asymmetric modes, A” being an arbitrary constant, 
and the frequency wa” of the side spans satisfying 


Q(wa”) = nac/c’,n = 1, 
for untied asymmetric modes, 
For —a < Z < 0 we may define a(Z, t) = a(—Z, t) for sym- 


metric modes, and a(Z, t) = —a(—2Z, t) for asymmetric modes. 
From the first of Equations [62] and Equation [70] 


1 
= 1 + 2p — - tan ae'/e) [73] 
T c q 


for symmetric and tied asymmetric modes. 
_ By the second of Equations [62], and Equations [66] and (67] 


(74] 
q 
for symmetric modes and 
2 
402) tan} of (75] 
T 2 
for tied asymmetric modes. 


By Equations [65], [69], and [72], the untied asymmetric 
torsional frequencies are given by 


wa’ = wan’ = (nw/c)((C’ + n = 1, 2.... [76] 
for center-span modes, and 
wa” = wan" = (nx/c’)((C’ + n = 1, 2,... [7] 


for side-span modes. 
Multiplying Equation [73] by Equation [74] for symmetric 
modes 


Ay 
| 
a 
‘faites 
hs 
; 
n 
Ay & 
| 
t 
fl 
“ 
= 
: . 
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1 
(tan g +2 tan (ge’/c)] = 1 + 2c’/e — tan 


1 
4 [ev — - tan | 
q 
From Equations [73] and [75], for tied asymmetric modes 


(? + wa) tan ; qt ; tan (gc’/c) = 1 + 2c’/e + 2p E 


An expression for » may be obtained in the same manner as 
that for \ was derived in the third section. In fact 


. 
Ww’ 1 


y= 1673 {coth Ka — cot ka] [80] 


where r, is the radius of gyration of the bridge roadbed, 26’ is 
the mean distance between tower shafts, and 


kat = [81] 
Also 


Tue BripGe-FLurrer PROBLEM 


In this section the air forces acting on the roadbed of the bridge 
are taken into account. In accord with standard flutter practice 
it will be assumed that the bending and torsional modes of the 
bridge will have the same relative shapes which they had in 
vacuum. However, the aerodynamic forces will impose coupling 
between the bending and torsional modes, which were independ- 
ent of one another in vacuum. In each mode the coupled sys- 
tem will have two possible oscillational frequencies either of 
which may be called a flutter frequency w. 

Write 


WZ, 0) = a(Z,0) = Afa(Z).... (83) 


where H = o’, A = r’ for symmetric and tied asymmetric 


modes, where H and A are to be identified with the H’ and A’ of ° 


Equations [42] and [68], respectively, for untied central-span 
asymmetric modes, and with H” and A” of Equations [46] and 
[71], respectively, for untied side-span asymmetric modes, and 
where f,(Z), fa(Z) may be obtained in the various cases from 
the third and fourth sections of the paper. 

From Equations [10] to [19], when the bridge oscillates at the 
flutter frequency w 


a 
g oth oh 
E —, — push + goa — L(Z, 


a oZ 


+ goobr + M(Z, fa(Z)dZ = 0 
From Equations [34] and [60], since 5H, 6A are independent 
[oo(w? — wr*)h(Z, t) + L(Z, t)] f,(Z)dZ = 0 


— wat)a(Z, t) + M(Z, = 0 
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As stated in the introduction, we assume 
L(Z, t) = rpb%w*(L,A(Z, t) + bLa a(Z, 
M(Z, t) = t) + bMa a(Z, J 
Ln La, My, Ma being constants and p being the air density. Then 


B = Apobw,?/(I'wa*) 
2 


x fi(Z)dZ + Brpb*La f,(Z)fa(Z)dZ = 0 


filZ)fa(Z)dZ + B E (1 
+ | fa? (Z)dZ = 0 


A structural damping constant 6 may be introduced by multi- 
plying w~* by 1 + 76/2 in Equation [85], 7 being the imaginary 
unit. 4 will then represent the ratio of the energy dissipated by 
friction per cycle to the total energy of the bridge. 

If we write 


| 
| 
| 


from Equation [85] 


fu(Z)dZ + — b*La 
po a Po 


Wa 


fa(Z)dZ = 0 
He b? fi(Z)fa(Z)dZ + Bb 
po -a 


a 


2 
x k (l1—2) fa?(Z)dZ =0 
b? po 


From these equations 


Q? — (L,’ + Ma’)2 + L,’Ma’ — La’M,’ = 0 .... [87] 


where 
a? a? 
== (1 +r* La’ (88) 
Wh po Po 
MJ =u 720, Ma’ =1+—% [89] 
po po 
where 


fa(Zaz 


By Schwartz’s inequality, » < 1. For untied asymmetric 
flutter modes, in fact, 1 = 1. Now as /” — 0, from the third 
and fourth sections of the paper, f,(Z) — fa(Z) for flutter modes, 
and » — 1. In most suspension bridges the roadbed bending 
stiffness plays but a minor role. Therefore » will not, in general, 
differ from unity by more than a few per cent. To set it equal 
to unity is probably as legitimate as it is to assume that the 
flutter modes have the same relative shape as the vacuum modes. 


ng 
J 
2 
Wa . 
86 
w 2x 
. 
[90] 
- 
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If desired, « might be computed from Equation [90] for the sym- 
metric and tied asymmetric modes, but it would be less laborious 
and more in keeping with standard engineering practice to make 
the calculations first with » = 1, and then to repeat them with 
u decreased by a few per cent. 

Since the roadbed bending stiffness plays only a minor role, 
the ratio wa/w, is essentially the same for different modes of the 
same type. Therefore, by Equations [88] and [89], the values 
of Q derived from Equation [87] will be essentially the same 
for such modes. It follows from Equation [86] that for modes of 
the same type, for a given 4, w is proportional to wa. 


Arr Forces ON AN OscILLaTiInG UNSLoTTED ROADBED 

In this section the roadbed is assumed to behave essentially 
the same, aerodynamically, as an infinitely thin flat plate. It is 
assumed that the aerodynamic forces on a given elementary 
section at which the roadbed is inclined at an angle a(Z, t) to the 
horizontal are essentially the same as though it were a part of an 
infinitely thin, infinitely long ribbon having everywhere the same 
angle of attack a(Z, t). This assumption reduces the flow prob- 
lem to a two-dimensional one and introduces only an exceedingly 
small error. 

Let V be the wind velocity, and let 


Then? 
L, = 1— 2j(1/kK)C(k), La = —j/k — [j/k + 2/k*]C(k)... [92] 
M, =3(1/K)C(k), Ma = j/k — [93] 


where C(k) is given in terms of Hankel functions by 
Clk) = + (k)] 


The quantities L,, La, M,, Ma are expressed in terms of L,, 
Le, Ma by 


1 
In = I, La = Lea 2 L, | 


.. [95] 


M, => Ma + 5 Le + Ma 
L,, La, Ma being tabulated functions." 

Using these air forces, Equation [87] gives 2 and therefore 
w and 6 as functions of k. Then V = bw/k may be obtained as 
a function of k. Therefore, using k as a parameter, 6 may be 
plotted against V. The lowest value of V corresponding to the 
largest allowable value of 6 is the flutter speed. 

As noted at the end of the fifth section of the paper, for dif: 
ferent modes of the same type, w is proportional to wa for given 
6. Since V = bw/k, it follows that for different modes of the 
same type the 6 versus V curves will be similar in shape, differing 
only by a scale factor proportional to wa applied to the V-axis. 
Therefore it is necessary to investigate only the lowest mode of 
each type. 


AERODYNAMIC FORCES ON A SLOTTED ROADBED 


The theory of hydrodynamics may be employed to derive 
steady-state air forces on a thin roadbed containing slots parallel 
to its length, assuming that the Kutta condition holds on the 
“trailing edge’’ of each roadbed strip. The details of this deriva- 
tion will be published elsewhere." 


* Reference 7, pp. 29, 33. 

© Tbid., Appendix VI. 

11 Aerodynamic Forces on a Slotted Flat Plate,’ by Edmund 
Pinney, Quarterly of Applied Mathematics, in press. 
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Suppose the slots are symmetrically arranged about the center 
line, and suppose ¢ is the fraction of the total roadbed width 
occupied by lanes. Then 


L(Z) = — M(Z) = [96] 


For k = bw/V small compared to unity, the air forces are es- 
sentially static, and for flutter modes for which this is the case, 
the presence of symmetrically placed slots in the roadbed may be 
taken into account by replacing Equation [95] by 


1 1 1 
We = + + Ma) 


FLurrer From Tunneut Tests oN RoapBep Secrion 
MopbELs 

The greatest weakness in the foregoing analysis is that, par- 
ticularly for low speeds, the flat-plate air forces cannot represent 
accurately the true air forces on such an irregular, unstreamlined 
shape as that of a typical suspension-bridge roadbed, although 
they may be quite useful in the design stages. When design 
has advanced sufficiently far, an experimental check may be 
obtained from a section model of the roadbed long enough to 
avoid undue end effects, but short enough to fit into available 
wind tunnels. If, as in the fifth section of the paper, we take u 
in Equation [90] to equal unity, direct flutter-speed determina- 
tions may be made from wind-tunnel data on this model by 
methods similar to those on airplane flutter models. 

To the symbols used for the full-scale bridge, let us add a sub- 
script m to denote corresponding quantities for the model. 
Appropriate bending and torsional stiffnesses may be obtained 
by suspending the model from four springs. Since dynamics is 
concerned with three types of quantities, mass, distance, and 
time, three conditions may be specified at will in making a model 
dynamically similar to the actual bridge. If the scale S is spe- 
cified, 


specifying the speed ratio R; thus 

Finally 
Pn/p = 


where R’ depends on the wind-tunnel characteristics and the 
air speed V,,, and will differ'from unity by only a small amount 
in accordance with Bernoulli’s principle for adiabatic gases. 

These conditions specify that mass, distance, and time shall 
scale in the ratios S*R’, S, S/R, respectively. The model is then 
to be constructed in such a way that 


= wam/wa (101) 
pom/pe = R’S*, [102] 
If this is done, in Equations [88] and 189] 
Lim’ = Ly’, Lam’ = La’, Mim’ = M,', Mam’ = Ma’ 


for f,(Z), fa(Z) are constant in a section model, and therefore Hs 
= 
From Equation [87], 2,, = 2, so from Equations [86] and [101] 


. 
: 
La = ely, La La L, | 
Ay 
M, = -— - L, 97 
2 2 
| 
/ 98 
tunnel may be adapted to b; 
: 


It must be kept in mind that this is the bridge flutter frequency 
w corresponding to the damping constant 4,, of the elastic mount- 
ing of the model. Therefore the speed 


is the flutter speed corresponding to a damping constant 4,,. 
By varying 6,, we may obtain a graph of V as a function 
of 6,, and from it determine the flutter speed V correspond- 
ing to the damping constant 6 of the bridge itself. 

To make the section model dynamically similar to the full- 
scale bridge, we scale all its linear measurements by the factor 
S. The linear density and radius of gyration of the model 
must satisfy Equation [102]. Since pom depends upon R’, it may 
have to be changed for different speed ranges by adding or sub- 
tracting weights at a distance r,,, from the roadbed axis. RF’ is 
at most a slowly varying function of the velocity V,,,, so this 
should not give much trouble. j 

Frequencies w, and wa must be computed by the methods of 
the third and fourth sections of the paper. Frequencies «,,, 
and wam may be computed from Equation [101]. These become 
the bending and torsional frequencies of the model if it is sus- 
pended from its corners by four springs of constant 


(1/4) poml’w?,,,., 


placed at a distance 


from the roadbed axis, l’, being the length of the model. 

By Equations [102] and [105], the spring constants are pro- 
portional to 2’ and will have to be changed, possibly by varying 
the length of the springs, as R’ changes. 

The flutter speed for the model V,,, may be obtained by suc- 
cessive approximations, since R’ may depend upon V,,. One 
first obtains an air speed at which sustained oscillations occur 
and determines R’ for that speed. Then, readjusting the ap- 
paratus to this 2’, a new oscillational speed is obtained, and the 
process repeated until the speed is unchanged. This speed is 
V,,. The corresponding frequency is w,, The flutter speed 
and frequency are obtained as functions of.the damping constant 


é,, of the supporting springs by means of Equations [103] and 
[104]. 


Tue Tacoma Narrows BrivGe 


In this section the foregoing theory is applied to the Tacoma 
Narrows Bridge, in which 


a = 2500 ft EI” = 7.450 10" lb-ft? 

b = 19.5 ft EI’"’ = 1.175 101? lb-ft? 
b’ = 22.25 ft c’'=0 

c = 1400 ft To = 1.2677 X 107 lb 
po = 177.0 slug ft p = 0.00238 slug ft~* 
9g = 32.2 ft sec™? rg = 15 ft 

l= 425 ft W = 3.851 X 108 lb 


The bending and torsional frequencies of the lowest mode of 
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each type were calculated by means of the third and fourth 
sections of the paper and may be summarized as follows: 


Untied asymmetric center span....... w, = 0.855, wa = 1.104 
Untied asymmetric side span.......... w, = 2.263, wa = 2.810 
wr, = 0.743, wa = 1.090 
w, = 0.991, wa = 1.270 


All frequencies are in radians per second. The effects of tower 
inertia and stiffness were found to be very small. 

The flutter curves were then computed by means of the fifth 
and sixth sections of the paper, and the results are plotted in 
Fig. 1. However, the untied asymmetric side-span mode was 
omitted. This curve was similar in shape to the tied asymmetric 
mode curve, but crossed the axis at 114 mph. 
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Fie. 1 Srructrurat Dampine ReQurrep Versus WIND VELOCITY 


(a, untied asymmetric center span mode, b, tied asymmetric mode; c, sym-¢ 
metric mode.) 


These curves readily explain the observed behavior of the 
bridge just before failure.. After the critical speed for the tied 
asymmetric mode was passed, this mode was excited and its 
amplitude increased until the relatively weak tie-in devices failed. 
The mode now became untied asymmetric. The frequency 
dropped about 13 per cent and the coupling between center and 
side spans disappeared, the side span remaining virtually at rest 
thereafter. In the untied asymmetric mode the amplitude of 
oscillation increased with the wind velocity until major failure 
occurred. It can readily be seen that strengthening the central 
tie-in devices or increasing the frictional resistance of the bridge 
would have been relatively ineffectual in increasing its flutter 
speed. 

From the graph, the critical speed for the bridge appears to be 
a little above 48 mph. Actually, at the time of failure, tied 
asymmetric vibrations began at a speed somewhat above 42 mph. 
However, the observed frequencies of oscillation in the tied and 
untied modes were 14 cycles per min and 12 cycles per min, 
respectively, against 11 cycles per min and 9 cycles per min pre- 
dicted by the theory. Although bridge stiffness neglected in the 
theory may account for part of this difference, most of it is prob- 
ably due to neglecting buffeting in the air forces. | Nevertheless, 
the errors of the theory are well under a tolerable factor of safety 
for wind flutter velocity. Therefore the theory may be considered 
of value for design purposes, particularly in the preliminary stages. 


= 
: 
(106) 
See 
git 
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Reinforcement of a Small Circular Hole 
in a Plane Sheet Under Tension 


By SAMUEL LEVY,' A. E. McPHERSON,? anp F. C. SMITH? 


This paper presents a theoretical and experimental in- 
vestigation of the effect of various reinforcements on the 
stresses and displacements near a small circular hole in a 
plane sheet under load in its plane. The first part of the 
paper gives a plane-stress analysis for a reinforcement of 
variable thickness when the load is a uniform tension in 
all directions. It is found that a reinforcement which 
crowds most of the material close to the edge of the hole 
is most effective in reducing the stress concentration at 
the hole. The next part presents the principal results of 
earlier plane-stress analyses for reinforcement by a “‘dou- 
bler plate”? when the load is tension in one direction only. 
The last part describes tests in the elastic range of riveted 
doubler-plate reinforcements of several sizes and with 
several rivet arrangements. Details of a test to failure of 
one reinforcement riveted to one side of the sheet only are 
given. The tests indicate that the plane-stress theory 
gives a good estimate of the state of stress outside the rein- 

» forcement, and that it may be used for computing median- 
surface stresses and average elongations of the hole in the 
specimen, provided that the reinforcement is attached to 
the sheet by more than one row of rivets. 


NOMENCLATURE 


The following nomenclature is used in the paper: 
r = radial distance from center of hole 
h = thickness of plate at r 
he = thickness of plate far from hole 
v = Poisson’s ratio = 0.3 
= plane-stress function 
= radial stress in plate at r 
oe = tangential stress in plate at r 


Tx uniform stress in plate far from hole 
a radius of hole 
u, = radial displacement of point (r, @) with respect to origin 
at center of hole 
ve = tangential displacement of point (r, 6) with respect to 
origin at center of hole 


= radial strain at (r, 0) 
e« = tangential strain at (r, @) 
E = Young’s modulus 
6 = angle between radius vector to (r, 6) and direction of 
load 
up = radial displacement if no hole were present 
Vo = volume of material removed to make hole 


INTRODUCTION 
The problem of reinforcing small circular holes is one that 
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? National Bureau of Standards, Washington, D. C. 

Presented at the National Meeting of the Applied Mechanics 
Division, Buffalo, N. Y., June 21-22, 1946, of Tae AMERICAN SociEtTy 
oF MECHANICAL ENGINEERS. 

Discussion of this paper should be addressed to the Secretary, 
ASME, 29 West 39th Street, New York, N. Y., and will be accepted 
until July 12, 1948, for publication at a later date. Discussion re- 
ceived after the closing date will be returned. 

Nore: Statements and opinions advanced in papers are to be un- 
derstood as individual expressions of authors and not of the Society. 


occurs frequently in the design of access holes on airplane wings 
and fuselages. An approximate solution was given as early as 
1924, by Timoshenko (1),? who treated the reinforcement as a 
curved beam of constant section, The solution is obtained by 
the theory of curved bars and is applicable to reinforcements of 
arbitrary cross section, provided their dimensions are small 
compared with the radius of the hole. In 1932, Sezawa and 
Kubo (2) published a plane-stress solution for reinforcement by 
a symmetrical circular doubler plate in which the reinforced 
plate is replaced by an equivalent plate of constant thickness, 
but with the elastic moduius larger in the doubler plate than 
outside the doubler plate. In 1938 another solution for rein- 
forcement by a symmetrical circular doubler plate was published 
by Gurney (3). Gurney’s solution proceeds from the known 
general plane-stress solution for an infinite plate with a circular 
hole and adjusts the arbitrary constants in the solution to satisfy 
equilibrium of forces and continuity of displacements at the 
outer edge of the reinforcement. The three solutions are in sub- 
stantial agreement with each other. 

An extension of Gurney’s solution to include the additional ef- 
fect of a flange around the edge of the hole was given in 1944, by 
Beskin (4). In Beskin’s solution the stresses in the doubler 
plate and sheet are computed from the plane-stress theory on 
the assumption that the flange at the edge of the hole carries 
circumferential stress only. 

The solutions either require the reinforcement to be concen- 
trated near the edge of the hole, (1, 4), or require the reinforce- 
ment to be of constant thickness (2, 3). An analysis of radially 
symmetrical reinforcements of variable thickness is given in the 
present paper for the case in which the load is uniform tension in 
all directions. 

The solutions in references (1, 2, 3, 4) assume that the stresses 
do not vary across the thickness of the reinforced plate. In 
practical reinforcements this condition is not always fulfilled. 
Large variations in the stresses across the thickness may be ex- 
pected when the reinforcements are riveted to the sheet instead 
of being an integral part of the sheet as assumed in the analysis. 
Even for reinforcements integral with the sheet, large variations 
in the stresses across the thickness may be expected at the outer 
edge of the reinforcement where the thickness of the plate varies 
rapidly, and in the presence of asymmetry, e.g., reinforcement 
on one side of the sheet only. To determine the effect of these 
variations on the accuracy of ‘the theories, several tests in the 
elastic range were made on symmetrical riveted doubler plates 
of several sizes and with several rivet arrangements. One test 
was made to failure of a reinforcement riveted to one side of the 
sheet only. 


VARIABLE THICKNESS REINFORCEMENT OF CrircuLAR 
IN PLate UNDER UnirorM TENSION IN ALL DIRECTIONS 


An analytical study of the simplest type of reinforcement, 
namely, reinforcement of a circular hole in an infinite sheet under 
uniform tension in all directions, was made in order to explore 
the effectiveness of various shapes of reinforcements as follows: 


* Numbers in parentheses refer to the Bibliography at the end of 
the paper. 
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1 In reducing the stress concentration at the hole. 
2 In limiting the effect of the hole on the rigidity of the sheet. 
3 Inadding a minimum of weight. 


A reinforcement was considered in which the thickness of the 
plate was increased with radial symmetry in the neighborhood of 
the hole. The thickness was increased equally on either side of 
the mean plane of the plate in order to eliminate bending stresses 
due to eccentricities between the tension at infinity and at the 
“neutral surface’’ near the hole. 

The variation of thickness in a radial direction was assumed 
small enough so that the variation of stress along the thickness 
could be neglected. Consideration of the plane-stress solution 
for a wedge loaded by an axial force‘ indicated that the maxi- 
mum slope of the outer surface of the plate relative to the plané 
of the plate should be kept below unity to hold the variation of 
the stress along the thickness down to about 10 per cent of the 
average stress. 

With the foregoing assumptions, the state of stress in the 
reinforced plate was approximated by a plane-stress function 
¢ for the case of radial symmetry. Timoshenko® showed that 
this function must satisfy the equation 


dr dr 
The radial stress and the tangential stress are derived from 
this function by 


Values of ¢ and h, which satisfy Equation [1] at all points in 
the plate, and which satisfy the boundary conditions of zero radial 
stress at the edge of the hole, and of uniform tension in all direc- 
tions at large distances from the hole, are solutions to the problem. 

Stress Concentrations for Specific Types of Reinforcements. 
Solutions of Equation [1] were obtained for five cases as follows: 


(a) Plate of uniform thickness having no reinforcement. 
(b) Reinforced plate where h/he = 1 + a?/r*. 

(c) Reinforced plate where h/h. = 1 + a‘/r*. 

(d) Plate reinforced by doubler plate where 


h/he = 2; 1.95 
h/ho = 1.5 +10(2—r/a); 1.95 < r/a< 2.05 
h/he.= 1; 2.05<r/a 


(e) Reinforced “ideal” plate where the thickness is such that 
= 1 


For case (a) a solution was obtained by taking ¢ in Equation 
[1] as 


For cases (b) and (d), Equation [1] was solved by numerical 
integration and for case (c) by series. 

For the last case, 9 = o@ for all values of r. Combining this 
with the second Equation [2] 


‘ Reference (5), p. 93. 
* Ibid., p. 69. 


Differentiating Equation [4] 
dr? 
and integrating Equation [4] 
Ad Ae [6] 


where C is a constant of integration. Substituting Equations 
[4], [6], and [6] for d¢/dr, d*¢/dr? and ¢ in Equation [1] gives 


o¢= 


Equation [7] was solved by numerical integration to satisfy the 
conditions ¢, = 0 at the edge of the hole and h = hq far from 
the hole. 

Stresses. The solutions of Equations [1] and [2] for the stress 
distribution with the various types of reinforcement mentioned 
are presented as stress ratios in Fig. 1. The stress- - 
concentration factor at the edge of the hole is given in Table 1. 
Case (e) shows the lowest stress concentration. 

It appears from Fig. 1, that for case (e), o9 = o, the rein- 
forcement becomes infinitely thick as the edge of the hole is ap- 
proached. Aside from the fact that this condition would be 
physically impossible, it would lead to large variations in the 
stress across the thickness of the plate at the edge of the hole. It 
is probable, however, that a fair approximation to the theoretical 
stress distribution is obtained by limiting the thickness to some 
large but finite number. 

Distortion of Hole. The effectiveness of the reinforcement in 
limiting tHe effect of the hole on the rigidity of the sheet was 
measured by comparing the radial displacement u,; relative to 
the center of the hole for the reinforced hole with the radial dis- 
placement w for a sheet of constant thickness h = h, without a 
hole. 

The radial displacement u, was computed from the stresses 
og and a, by the following equation*® 


u, = re = (ee [8] 


The radial displacement in the absence of the hole was computed 
from 


The ratio of displacements is 


ue +.(2) (=) (10 3 10 
Substitution of the values of o9/c. and ¢,/e, plotted in Fig. 1, 
leads to the curves of displacement ratio in Fig. 2. Values of 
this ratio at the edge of the hole, r = a, are givenin Tablel. It 
appears that ideal reinforcement, case (e), and reinforcement by 
a doubler plate, case (d), are the most effective in limiting the 
disturbance to the immediate neighborhood of the hole. The 
radial displacement for these cases differs less than 2 per cent from 
the radial displacement without a hole at a distance of about 2 
radii from the center of the hole. The corresponding distance 
is between 3 and 4 radii for the reinforcements proportional to 
1 + a?/r? and 1 + a*/r‘; and it is between 9 and 10 radii for no 
reinforcement. 

Weight of Reinforcement. The effectiveness of the reinforce- 
ment in adding a minimum of weight was measured by deter- 


6 Reference (5), p. 67. 
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Fic. 2 Rapiat-DisPLACEMENT Ratios ror Various REINFORCE- 
* 
MENTS; UNIFORM TENSION IN ALL DIRECTIONS 


mining the ratio of the volume of the reinforcement to the volume 
of the plate removed in cutting the hole. The volume of the rein- 
forcement is 


(h —ha)r dr = 1) rae. 


The volume of the material removed from the hole is 
Ve = watha........ ule [12] 


The ratio of the volumes is 


{13] 
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Errect oF REINFORCEMENTS OF VARIOUS SHAPES ON Stress DistrisuTion; Unirorm Tension in ALL Directions 


TABLE1 THEORETICAL STRESS-CONCENTRATION AND ELON- 
GATION RATIOS FOR REINFORCEMENTS AROUND CIRCULAR 
HOLE IN INFINITE SHEET UNDER UNIFORM TENSION IN ALL 


DIRECTIONS 
Maximum stress Elongation 
concentration, ratio,@ 
[2 ] Volume 
ratio,? 
Type of reinforcement Vr/Vo 
(a) Noreinforcement.......... 2.00 2.86 0 
(b) h/ho 1 + 1.52 2.17 
(c) h/hwo = 1+ 1.65 2.36 1.00 
(d) Doubler plate tor = 2a..... 1.35 1.93 3.00 
(e) Ideal reinforcement to 
make og = gw.......... 1.00 1.43 1.89 
a 
[= is unity if the reinforcement completely counteracts the 
r=a 


effect of the hole. 

y. is unity if the volume of material in the reinforcement is the same as 

that removed to make the hole. 

Substituting the values of thickness and performing the integra- 

tion gives the volume ratios in the last column of Table 1. 

Reinforcement proportional to 1 + a‘/r‘, case (c), requires & 
weight of reinforcement equal to the weight removed in cutting 
the hole. 
heavy; the doubler plate, case (d), is three times as heavy; rein- 
forcement proportional to 1 + a?/r?, case (b), adds an infinite 
weight to the plate. 

Conclusion. For the purpose of reducing stress concentra- 
tion around the hole, the ideal reinforcement, case (e), which 
concentrates most of the material close to the edge of the hole, 
was found best. For the purpose of limiting the effect of the 
hole on the rigidity of the sheet, the ideal reinforcement was 
also best. For the purpose of adding a minimum of weight to the 
sheet, the reinforcement proportional to 1 + a‘/r‘ was best. 


Ideal reinforcement, case (e), is nearly twice 3 | 
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REINFORCEMENTS OF DouBLeR-PLATE Type ror TENSION IN 
One Direction ONLY 


Theoretical solutions of the plane-stress theory for an infinite 
sheet with a circular hole reinforced by a doubler plate are 
given in references (2, 3). In this section, only the results of 
these solutions for the case of uniform tension in one direction 
will be given since the solutions for shear and for uniform tension 
in all directions can then readily be obtained by superposition. 

The reinforced portion of the plate and the remainder of the 
plate will be considered separately as two concentric rings, each 
of constant thickness. Constants having subscripts 1 will apply 
to the unreinforced part of the plate, while constants having 
subscripts 2 will apply to the reinforced portion. Constants 
having no subscripts will be general and will apply to any ring 
of constant thickness, 

The notation is similar to that used by Timoshenko.’ The 
solution contains six constants, A, B, C, D, F, K, which must be 
known for each region. These are given in Fig. 3 as a function 
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of the volume ratio (7'/t — 1) (b?/a? — 1) and the ratio b/a of 
outer to inner radius of reinforcement. 7'/t is the ratio of thick- 
ness T of reinforced plate to thickness ¢ of unreinforced plate. 

The origin of co-ordinates is taken at the center of the hole 
with r and @ as polar co-ordinates. The direction of the tension 
is taken as @ = 0°. The stress far from the hole is taken as ow. 
Poisson’s ratio is taken as 0.3. The radial displacement is then, 
from references (2, 3) 


TC 


E 


a? r2 
u, = 0.7F —13K — + (cos 26) [1s — 0.6B — 
r a? 


the circumferential displacement is 


We. . r? a‘ a’ 
vg = (sin 26) [1.34 + 3.3B + 1.3C — —0.7D 
4 a r? 


7 Reference (5), pp. 57 and 77. 


the radial strain is 


a* 
+13K—+ cos 29 | —1.84 —1.8B—, 
E r? a’ 
a‘ a’ 
—3.9C ——2D —|>?...... 1 
3.9C [16] 
the circumferential strain is 
2 2 
—13K + cos 2 [1.34 
E r? a? 


4 2 
+ 3.90 + 0.6D [17] 
r r 


the radial stress is 
2 4 2 
= Ca \r + K*~ + eos — 2D 
r2 
the tangential stress is 
a? r? a‘ 
= \F —K — + cos A + 6B — + 3C — ...{19] 
\ r2 a’ . 
anu the shear stress is 


r2 a! a? 
7,9 = (sin 20) (4 + 3B —3C D 

a r r 
The stress-concentration ratio and the radial-displacement 
ratio at the edge of the hole are shown in Fig. 4 as a function of 
the reinforcement dimensions. The stress ratio is seen to de- 
crease with either an increase in the volume ratio (7'/t — 1) 
(b?/a? — 1) or a decrease in the ratio b/a of outer to inner radius 
of reinforcement. The displacement ratio is seen to decrease 
with an increase in the volume ratio, but is relatively unaffected 

by the ratio b/a of outer to inner radius of reinforcement. 


EXPERIMENTAL RESULTS 


Description of Specimens. The dimensions of the specimens 
are given in Fig. 5 and Table 2. A view of the specimen for test 
3 is shown in Fig. 6. . 

To prevent variations in the sheet, end fittings, and edge angles 
from obscuring the effect of changes of reinforcement in the 
successive tests, one sheet specimen was used for all tests, the 
reinforcements being removed and reriveted. The rivets were 
1/,-in-diam A17S-T aluminum alloy with round heads. They 
were driven by a pneumatic hammer for some of the tests and by 
a handset for the others. 

The reinforcement was removed by drilling carefully through 
the manufactured head and into the shank of the rivets with a 


* 2.9-mm drill. The sheet around the driven head of the rivets 


was then bucked while a 2.8-mm punch was used to drive the 
rivet shank out of the hole. The next reinforcement was then 
riveted on using the same technique as for the previous reinforce- 
ment. Preliminary tests were made on reriveted joints in 
double shear to verify that reriveting did not change the proper- 
ties of the riveted joint. The tests showed that the slip and the 
ultimate loads were equal to those for similar newly riveted joints 
within the experimental scatter, about +4 per cent. 

All tests except the last were made in the elastic range to pre- 
vent damage to the sheet. 

The basic sheet specimen consisted of an 0.0525-in-thick 
248S-T aluminum-alloy sheet nominally 16 in. wide and 52 in. 
long. Two 24S-T aluminum-alloy angles, each having an area 
of 0.242 sq in., were riveted along the longer edges to increase the 
“equivalent width” of the sheet. A pair of 1-in-thick steel 
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Fic. 4 Srress-ConcENTRATION Ratio AND 
Ratio at EpGe or Hote ror Various REINFORCEMENTS 


plates were bolted to either’end of the sheet to provide nearly 
uniform loading. The degree of uniformity of strain distribution 
without the hole was measured in test 1. A 4.12-in-diam hole 
was then cut in the center of the sheet, and the strain distribu- 
tion was measured in test 2 before adding reinforcement around 
the hole. The reinforcements were then riveted on for tests 3 
to 8, inclusive, as indicated in Fig. 5 and Table 2. 

All reinforcements consisted of circular doubler plates of 
248-T aluminum-alloy sheet. The volumes of the reinforce- 


TABLE 2 DIMENSIO 


Diam Diam Sheet 
hole, rein- thick- 
Test (2a), forcement, __ ness, 
no. in, (2b), in. (t), in. 
16 0.0525 
2 4.12 4.12 0.0525 
3 4.12 5.50 0.0525 
4 4.12 7.10 0.0525 
5 4.12 5.50 0.0525 
6 4.12 7.10 0.0525 
7 4.12 7.10 0.0525 
8 4 


@V+/Vo = (T/t —1) (b?/a?— 1). 
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ments were nominally 4 times that of the material taken from 
the hole. 

Mechanical-Property Tests. Tensile and compressive tests 
were made on the materials used in the sheet and reinforcements, 
The results are presented in Table 3. 

Strain and Deformation Measurements. Strain was measured 
with Type “A” SR-4 wire strain gages attached with Duco 
household cement, and with Tuckerman optical strain gages. 
The SR-4 gages were located on both sides of the sheet symmet- 
rically about the hole so that the strain data used were the aver- 
age of four or eight similarly located gages. 

The Tuckerman gages were used to measure strain at the edge 
of the hole on the transverse center line (points of maximum 
strain) on both the reinforcement and the sheet. Tucker- 
man gages fitted with adapters were used to measure the elonga- 
tions along the longitudinal center line of both the sheet and 

reinforcement across the hole. 

An estimate of the experimental scatter of strains was ob- 
tained by comparing measured strains for groups of gages which 
were located symmetrically and therefore strained the same 
amount theoretically. With the exception of the gages located 
at the ends of the specimen, the SR-4 gages in a particular group 
showed spreads of less than 10 per cent for 70 per cent of the gage 
locations; 10 to 20 per cent for 15 per cent of the gage loca- 
tions; and more than 20 per cent for 12 per cent of the gage 
locations. Only 3 per cent of the gages failed to function. In 
none of the tests did more than one gage in a particular group 
fail to function. A comparison of mid-thickness strains at sym- 
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(All rivets 1/s-in. round-head A17S-f aluminum alloy. Test 1, no hole, no 
reinforcement; test 2, hole, no reinforcement; test 3, ¢ = 36 deg; test 4, 
= 18deg; test 5, = 36 deg; test 6, = 18 deg; test 7, ¢ = 18 test 
8, same as test 7, except reinforcement on one side 0.1005 in. thic :) 


NS OF TEST SPECIMENS 


Plate 

thick- 

nes 

Distribu- 
inforce- Volume Number tion of 
ment, ratio,® reinforce- 
(T), in. Vr/Vo rivets ment 
0.0525 0 0 ere 
0.2965 3.63 10 Symmetric 
0.1545 3.75 10 Symmetric 
0.2965 3.63 20 Symmetric 
0.1545 3.84 20 Symmetric 
0.1545 3.84 40 Symmetric 
0 3.75 Unsymmetric 
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TABLE 3 MECHANICAL PROPERTIES OF MATERIAL 
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tion ratio and the displacements as an elongation ratio. The 
strain-concentration ratio was defined as the ratio of the meas- 
ured strain ¢, to the average longitudinal elastic strain P/AE, 
far from, the hole, where P is the load in pounds, A is the cross- 
sectional area of the specimen far from the hole, and £ is the 
average Young’s modulus of the specimen and corner noe. 
The value of AZ for the specimen was 


AE = 19.0 X 10* lb 


The elongation ratio was defined as the ratio of the measured 
longitudinal elongation 2ug, of the diameter 2a, of the hole, 
to the computed elastic longitudinal elongation 2aP/AEZ, in the 
absence of the hole. 

The results of test 1, specimen without a hole, are given in Table 
4. The strain concentration at the center of the sheet was 1.05 
indicating that the deviations from uniform loading were about 
5 per cent. 

The strain distributions for tests 2 to 8, inclusive, specimens 
with holes, are given in Figs. 7 to 10, inclusive. The maximum 
values of strain concentration, measured along the edge of the 
hole near the ends of the transverse diameter, are given in Table 
5. The elongation ratio is also given in Table 5. Theoretical 
values of elongation and strain were determined from Equations 
[14] and [17], and Fig. 3. The results are presented in Figs. 
7 to 10, inclusive. Maximum values are given in Table 5. 

Comparison of the measured strains with those computed 
from the plane-stress theory shows good agreement for strains 
measured in the sheet outside the reinforcement, even for test 8 
with reinforcement on one side of the sheet only. Th: maximum 
measured strains, at the edge of the hole, were from 50 per cent 


-—Young’s modulus— -—Yield strengths———. Tensile Elong. 
Tension, Compression, Tension, Compression, strength, in 2 
Direction of rolling psi X 108 psi X 106 psi psi psi in., 
per cent 
Sheet Longitudinal 10.6 55500 72300 19 
Transverse 10.5 48200 70600 20 
Reinforcement 
Longitudinal 10.5 10.8 57300 46000 72700 16 
teats 4, 6, Transverse 10.3 45500 69000 
Reinforcement {Longitudinal 10.9 10.7 55000 45500 72900 20 
tests 3,5...... \ Transverse 10.4 10.7 46000 51400 69700 19 
Reinforcement 10.4 10.7 49500 44500 69900 
Angles, all tests.. (Extrusion) 10.5 51100 65000 19 


4 Offset = 0.2 per cent. 


metrically placed gage locations showed spreads less than 10 per 
cent. 

In the case of the Tuckerman gages for measuring strain at 
the edge of the hole and displacement across the hole, no pair of 
similarly located gages gave readings which differed by more 
than 3 per cent. 

The strain and displacement per unit load in the elastic range 
were taken as the slopes of average straight lines drawn through 
the points of meastred strain versus load and displacement 
versus load for all the gages in a particular group. 

Tests in Elastic Range. The specimen was mounted in a 600,- 
000-Ib-capacity screw-type testing machine, the Tuckerman 
Strain gages were attached, and electrical connections were made 
to the wire strain gages. Strain and displacement were then 
measured for small (about 2000-lb) increments in the load. In 
those tests where the strain gages at the ends of the specimen 
indicated bending the load line was adjusted until the strain due 
to bending became negligible. In tests 1 to 7, inclusive, frequent 
readings were taken at zero load to make certain that the elastic 
range had not been exceeded. 

The measured strains were expressed as a strain-concentra- 


TABLE 4 RESULTS OF TEST 1; SHEET WITHOUT HOLE 


Gage 
General length, ——-Gage———~ Strain ratios) 
location in. co-ordinates* 
z, in, y, in. ez AE/P eyAE/P 
Flange..... 0.81 8.0 0.0 sad 0.98 = 0.03 
0.81 8.0 13.0 0.91 0.05 
Sheet...... 0.81 0.00 0.00 1.05 0.01 
0.81 4.5 0.0 1.03 0.01 
0.81 0.0 4.5 1.07 =0.01 
0.81 0.0 13.0 1.12 
0.81 2.0 4.5 —0.35 +0.03 
0.81 4.5 13.0 awe 1.08 = 0.07 


@z = distance in inches from longitudinal center line. y = distance in 
inches from transverse center line. 


6 ez = strain transverse to direction of loading. ¢y = strain in direction 
of loading. 


less to 10 per cent greater than the computed maximum strains 
in the tests with symmetrical reinforcements. Test 8, with rein- 
forcement on one side of the sheet only, showed a strain due to 
bending superimposed on the average strain. The bending 
caused the maximum extreme fiber strain on the sheet side to be 
about twice the average strain. The average strain was in agree- 
ment with the theoretical strain. The maximum measured strain 
concentration on the sheet side was 2.64, or 84 per cent of the 
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Fic.8 CoMPARISON OF MEASURED AND THEORETICAL LONGITUDINAL 
Srrain DistrRipuTION ALONG TRANSVERSE CENTER LINE 
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Fig. 10 CoMPaRISON OF MEASURED AND THEORETICAL LONGI- 
TUDINAL STRAIN DisTRIBUTIONS ALONG TRANSVERSE CENTER LINE 
FOR SYMMETRIC AND UNSYMMETRIC REINFORCEMENT 
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TABLE 5 MAXIMUM THEORETICAL AND MEASURED STRESS- 
CONCENTRATION AND ELONGATION RATIOS 


Maximum Maximum Measured 
theoretical measured Theoretical elongation 
Test strain strain elongation ratio, ¢ 
no. concentration concentration® ratio*® sheet reinf. 
16 er coc 
2 3.02¢ 3.16 3.00 3.23 
3 1.41 1.91 wee 
4 1.79 2.13 1.95 1.03 
5 1.41 1.83 1.91 1.14 
6 1.79 2.06 1.95 Pe 1.09 
7 1.79 1.93 1.95 2.24 2.17 
84 1.81 2.64 1.98 2.74 1.27 
® Measured along edge of hole at ends of transverse diameter over 1 in. 
gage length. 
6 No hole. 


¢ Forsheet of finite width, see reference (6), p. 485. 
Unsymmetric reinforcement. 
* At edge of hole, in direction of load. 


RI] AS 
70x10" 


LOAD, LB 


bending strains equal to about one half the median fiber strain. 
The bending corresponded to a motion of the reinforcement 
toward the load line. At loads greater than 40,000 Ib, yielding 
became more pronounced and the bending became more severe. 

The elongation of the hole is shown in Fig. 12. At moderate 
loads the elongation of the diameter at the sheet was about 
twice the elongation at the reinforcement. 

Appreciable yielding was first observed at the points of high- 
est strain at an average stress far from the hole ¢. = 22,000 psi 
(load of 40,000 Ib). The yielding increased rapidly until at ¢. = 
37,500 psi (load of 68,000 Ib), the strain at these points was 1.65 
per cent. Visible deformation of the specimen was apparent at 

= 40,000 psi. This consisted of a wrinkle running along the 
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Fig. 11 Test 8; Srrain 1n Vicinity or 


maximum measured strain concentration for the specimen 
with an unreinforced hole. The best agreement between meas- 
ured and computed strains in the reinforcement was obtained 
for test 7 in which two rows of rivets were used to fasten the rein- 
forcement to the sheet. All tests showed an appreciable dif- 
ference between measured strains in the sheet and in the rein- 
forcement, at the outer edge of the reinforeement. This was 
ascribed to incomplete transfer of load from sheet to reinforce- 
ment. The differences were larger for reinforcements with a 
single row of rivets than for reinforcements with a double row of 
rivets, 

The measured elongation of the hole in the reinforcement, 
Table 5, was 40 to 50 per cent smaller than the value computed 
from the theory except for the reinforcement with two rows of 
rivets, test 7, for which there was good agreement. This was also 
ascribed to incomplete transfer of load from sheet to reinforce- 
ment. 


Test TO FAILURE 


The specimen with the unsymmetrical reinforcement, test 8, 
was selected for the test to failure, since, for practical reasons, 
unsymmetrical reinforcement of circular holes is more common 
in aircraft structures than symmetrical reinforcement. Informa- 
tion was desired on the redistribution of the stresses with the 
progress of yielding and on the mode of failure. 

The strains in the vicinity of the hole are plotted against load 
in Fig. 11, At moderate loads the difference in strain between 
8ages on opposite sides of the specimen indicated extreme fiber 


longitudinal center line and a wrinkle running along the trans- 
verse center line, with amplitudes increasing from nearly zero 
at the ends and sides of the specimen to a maximum at the edge 


20)*105 T T 


| | PR | | 
| | 
15 
a 
Q!0 
RS 
5 | 
R-ELONGATION DIAM."R” (REINF). 
S- “s" (SHEET). 
| | 


O OOl 002 003 004 005 006 007 008 009 O10 Oll 
ELONGATION-—IN. 


Fig. 12 Test 8; Etoncation or Hoxie PARALLEL TO DiREcTION 
or Loap 


4 
| 
| r | 
+-@ 9-430 
be 20 20), s° S,° age 


168 JOURNAL OF APPLIED MECHANICS 


of the hole. The wrinkles were ascribed to a tendency of the 
reinforcement to place itself in line with the load. 

Failure occurred at the upper end of the specimen at oj = 
46,500 psi. 

CONCLUSION . 

Analysis of the variable thickness reinforcement of a circular 
hole in a plate under uniform tension in all directions showed 
that for the purpose of reducing stress concentration at the edge 
of the hole, the best reinforcement was one which concentrated 
most of the material close to the edge of the hole. This reinforce- 
ment was also best for the purpose of reducing the effect of the 
hole on the rigidity of the sheet. 

The test¢ indicate that the plane-stress theory gives a good 
estimate of the state of stress outside the reinforcement for rein- 
forcement by a riveted circular doubler plate and that it may 
be used for computing median-surface stresses and average 
elongations of the hole in the reinforcement provided that the 
reinforcement is attached to the sheet by more than one row of 
rivets. 

The principal effect of reinforcing one side of the sheet only 
is to introduce bending moments which tend to bring the rein- 
forcement into the plane of the sheet and which may result in 
bending stresses in the reinforcement of the order of magnitude 
of the median fiber stresses, 
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Design Data 


It is important that the data contained in technical 
papers be made readily available to designing engineers. 
In order to satisfy these needs of industry, this section of 
the Journal includes a concise presentation of data and 
information drawn chiefly from papers previously pub- 


lished by the Applied Mechanics Division of The American 
Society of Mechanical Engineers. 

The data have been prepared by a subcommittee of this 
Division—S. Timoshenko, R. E. Peterson, J. Ormondroyd, 
J. N. Goodier, J. H. Keenan, and J. M. Lessells. 


Tables for Numerical Solution of Problems 


in Compressible 


Gas Flow With 


Energy Effects 


By ASCHER H. SHAPIRO! anp GILBERT M. EDELMAN,? CAMBRIDGE, MASS. 


Tables of functions are given for solving problems in 
one-dimensional, compressible gas flow when energy ef- 
fects, as represented by changes in stagnation tempera- 
ture, are involved. The tables may be used for such typi- 
cal processes as heat transfer at high gas speeds, com- 
bustion, moisture condensation shocks, flame fronts, and 
detonation waves. The Mach number is the independent 
argument of the tables, and there is one table for each of 
six specific-heat ratios, namely, 1.0, 1.1, 1.2, 1.3, 1.4, and 
1.67. 


NOMENCLATURE 


The following nomenclature is used in the paper: 


local velocity of sound 


Cp = specific heat at constant pressure 4 

k = ratio of specific heats 

M = V/ec = local Mach number 

p = local static pressure 

(: + = local isentropic stagnation 

2 pressure corresponding to 
pandM 
R = gas constant 


7 = local absolute temperature 
k—1 


V = local velocity’ of stream 

p = iflass density 
( )* refers to the section where M = 1 
( ): refers to a section 1 along duct 
( ): refers to a section 2 along duct 


= local stagnation temperature 
corresponding to 7 and M 


INTRODUCTION 
One aspect of the high-speed flow of compressible gases on which 


‘ Associate Professor of Mechanical Engineering, Massachusetts 
Institute of Technology. Mem. ASME. 

* Research Assistant in Mechanical Engineering, Gas Turbine 
Laboratory, Massachusetts Institute of Technology. Jun. ASME. 


attention has recently been focused has been flow where energy 
effects, as measured by changes in stagnation temperature, play 
a controlling role in the process. As examples might be cited 
(a) the transfer of heat to a high-speed gas stream, (b) combus- 
tion in a high-speed gas stream, (c) moisture condensation shocks, 
and (d) steadily moving discontinuities, such as combustion flame 
fronts or detonation waves. a 

In these examples, not only the effects of changes in stagnation 
temperature are present, but also such effects as wall friction, 
changes in gas properties, and either precipitation of liquid from 
the stream or evaporation of liquid into the gas phase. Methods 
for treating such complex problems are given in a previous paper,?* 
and associated numerical tables are given in another paper.‘ 
However, in many problems these other effects are subordinate 
to the effects of stagnation-temperature change, in which case 
approximate solutions of simple nature may be obtained. 

We will consider a simplified process which is called “simple 
stagnation-temperature change.”’ This is defined as the ‘“one- 
dimensional flow of a perfect gas in a constant-area frictionless 
duct,” with changes in stream properties being brought about 
solely as the result of changes in stagnation temperature. An ex- 
tended discussion of the physical nature of simple 7'-change, to- 
gether with the analysis and formulas, has already been pub- 
lished.* It is found convenient to formulate the results in terms 
of the ratio of a given stream property at a.certain section to the 
value of the same property at the section where the Mach num- 
ber is unity, for this ratio then depends only upon the Mach 
number at the first section. For convenience, the final equa- 
tions, as given in Table 3 of the previous paper,’ are repeated 
here 


2(k + 1)M? (: 4 
(1 + kM?)? 


3‘“*The Mechanics and Thermodynamics of Steady One-Dimen- 
sional Gas Flow,”’ by A. H. Shapiro and W. R. Hawthorne, JouRNAL 
or ApPpLiED Mecuanics, Trans. ASME, vol. 69, 1947, p. A-317. 

4 “Tables for Numerical Solution of Problems in the Mechanics and 
Thermodynamics of Steady, One-Dimensional Gas Flow Without Dis- 
continuities,” by G. M. Edelman and A. H. Shapiso, JouRNAL oF 
Appiiep Mrcuanics, Trans. ASME, vol. 69, 1947, p. A-344. 


To _ 


169 


: 
¥ 
7 
‘ 


4 


JUNE, 1948 


TABLE 2 k =1,1 


D MECHANICS 


4 


to the left of the comma are valid for linear interpolation. Where no comma is indicated in this region, 


tion. 


The notation 5370, signifies 5,370,000, 


a 
< 
© 
= 
=) 
© 


ts 


ig 


all digits are valid for linear inte 
(2) The notation .07429 signifies .000429. 


TABLE 1 = 1.0 


Nores: (1) For values of M from 0 to 3.00, all 


170 
p*/p 
0 0 0 2.00,0 1.213 0 0 0 0 2.10,0 1,228 0 
05 00,995 00,995 1.99.5 1212 00,499 05 01,044 01,097 2.09.4 1.226 00,524 
“10 03,921 03,921 1.98.0 1/207 01,980 10 04,111 04,315 2.07,7 1.221 02,077 
15 08,608 08,608 1.95,6 1.200 ‘04,401 15 09,009 09,449 2.04,9 1.213 ‘04,611 
‘20 14,793 14,793 1.92,3 1.190 07,692 15,444 16,184 2.011 1.203 08,046 
25 22,15 22,15 1.88,2 1.178 11,76 25 23,05 24,13 1.96,5 1.190 12,28 
"30 "30,30 30,30 1.83.5 1164 16,51 ‘31,44 "32/86 1174 17,20 
‘35 38,89 "38,89 1.78.2 1.149 21,83 ‘35 40,20 ‘41,95 1.85,1 1.157 '226,7 
40 47,56 47,56 1.724 1.133 .275,8 40 48,98 .51,02 1.786 1.140 .285,7 
“45 56.02 ‘56,02 1663 '336,8 45 ‘57,46 59,73 L717 1.122 347.8 
50 64,00 64,00 1.600 1.099,7 400,0 50 65,40 67,82 1.647 1.104,0 
“55 71,32 71,32 1.536 1,083.4 “464.5 ‘35 72,61 75,10 1.576 1,086.7 
"60 ‘77,85 77/85 L471 1,067.9 529,4 “60 78,98 ‘81,47 1.504 1.070,2 
“65 "83152 83.52 1.406 1,053.4 594.0 ‘65 ‘84,46 ‘86,84 1.434 1,055,0 
70 ‘88.28 ‘88,28 1.342 1.040,2 657.7 20 "89,02. ‘91,23 1.365 1,041.2 
75 92,16 92,16 1.280 1,028,5 .720,0 92,70 94,67 1.297 1.029,1 
‘30 95,18 95,18 1.220 1.018,6 780,5 "80 95,54 ‘97,20 1232 1.0189 
.97,40 .97,40 1.161 1.010,7 .838,9 85 .97,61 98,92 1.170 1.010,9 
90 98,90 98,90 1.105 1.004;8 "895,0 "90 98,99 99,89 Lilt 1.005,0 
95 99,74 ‘99,74 1.051,2 1,001.2 948,8 95 99,76 100,23 1.053,8 1,001,3 
1.00 1.00,00 1.00,00 1.000,0 1.000,0 1.000,0 1.00 1.00,00 1,00,00 1.000,0 1.000,0 
1.05 997,6 997,6 951,2 1.001,3 1.048,8 1.05 997,9 993,0 949.0 1.001,3 
1.10 991,0 991,0 904,9 1.005,2 1.095, 1 1.10 991,9 982, 1 1.005, 1 
115 '980,7 '980,7 ‘861, 1 1.011,8 1,138.9 1.15 9827 967.9 '855,5 1.0116 
1.20 967.5 '967,5 '819,7 1,021.4 1.180,2 1.20 971.0 ‘951.1 ‘812,7 1.020,9 
1.25 951,8 951,8 .780,5 1.034,0 1.220 1.25 957,2 932,2 7724 1.033, 1 
1.30 934.2 934,2 743.5 1.049,8 1.257 1.30 ‘9118 734.5 1.0483 
1.35 ‘915, 915.1 "708.6 1.069,0 1291 1.35 925.1 '890,2 6989 1.066,5 
1.40 394,8 894/8 '675,7 1.091,9 1.324 1.40 907.4 ‘867.8 1.088,0 
1.45 .873,7 -873,7 644,7 1.11,87 1.355 1.45 8449 .633,9 1.113,0 
eee 1.50 8521 8521 615,4 1.15,0 1.384 1.50 8706 $217 604,3 1.141 
1.55 8301 ‘8301 587,8 1.18.6 1412 1.55 8518 "7984 '576,5 1.173 
1.60 8080 8080 5618 1.22'6 1.438 1.60 7753 '550,3 1.210 
1.65 "7850 "7859 537.3 1.27.1 1.463 1.65 ‘8141 "7524 525,7 1.251 
1.70 "7639 "7639 5141 1,32;3 1.486 1.70 7955 7298 502,5 1.297 
1.75 .7422 .7422 -492,3 1.38,1 1.508 1.75 7771 .707,6 .480,7 1.34,7 
180 7209 7209 ‘471.7 1.44.6 1.528 1.30 ‘7501 '460,1 1.40,3 
1.85 -7000 -7000 -452,2 1.51,9 1.547 1.85 7415 664,8 440,7 1.46,5 
1:90 '679,5 "679.5 433,8 1.60,0 1.566 1.90 644.3 422.4 1.53,2 
1.95 659,5 659,5 416,4 1.69, 1 1.584 1.95 .707,6 624,3 405,2 1.60,7 
2.00 640,0 640,0 400,0 1.79,3 1.601 2.00 691,4 604,9 388,9 1.68,9 
2.05 ‘6211 ‘621,1 3844 1.90,7 1.616 2.05 675,6 586,2 '373,5 1.78,0 
2.10 602.7 "602,7 369,7 2.03.4 1.630 2:10 660,3 ‘568,1 358.9 1.87.9 
215 584.9 584.9 '355,7 217.6 1.644 2.15 645,6 '550,6 "345,1 1.98.7 
2.20 367.7 "367.7 342.5 2.33.6 1657, 220 631,3 '333,7 "32,1 2.10,6 
2.25 5510 5510 .329,9 2.51,5 1.670 2.25 617,5 319,7 2.23,7 
230 534.8 534.8 "317.9 2.71.6 1.682 2:30 ‘501.7 307.9 2.38.0 
235 519.2 ‘5192 306,6 2.94/2 1.693 2.35 ‘5914 '486,6 296.8 2.53,7 
2.40 '504,2 504,2 295.9 3.19.7 1.704 2.40 579.0 472.0 '286,3 2.70.9 
245 "489.7 489,7 285,7 3.48.4 L714 2.45 ‘5671 458,0 '276,3 2.89,7 
2.50 AT5,7 AT5,7 275,9 3.80,8 1.724 2.50 5556 4444 .266,7 3.10,4 
2.55 462.1 462.1 266.6 4.1,75 1.733 2.55 "5445, 4314 2576 3.33,2 
2.60 '449,0 "449.0 "257,7 45,91 1.742 260 5338 4189 2489 3.581 
2.65 “4364 436,4 2493 5.0,64 1751 265 "5235 "4068 "2406 3.85.5 
2.70 4243004243 2413 5.6,02 1.759 2.70 5136 3952 2328 4.15,6 
nie 2.75 4126 4126 2336 6.2,15 1.766 2.75 5041 3840 2258 4.48,7 
2:80 4013 4013 2262 6.9,16 1.774 2.80 4949 ‘2182 4.85.1 
2.85 3904 3904 (2192 7.7,19 1.781 2.85 4860 3629 2114 5.25,1 
2:90 3799 "3799 2125 86,40 1.787 2.90 ‘4775 3529 2049 5.69.2 
2.95 3698 3698 2061 9.6,99 1.794 2:95 4693 3433 1986 6.1,76 
3.00 3600 3600 10.92 1.800 3.00 4613 3341 1927 6.710 
3.50 ‘2791 ‘2791 "1509 41.85 1849 3.50 3960 2578 1451 16.26 
4.00 2215 "2215 “1176 212.7 1.882 4.00 3496 2040 1129 42.42 
4.50 1794 "1794 1094121425 1.906 4.50 3160 1648 09023 «115.70 
5.00 0769212519 1.923 5.00 2909 1357 07368 322.33 
6.00 10519 10519 05405 2150, 1.946 6.00 2568 09631 05172-2508. 
7.00 ‘07840 ‘07840 04000 1.960 7.00 2356 07169 103825 «18430. 
8.00 06059 (06059 (03077 147016 1.969 8.00 2215 05536 02041 1230 
9.00 04818 04818 02439 1.976 9.00 2116 04400 02331 7430, 
10.00 03921 03921 01980 6230, 1.980 10.00 2045 03579 01892-4010, 
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p*/p 
v/v* 


p/p* Po/ Pe* 


TABLE 4 k= 1.3 


To/To* 


M 


p*/p 


SHAPIRO, EDELMAN—TABLES FOR SOLUTION OF PROBLEMS IN COMPRESSIBLE GAS FLOW 
TABLE 3 k = 1.2 
To/To* T/T* p/p* Po/Pe Vir 


M 


1.833 
The notation 5370, signifies 5,370,000. 


3 
i 
3 
3 
a 


(2) The notation .0:429 signifies .000429. 


a 
2 
4 
2 
Z 
2 
3 
3 
3 
& 
§ 


. = 
0 0 0 2.20,0 1.242 0 0 0 0 2.30,0 1.255 0 
05 01,094 01,203 2.19,3 1.239 00,548 05 01,143 01,314 2.29,3 1.253 .00,573 
10 04,301 04726 2.17,3 1.234 02,174 "10 (04/489 05,155 2.27,0 1.247 02,270 
15 09,408 10,325 2.14,1 1.226 04,820 "15 "09,803 11,236 2234 1.237 05,028 
20 16,089 17,627 2.09,9 08,397 .20 16,726 -191,20 2.18,6 1.224 08,745 
25 23,95 .26,18 2.04,7 1.199 12,79 25 24,82 28,28 2.12,7 1.209 13,29 Bea 
30 32,55 35,48 1.98,6 1.183 17,87 30 ‘33,63 ‘38,16 2.05,9 1.191 18,53 
35 41,47 45,07 1.918 1,165 .235,0 35 .42,70 48,22 @ 1.984 1.172 .243,0 
40 50,34 54,50 1.846 1.146 295,3 40 51,65 58,00 1.904 1.152 '304,6 
45 58,84 63,43 1.770 1.127 358,4 45 ‘60,15 67,13 1.821 1.131 368,7 
50 66,72 .71,60 1.692 1.107,8 423,1 50 67,96 75,33 1.1112 434,0 
‘85 ‘73,81 1.614 1.089,5 '488,4 55 74194 ‘92144 1 1,091.9 '499,4 
60 80,03 84,97 1.536 1.072,2 60 ‘80,99 88,37 1.073,9 564,0 
65 85,31 -90,04 1.460 1.056,3 616,8 65 86,11 93,12 1.057,4 .627,2 
-70 .89,69 -94,05 1.385 1.042,0 .678,8 .70 .90,29 96,73 1.042,6 .688,5 
15 93,18 97,04 1.313 1.029,6 .738,8 73 93,61 99,28 1.328 1.029,9 .747,3 
80 95,85 99,10 1.244 1.019,1 .796,4 80 96,14 1.00,88 1.255 1.019,3 803,5 
85 97,79 1,00,32 1.178 1.010,9 ‘851,4 ‘85 97,95 1.01,63 1.186 1.010,9 56,9 
90 99,07 1,00,81 1115 1,004,9 .903,7 90 99,14 1.01,66 1.120 1.004,9 907,5 
95 99,78 1.00,67 1.056,2 1.001,2 .953,2 95 99,80 1.01,08 1.0583 1.001,2 955,2 
1.00 1.000,0 1.00,00 1.000,0 1.000,0 1.000,0 1.00 1.000,0 1.000,0 1.000,0 1.000,0 
1.05 998, I 988,8 947,1 1.001,3 1.044,1 1.05 ‘998.2 985, 1 5,2 1.001,2 1.042, 1 
1.10 (992.7 974,1 1.005,0 1.085,6 1.10 993,3 966.9 9 1.004;9 1081.6 
1.15 984.5 956.4 '850,4 1.011,4 1.124,7 985,9 946.1 1.118,6 
1.20 974.0 806,5 1.020,4 1.161,3 1.20 '976,5 923.5 1.019,9 1.153,2 
1.25 961,7 914,9 .765,3 1.032,2 1.196 1.25 965,6 899,6 758,8 1.031,2 1. 
1.30 948) 1 892, 1 726,6 1.046,7 1.228 1.30 953.4 ‘874,7 719,4 1.045,1 
1.35 93,4 868.5 690,3 1.064,0 1.258 1.35 940,4 682.6 1.061,7 1. 
1.40 918.0 8443 656,3 1.084,3 1.286 1.40 9268 8237 648,3 1.080,9 1. 
1.45 9021 ‘8199 624,5 1.107,7 1.313 1.45 ‘9128 616,1 1.102,8 1. 
1/50 8859 7955 1.134 1.388 1.50 8986 7726 5860 —*1.128 
1.55 8695 ‘7712 566,6 1.164 1.361 1.55 8843 557,8 1.155 1. 
1.60 8532 ‘7473 540,3 1.197 1.383 1.60 8701 723.0 ‘5314 1.185 
1.65 ‘8370 723,7 ‘15,6 1.234 1.404 1.65 8560 699.0 '506,7 1.219 1. 
1.70 ‘8211 :700,7 49214 1.275 1.423 1.70 ‘8421 675,6 483,5 1.256 1. 
1.75 8054 678,2 470,6 1.320 1.441 1.75 8285 652,9 461,7 1.296 44 
1.80 -656,3 450, 1 1.369 1.458 1.80 8153 630.9 ‘4413 1.340 1.430 
1.85 ‘7750 430,8 1.42,2 1.474 1.85 8024 609,7 4221 1.387 1.445 
1.90 7604 614.6 412.6 1.48,0 1.490 1.90 ‘7898 589,2 -404,0 1.438 1.459 
1.95 7462 594.7 395,5 1.54,3 1.504 1.95 7776 569.5 387,0 1.493 1.472 
2.00 7325 575,5 .379,3 1.61,2 1.517 2.00 7659 .371,0 1.552 1.484 
2.05 7192 .557,0 364,1 1.68,7 1.530 2.05 7545 .355,9 1.61,5 1.495 
2.10 7063 ‘539, 1 ‘49,7 1.76,7 1.542 210 7435 1.68,3 1.506 
2.15 6939 521,9 .336,0 1.85,4 1.553 215 7329 3281 1.75,5 1.517 
2.20 6819 505.4 '323,1 1.94,8 1.564 2.20 ‘7227 ‘315,4 1.83,2 1.527 
2.25 6703 489,5 .310,9 2.05,0 1.574 2.25 7129 465,9 303,4 1.91,5 1.536 gies 
2.30 6591 <474,2 .299,4 2.15,9 1.584 2.30 .7034 .451,0 .292,0 2.00,3 1.545 
2.35 6484 459.5 288.4 2.27.7 1.593 2.35 6943 436,7 281.2 2.09,7 1.553 
2.40 6381 445,3 ‘278.0 2.40,5 1.602 2.40 6855 422.9 ‘271.0 2.19,7 1.561 
2.45 6281 ‘431,7 .268,2 2.54,2 1.610 2.45 ‘6771 409,7 261;3 2.30,3 1.568 
2.50 .418,7 .258,8 2.69,0 1.618 2.50 .6690 .397,1 .252,1 2.41,6 1, 
2.55 406,2 (2499 2.84.9 1.625 2.55 6612 385,0 243.3 2.53.6 1 
2.60 "6004 394.1 ‘2414 3.02.1 1.632 2.60 6537 373,3 (2350 2.66,4 1. 
2.65 ‘5918 (382.5 2334 3.20,5 1.639 2.65 6465 362,1 2271 2.80,0 1. 
2.70 (5836 371,3 (2257 3.40,3 1.645 2.70 6396 2195 2.94,4 1, 
2.75 5757 3606 2184 3.61,7 1.651 2.75 6329 3410 2123 3.09,6 1. Pe ee 
2.80 ‘5681 '3503 ‘2114 3.84.7 1.657 2.80 6265 3311 3.25,8 1 
2.85 "5608 4.094 1.663 2.85 {6203 3216 “1990 3.42.9 1. 
2.90 15537 '3309 "1983 4.35,9 1.668 2.90 6144 "3124 "1928 3.61,1 1. 
2.95 "5469 (8217 11923 4.64,4 1.673 2.95 (6087 3036 -1868 3.80,4 1 
3.00 5404 1864 4.951 1.678 3.00 6032 1811 4.007 1. 
3.50 4865 (2405 9.597 1.717 3.50 5582 2262 -1359 6.806 1. 
4.00 4486 -1898 "1089 18.99 1.743 4.00 5265 "1781 11.87 
4.50 4211 1531 (08696 «37.61 1.761 4.50 (1435 08417 19.44 1. 
5.00 -4006 1259 07097 73.64 1.774 5.00 4867 1178 06866 32.06 1. 
600 4977 208.2792 600 .4639 4812 76.97 1.732 
7.00 13557 06632 03679 875.9 1.803 7.00 4496 192 103555 191.3 1.742 
8.00 .3443 05118 .02828 2621 1.810 8.00 4402 775 02732 413.4 1.748 ee 
9.00 3363 104065 102240 7181 1.815 9.00 4336 02164 833.4 1.753 
10.00 3306 103306 01818 18182 1.818 10.00 4289 O1756 1582 1.756 
3056 0 0 4083 0 1.769 
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TABLE 5 k = 1.4 TABLE 5 (Continued) k = 1.4 
p*/p p*/p 
M To/To* p/p* Po/po* v/Vv* M To/To* Tit p/p* Po/Ppo* v/¥* 
0 0 0 2.400,0 1.2679 0 .80 .9639,4 1,0251,8 1.2658 1.0193,4 8101,2 
Ol 0 34,80 0 35,76 2.399,7 1.2678 0 32,40 81 .9678,6 1.0267,2 1.2509 1.0174,6 .8207,5 
02 001,92 002,30 2.398,7 1.2675 0 39,59 82 .9715,2 1.0276,3 1.2362 1.0156,9 .8312,6 
03 004,31 005,16 2.397,0 1.2671 002,16 83 .9749,2 1.0282,3 1.2217 1.0139,9 8416.4 
_ 04 007,65 009,17 2.394,6 1.2665 .003,83 84 .9780,7 1.0285,3 1.2073 1.0124,0 8519.0 
05 011,92 014,30 2.391,6 1.2657 005,98 85 .9809,7 1.02854 1.1931 1.0109,1 .$620,4 
-06 017,12 -020, 2.388,0 1.2647 008,60 86 .9836,3 1.0282,6 1.1791 1.00951 .8720,6 
07 023, 027,84 @.383,7 1.2636 011,68 87 9860,7 1.0277,1 1.1652 1.00819 .8819,6 
-08 030,21 036,21 2.378,7 1.2623 015,22 88 .9882,8 1.0269,0 1.1515 1.00698 8917,5 
.09 038,07 045,62 2.373,1 1.2608 .019,22 89 .9902,8 1.0258,3 1.1380 1.00587 9014,2 
10 046,78 056,02 2.366,9 1.2591 023,67 .90 .9920,7 1.0245, 1 1.1246 1.0048,5 .9109,7 
1 056,30 .067,39 2.360,0 1.2573 .028,56 91 9936,6 1.0229,7 11114 1.0039,3 .9203,9 
12 .066,61 .079,70 2.352,6 1.2554 .033,88 .92 9950,6 1.0212,0 1.0984,2 1.0031,0 .9297,0 
13 077,68 .092, 2.344,5 1.2533. .039, ‘93 .9962,7 1.0192,1 1,0855,5 1.0023,7 .9388,9 
14 .089, -106,95 2.335,9 1.2510 0457,8 94 .9972,9 1.0170,2 1,0728,5 1.0017,4 .9479,6 
15 101,96 121,81 2.326,7 1.2486 .0523,5 95 .9981,4 1.0146,3 1,0603,0 1.0012,1 .9569,2 
16 115,11 137,43 2.317,0 1.2461 .0593,1 96 9988,3 1.0120,5 1,0479,2 1.0007,7 .9657,6 
17 128,88 153,77 2.306,7 1.2434 .0666,6 ‘07 5, 1.0092,9 1.0357,0 1,0004,3 .9744,9 
18 143,24 170,78 2.295,9 1.2406 .0743,8 98 9997,2 1.0063,6 1,0236,4 1.0001,9 .9831,1 
19 158,14 188,41 2.284,5 1.2377 0824, 99 9999,3 1.0032,6 1.0117,4 1.0000,4 .9916,1 
20 173,55 .206,61 2.2727 1.2346 0909,1 1.00 1.0000,0 1,0000,0 1.0000,0 1.0000,0 1,0000,0 
21 -1894,3 -225,33 2.2604 1.2314 96,9 1.01 9999,3 .9965,9 9884, 1 1.0000,4 1,0082,8 
22 -2057,4 2445,2 2.2477 1.2281 -1087,9 1.02 9997,3 .9930,4 .9769,7 1,0001,9 1.0164,4 
23 .2224,4 2641,3 2.2345 1.2248 -1182,0 1.03 9994,0 .9893,6 .9656,9 1,0004,3 1.0245,0 
24 .2394,8 2841,1 2.2209 1.2213 .1279,2 1.04 9989,5 .9855,5 9545,6 1.0007,7 1,0324,6 
25 .2568,4 .3044,0 2.2069 1.2177 .1379,3 1.05 9983,8 .9816,1 9435,8 1,0012,1 1.0403,0 
-26 -2744,6 -3249,6 2.1925 1.2140 -1482,1 1.06 9976,9 .9775,5 9327,5 1.0017,5 1.0480,4 
.27 .2923,1 3457,3 2.1777 1.2102 -1587,6 1.07 9969,0 .9733,9 9220,6 1.0023,8 1,0556,7 
.28 .3103,5 .3666,7 2.1626 1.2064 .1695,5 1.08 0 9691,3 9115,2 1.0031,1 1.0632,0 
.29 .3285,5 .3877,3 2.1472 1.2025 .1805,8 1.09 9950, 1 9647,7 9011,2 1.0039,4 1.0706,2 
.30 3468,6 4088,7 2.1314 1.1985 -1918,3 1.10 9939,2 .9603, 1 8908,6 1.0048,6 1,0779,5 
31 3652,5 .4300,4 2.1154 1.1945 .2032,9 9927,4 .9557,7 8807,5 1.0058,8 1.0851,8 
32 3836,9 A511,9 2.0991 1.1904 .2149,4 1.12 .9914,8 9511,5 8707,8 1.0069,9 1,0923,0 
4021,4 4722,8 2.0825 1.1863 .2267,8 1.13 .9901,3 .9464,6 .8609,4 1.0082,0 1.0993,3 
34 4205,7 -4932,7 2.0657 1.1821 .2387,9 1.14 9887, 1 .94116,9 8512,3 1.0095, L 1.1062,6 
35 4389,4 5141,3 2.0487 1.1779 .2509,6 1.15 9872,1 .9368,5 8416,6 1.0109,2 1.1131 
36 4572,3 .5348,2 2.0314 1.1737 -2632,7 1.16 9856,4 .9319,5 8322,2 1.0124,3 1.1198 
37 4754,1 .5553,0 2.0140 1.1695 .2757,2 1.17 9840,0 .9270,0 .8229,2 1.0140,3 1.1264 
.38 4934,6 .5755,3 1.9964 1.1652 .2882,8 1.18 .9823,0 .9220,0 .8137,4 1.0157,2 1.1330 
39 5113,4 .5954,9 1.9787 1.1609 .3009,5 1.19 .9805,4 .9169,5 .8046,8 1.0175,2 1.1395 
40 1290,3 6151,5 1.9608 1.1566 .3137,2 1.20 9787,2 91185 7957,6 1.0194,1 1.1459 
41 5465, 1 -6344,8 1.9428 1.1523 .3265,8 1.21 9768,5 .90671 7869,5 1.0214,0 1.1522 
42 5637,6 -6534,5 1.9247 1.1480 3395, 1.22 9740,2 90153 .7782,7 1.0234,8 1.1584 
43 9807,5 6720,5 1.9065 1.1437 .3525,1 1.23 97294 89632 .7697,1 1.0256,6 1.1645 
44 5974,8 690,25 1.8882 1.1394 36556 1.24 97092 89108 .7612,7 1.0279,4 1.1705 
45 6139,3 .708,03 1.8699 1.1351 37865 1.25 88581 .7529,4 1.0303,2 1.1764 
46 €300,7 .725,38 1.8515 1.1308 39178 1.26 96675 88052 .7447,3 1.0328,0 1.1823 
47 6458,9 -742,28 1.8331 1.1266 40493 1.27 96461 87521 7366,3 1.0353,6 1.1881 
48 6613,9 -758,71 1.8147 1.1224 41810 1.28 96243 86988 7286,5 1.0380,3 1.1938 
49 6765,5 .774,66 1.7962 1.1182 43127 1.29 96022 86453 | .7207,8 1.0408,0 1.1994 
50 6913,6 -790,12 1.7778 1.1140 44445 1.30 95798 85917 7130,1 1.0436,5 1.2050 
51 7058, 1 .805,09 1.7594 1.1099 45761 1.31 95571 85380 7053,5 1.0466, 1 1.2105 
52 7199,0 819,55 1.7410 1.1059 47075 1.32 95341 84843 6978,0 1.0496,7 1.2159 
53 7336, 1 833,51 1.7226 1.1019 48387 1.33 95108 84305 6903.5 1.0528,3 1.2212 
54 7469,5 846,95 1.7043 1.0979 49696 1.34 94873 83766 6830,1 1.0560.8 1.2264 
55 7599, 1 859,87 1.6860 1.09397 5100,1 135 . .91636 .83227 .6757,7 1.0594,3 1.2316 
56 7724,8 872,27 1.6678 1.09010 5230, 1.36 94397 .82689 .6686,3 1,0628,8 1.2367 
57 7846,7 884,15 1.6496 1.08630 5359,7 Lay 94157 82151 .6615,9 1.0664,2 1.2417 
58 7964,7 895,52 1.6316 1.08255 5488,7 1.38 93915 81613 65464 1.0700,6 1.2467 
59 8078,9 ' 1.6136 1.07887 5617,0 1.39 .93671 81076 .6477,8 1.0738,0 1.2516 
.60 .8189,2 916,70 1.5957 1.0752,5 5744,7 1.40 93425 .80540 .6410,2 1.0776,5 1.2564 
61 .8295,6 926,53 1.5780 1.0717,0 .5871,6 1.41 .93178 .80004 .6343,6 1.0815,9 1.2612 
62 .8398,2 935,85 1.5603 1.068,21 .5997,8 1,42 .92931 .79469 .6277,9 1.0856,3 1.2659 
63 .8497,0 944,66 1.5427 1.0648,0 6123,2 1.43 92683 .78936 .6213,1 1.0897,7 1.2705 
64 .8592,0 952,98 1.5253 1.0614,6 .6247,7 1.44 92434 .78405 .6149,1 1.0940,0 1.2751 
65 8683,3 960,81 1.5080 1.0582,0 6371,3 1.45 92184 77875 6086,0 1,0983 1.2796 
66 8770,9 968,16 1.4908 1.0550,2 6494,1 1.46 91933 77346 v4 1.1028 1.2840 
67 .8854,8 975,03 1.4738 1.0519,2 .6615,9 147. __—-.91682 .76819 .5962,3 1,1073 1.2884 
68 .8935,0 981,44 1.4569 1.0489,0 .6736,7 1.48 91431 .76294 .5901,8 1.1120 1.2927 
69 9011,7 987,39 1.4401 1.0459,6 .6856,4 1.49 91179 75771 5842, 1.1167 1.2970 
70 9085,0 992,89 1.4235 1.0431,0 .6975,1 1.50 90928 75250 5783,1 1.1215 1.3012 
71 9154,8 997,96 1.4070 1.0403,3 .7092,7 4151 90676 5725,0 1.1264 1.3054 
° 72 9221,2 1.002,60 1.3907 1.0376,4 .7209,3 1.52 90424 .74215 .5667,7 1.1315 1.3095 
.73 .9284,3 1.0068,2 1.3745 1.0350,4 .7324,8 1.53 90172 .73701 56111 1.1367 1.3135 
74 .9344,2 1.0106,2 1.3585 1.0325,3 .7439,2 1.54 .89920 .73189 .5555,3 1.1420 1.3175 
75 .9400,9 1.0140,3 1.3427 1.0301,0 .7552,5 1.55 89669 .72680 5500,2 1.1473 1.3214 
76 .9454,6 1.0170,6 1.3270 1.0277,6 .7664,6 1.56 89418 .72173 5445,8 1.1527 1.3253 
17 .9505,2 1.0197,1 1.3115 1.0255,2 .1775,5 1.57 89167 .71669 5392, 1.1582 1.3291 
78 .9552,8 1.0219,8 1.2961 1.0233,7 .7885,2 1.58 88917 .71168 5339,3 1.1639 1.3329 
.79 .9597,5 1.0239,0 1.2809 1.0213,1 .7993,8 1.59 5 .70669 5287,1 1.1697 1.3366 


Nores: (1) For values of M from 0 to 3.00, all digits to the left of the comma are valid for linear interpolation. Where no comma is indicated in this region, 
all digits are valid for linear interpolation. 


(2) The notation .0:429 signifies .000429. The notation 5370, signifies 5,370,000. 
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TABLE 5 (Continued) k = 1.4 TABLE 5 (Concluded) k = 1.4 
p*/p p* 
M To/To® T/T* _p/p* __po/po* _—*V/V* —_To/To* T/T*  p/p* po/po* V/V* 
1.60 88419 70173 .5235,6 1.1756 1.3403 2.35 73173 41724 .27487 1.9634 1.5180 
1.61 83170 5184,8 1.1816 1.3439 2.36 :73020 ‘41451 27281 1.9794 1.5195 
1.62 87922 69190 .5134,6 1.1877 1.3475 2.37 ‘72868 ‘41181 27077 1.9955 1.5209 
1.63 87675 68703 5085, 1 1.1939 1.3511 2.38 72718 40913 26875 2.0118 1.5223 
1.64 87429 68219 .5036,3 1.2002 1.3546 2.39 40647 (26675 2.0283 1.5237 
1.65 87184 67738 4988, 1 1.2066 1.3580 2.40 72421 40383 26478 2.0450 1.5252 
1.66 86940 67259 4940.5 1.2131 1.3614 2.41 72274 40122 (26283 2.0619 1.5266 
180 86211 65843 4801,4 1.2332 1.3713 2.44 71842 39352 25710 2.1135 1.5306 
1.70 85970 65377 4756,3 1.2402 1.3745 2.45 71700 .39100 .25523 2.1311 1.5320 
1.71 85731 64914 ‘ATLL 1.2473 1.3777 2.46 71559 38850 2533 37 2 1489 1.5333 
te 348 71280 38356 24972 2.1850 1.5359 
85020 63546 45813 «1.2692 1.3871 2.49 71142 38112 -24793 2.2033 1.5372 
1.75 84785 4539,0 1.2767 1.3901 5385 
1.76 $4551 62649 4497,2 1.2843 1.3931 
1.77 84318 62205 4455,9 1.2920 1.3960 
1.78 84087 61765 4415.2 1.2998 1.3989 
1.79 838357 61328 4375.0 1.3078 1.4018 . . 
2.55 70340 36691 23754 2.3173 1.5446 
1.80 83628 60894 .4335,3 1.3159 1.4046 
1.82 83174 60036 4257,3 1.3324 1.4102 23770 
1.83 82949 59612 42191 1.3408 1.4129 35783 “39006 23072 
1.84 82726 59191 4181,3 1.3494 1.4156 . ° 
2.60 35561 22936 2.4177 1.5505 
82504 58773 261 69574 35341 ‘22777 15516 
1. 82283 3669 2.62 69450 35123 22620 2.4593 1.5527 
1.87 57948 ‘40708 1.3758 1.4235 263 60327 34906 30464 2 4804 13538 
1.88 81846 57540 40349 1.3848 1.4261 264 69205 34691 39310 2 5017 15849 
1.89 81629 57135 39994 1.3940 1.4286 
69084 7 2215 5560 
1.90 81414 56734 39643 1.4033 1.4311 
1.91 81200 -39297 1.4127 1.4336 2.67 68845 34057 ‘21857 2.5671 1.5582 
1.92 80987 55941 .38955 1.4222 1.4360 2.68 68727 33849 21709 2.5892 1.5593 
1.93 80776 55549 .38617 1.4319 1.4384 2.69 68610 33643 21562 2.6116 1.5603 
1.94 80567 55160 ; 1.4417 1.4408 : 
2.70 68494 33439 21417 2.6342 1.5613 
1.95 80359 54774 37954 1.4516 1.4432 2.71 68378 .33236 21273 2.6571 1.5623 
1.96 80152 54391 .37628 1.4616 1.4455 2.72 68263 .33035 21131 2.6802 1.5633 
1.97 79946 54012 .37306 1.4718 1.4478 2.73 68150 32836 20990 2.7035 1.5644 
1.98 79742 53636 .3€988 1.4821 1.4501 2.74 68038 .32638 .20850 2.7270 1.5654 
1.99 79540 53263 36674 1.4925 1.4523 ’ 
2.75 67926 32442 .20712 2.7508 1.5663 
2.00 52893 36364 1.5031 1.4545 2.76 67815 32248 ‘20575 2.7748 1.5673 
2.01 79139 52526 36057 1.5138 1.4567 2.77 67704 "32055 :20439 2.7990 1.5683 
2.02 78941 52161 (35754 1.5246 1.4589 2.78 67595 '31864 "20305 2.8235 1.5692 
2.03 78744 51800 35454 1.5356 1.4610 2.79 67487 31674 _20172 2.8482 1.5702 
2.04 51442 (35158 1.5467 1.4631 . 
2.80 67380 31486 .20040 2.8731 1.5711 
2.05 78355 51087 34866 1.5579 1.4652 2.81 67273 "31299 -19909 2.8982 1.5721 
2.06 78162 50735 (34577 1.5693 1.4673 2.82 67 167 ‘31114 : 19780 2.9236 1 5730 
2.07 77971 50386 34291 1.5808 1.4694 83 6 30931 94 1.573 
2.08 77781 50040 34009 1.5924 1.4714 2.84 66958 30749 (19525 2.9752 1.5748 
2.09 77593 4969 ‘33730 1.6042 1.4734 
2.85 66855 30568 19399 3.0013 1.5757 
2.10 77406 49356 33454 1.6161 1.4753 2.86 66752 .30389 19274 3.0277 1.5766 
2.11 77221 49018 .33181 1.6282 1.4773 2.87 66650 .30211 19151 3.0544 1 5775 
2.12 77037 48683 .32912 1.6404 1.4792 2.88 66549 30035 19029 3.0813 1.5784 
2.13 76854 48351 32646 1.6528 1.4811 2.89 66449 -29860 18908 3.1084 1.5792 
2.14 76673 48022 32383 1.6653 1.4830 
2.91 66252 29515 -18669 3.1635 1.5809 
= 2.92 66154 29344 18551 3.1914 1.5818 
2.93 66057 29175 “18435 3.2196 1.5826 
2.17 76137 47052 31610 1.7037 1.4885 
2.18 75961 46734 31359 1.7168 1.4903 29007 18320, 3.2481 1.5834 
2.19 75787 46419 31110 1.7300 1.4921 oun 
2.96 65770 28676 18091 3.3058 1.5851 
2.98 65583 28349 17867 3.3646 1.5867 
2.22 75271 45489 .30381 1.7707 1.4973 290 $5400 35188 7789 4 
2.23 75102 45184 30143 1.7846 1.4990 
2.24 74934 44882 29908 1.7986 1,5007 3.00 65398 17647 3.4244 15882 
2.25 74767 44582 29675 1.8128 1.5024 
2.26 74602 44285 -29445 1.8271 1.5040 4.50 56983 13540 ‘08177. «12.502 1.6559 
2.27 74438 43990 .29218 1.8416 1.5056 5.00 55555 11111 06667 18.634 1.6667 
2.28 74275 43698 .28993 1.8562 1.5072 
2.29 74114 43409 28771 1.8710 1.5088 6.00 53633 07849 04669 38.946 1.6809 
7.00 52437 05826 03448 75.414 1.6896 
2.30 73954 43122 28551 1.8860 1.5104 8.00 51646 04491 (02649 136.62 1.6954 
pron 1,9012 1.5119 9.00 51098 03565 (02098 233.88 1.6993 
. 4 -281 1.9165 1.5134 50702 7 01702 
2.33 73482 42276 27905 1.9320 1.5150 — 
2.34 73327 41999 27695 1.9476 1.5165 ce .48980 0 0 a 1.7143 . 


Norges: (1) For values of M from 0 to 3.00, all digits to the left of the comma are valid for linear interpolation. Where no comma is indicated in this region, 
all digits are valid for linear interpolation. 


(2) The notation .0:429 signifies .000429. The notation 5370, signifies 5,370,000. 
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TABLE 6 k= 1.67 EXACTLY 


V p* (k + 1)M? 
p*/p ve = = + kM? [2] 
T/T* —_p/p* —po/po® 
T ( ) (k + [3] 
0 0 0 2.67,0 1.29,9 0 = 
05 01,325 01,767 2'65,9 1.29,7 00,665 T* e* (1 + kM?)? 
.05,183 06,896 2.62,6 1.28,9 02,626 
15 11,243 14,90 2.57,3 1.276 .05,790 p k+1 
.20 19, 2.50,3 1.259 .10,011 [4] 
25 27,94 .36, 2.41,8 1.239 P 1+ kM 
.30 37,42 48,49 2.32,1 1.216 .20,89 
.35 46,93 .60,18 2.216 1.192 .271,5 
.40 56,06 .71,03 2.107 1.168 .337,1 k-1 
45 64,48 80,62 1.995 1.144 .404,0 + 
78,5 95,1 1.774 1.098, 1 .536,¢ * 
88, 03, 1.56, 1.059, 661, 
.70 92,13 1.05,65 1.46,8 1.043,8 719,5 The functions given in these formulas are tabulated in Tables 1 
2 94.91 1.06,62 137.7 1.030,3 774.4 to 6, each of oa refers to a fixed value of k, and in each of which 
.96, 1.06, 1.29,1 1.019, 826, is the i nt. 
0878 the Mach number is the independent argument 
90 993,5 1.04,32 1.13,5 1,004,8 .919,2 
95 998,5 1.023,5 1.06,49 1.001,2 .961,1 EXAMPLE 
1.00 1.000,0 1.000,0 1.00,00 1.000,0 1.000,0 A gaseous mixture of air and fuel enters a ramjet combustion 
1.05 998,7 973,6 939,8 1.001,2 1.036,1 } 
1 10 995.2 45,8 ‘$839 1.004,6 1.069,5 chamber of constant area with a velocity of 200 fps, at a tem- 
120 "983°3 784'2 1.01811 1129/2 perature of 120 F, and at a pressure of 5 psia. The he at of reac 
om rae ane ani on tion of the mixture, AH, for the particular fuel-air mixture em- 
1.30 ‘967.4 "8246 "698.5 1.040,0 1.181 ployed, is 500 Btu per lb of mixture. It is desired to find the 
stream properties at the exit of the combustion chamber. For 
1.45 9403 .736,5 591,9 1.088,0 1.245 simplicity, we will assume that friction is negligible and that the 
1.50 9310 .708,7 561,2 1.108 1.263 properties of both the reactants and products are equivalent to 
air as regards molecular weight and specific heat. 
1.65 5 .630,9 .481,4 1.179 1.311 We begin by computing additional properties at the inlet, 
which will be called section 1. Setting k = 1.4 
877 562, 416, 266 34 
185 “8000 3410 30761209. 380 c= WkRT, = (1A) (53.35) (82.174) (579.7) = 1180.3 fps 
1.90 .520,9 379,9 1.334 1.371 
1.95 8546 -501,8 363,3 1.370 1.381 M, = V,/e, = 200/1180.3 = 0.16945 
2.00 8474 483,5 347,7 1.408 1.391 k 
2.05 “8405 .466,0 .333,0 1.448 1.400 
2.20 “$213 418,3 2940 1.580 1.423 5 [1 + (0.2) (0.16035)") 
«= 5.102 psia 
2.25 8154 403,8 .282,4 1.628 1.430 
2.90 8097 389.9 21,5 1.678 1 436 
8043 .376, 261, 1.724 1.44 
2:40 ‘7991 1.783 1.448 Ta = (: = 579.7 [1 + (0.2) (0.16945)?] 
2.45 7941 .352,1 (242,2 1.839 1.454 = 583.0 deg R 
2.50 .7893 340,6 .233,4 1.897 1.459 
2.55 7847 .329,6 .225,1 1.956 1a8 To analyze the changes which occur during combustion, we 
first find from Table 5 the ratios of stream properties at section 
2.70 7721 .2994 -2027 2.148 1.477 to the corresponding properties at M = 1. For M, = 0.16945, 
2.75 .7682 .2902 .1959 2.216 1.481 we find 
2.90 .7574 2649 11775 2.435 1.493 (To/To*): = 0.128 
2.95 .7541 .1719 2.512 1.496 (T/T*), = 0.153 
4.00 7072 1484 09632 4.716 1.541 (po/po*): = 1.2435 
4.50 6943 1191 .07669 6.213 1.553 _ (V/V*), = 0.0663 
5.00 6848 5 .06246 8.044 1.561 
6.00 e721 06870 04368 12 86 1.573 Next, we find the exit stagnation temperature at section 2 from 
.05092 03224 19.4 
8.00 6590 93020 92 07 1584 the energy equation 
031 01 39.05 
10.00 6528 02526 01589 52.66 1.589 Te — Tn = AH/c, = 500/0.23991 = 2084.1 deg R 
6414 . 0 1.599 
Nores: (1) For values of M from 0 to 3.00, all digits to the left of the 
comma are valid for linear interpolation. Where no To/Ta = 1 + (2084.1/583.0) = 4.5748 
comma is indicated in this region, all digits are valid for 
linear interpolation. Now 
(2) The notation .0:429 signifies .000429. The notation 5370 
signifies 5,370,000. 
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Entering Table 5 with this value of (7'9/7'*)2, we obtain 


(T/T*). = 0.677 

(p/p*). = 1.9012 
(po/po*)e = 1.1425 
(V/V*). = 0.3563 


Finally, we obtain the remaining properties at section 2 with 
the relations 


(1/T*): 
T; = T, ——— = 579.7 


0.677 


0.153 = 2560 deg R 


1.9012 
2.308 


(p/p*)s 
(p/p*)s 


(po/po*): 
0.3563 


*(V/V*), 0.0663 


= 4.119 psia 


1.1425 


1.2435 


= 4.688 psia 


Vz = J 


It is also of interest to find the maximum heat of reaction for 
which the specified initial conditions may be maintained. Chok- 
ing will occur when the exit Mach number is unity. 


t Hence, 
denoting the choking condition by subscript 3, we have 
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(To/To*)s 1 
—————. = 583.0 ——— = 4550 deg R 
(To/To*)s 


Ts = Tu 0.128 


and 


(AH) max = ¢,(70s — Tu) = (0.2399) (4550 — 583) = 952 Btu 
per Ib 

After the fuel-air ratio has been increased to the value corres-" 
ponding to this maximum heat of reaction, further enrichment of 
the mixture will produce a reduction in mass rate of flow and a 
consequent reduction in the initial Mach number. 

Although the tables given here refer specifically to the process 
of simple 7'>-change, the tabulated functions have been found ex- 
ceedingly useful for some of the more complex problems men- 
tioned in the “Introduction.” Equations [33a], [336], and [33c], 
and Equations [44] through [51] of the previous paper? illustrate 
the use of these functions for processes other than simple 7y- 
change. 
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Discussion 


Stresses in a Notched Strip 
Under Tension’ 


R. E. Pererson.? For design purposes considerable use has 
been made of the Neuber values of stress-concentration factor. 
For this reason it may be of interest to superpose a curve of such 
values on the author’s Fig. 3; this is shown in Fig. 1 of this dis- 
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Fic. 1 Srress-ConcentraTIon Factor For A NotcHep Srrip 1N 
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cussion. For \ = 0 the Neuber value is 3, the same as for a 
hole in an infinitely wide plate. Approaching \ = 1, the Neuber 
values are for a deep hyperbolic notch. An arbitrary function 
connects these end conditions, so that in the general region of 
» = 0.1 to 0.4 the Neuber values are particularly questionable. 
It is not the intention of this discussion to attempt to draw 
any conclusions by comparison with experimental points; it is 
merely intended to show the differences between the author’s 
results and those which we have been using. 


AvuTHOR’s CLOSURE 


The author acknowledges with appreciation the discussion of 
Mr. Peterson. 

In Fig. 1 of his discussion, the Neuber curve appears to be 
considerably lower than the author’s theoretical curve. Also, 
save at both ends, this curve for its greater portion lies below the 
experimental points obtained by Frocht, Wahl, and Beeukes. It 
is not the intention of the author to reaffirm here the theoretical 
curve he obtained, but merely to indicate that Neuber’s curve in- 
deed underestimates the stress-concentration factor of the 
notched strip. 

In experimental measurement, it is often found exceedingly 
difficult to obtain a very precise determination of maximum stress 
in a plate and usually a lower value is obtained, particularly 
when the stress in the plate drops rapidly from the point of 
maximum stress. For instance, a stress-concentration factor as 


1 By Chih-Bing Ling, published in the December, 1947, issue of 
the JournaL or AppLieED Mecuanics, Trans. ASME, vol. 69, 
p. A-275. 

? Mechanics Department, Westinghouse Research Laboratories, 
East Pittsburgh, Pa. 


low as 2.5 has been found photoelastically by Capper in the case 
\ = 0, as compared with the theoretical value 3.065. This leads 
us to think that Neuber’s curve probably underestimates the 
factor concerned. 

To establish the statement positively, let us consider an infinite 
number of such notched strips matched sidewise and cemented 
together. We then have an infinite plate perforated by a series 
of equal and equally spaced circular holes. Such a plate has been 
investigated theoretically by Howland.‘ He gave a maximum 
stress 3.247’ in the case \ = '/, when the plate is under a tension 
T, acting transversely to the line of holes. Together with the 
end values, the stress-concentration factor of the plate is as 
follows: 


N 
Stress-concentration factor. | 3 1.62 ] 


It is curious to note that such end values are the same as Neu- 
ber’s, and besides, the value 1.62 is equal very nearly to Neuber’s 
1.56 and slightly higher. Thus Neuber’s curve would indeed give 
closely, though perhaps slightly nonconservatively, the stress- 
concentration factor of such a plate. Now consider strips to be 
cut off one by one from both sides of the plate along the cementing 
lines until finally only a single strip is left. Each cut increases the 
maximum stress at the rim of the notch in the last strip by some 
amount; the nearer the cut, the larger will be the effect. This 
leads us to infer that Neuber’s curve definitely underestimates the 
factor. 


Note on the Tightness of 
Expanded Tube Joints' 


R. G. Luoyp? anp G. J. Scnorssow.* A new paper on ex- 
panded tube joints is always welcome, and the present one offers 
new analytical methods for consideration. In this paper par- 
ticular reference is made to the paper on holding power and tight- 
ness by Messrs. Goodier and Schoessow.* The present paper 
claims a considerably simplified method of obtaining like results. 

The author’s results are apparently obtained solely from elastic 
theory with no use made of plasticity considerations. The paper 
is based upon his Equation [1], which is obtained from the elastic 
equation of equilibrium for an element in a cylindrical body by 
neglecting differentials of higher order and simplifying. This 
equation is then integrated for the specified boundary conditions. 
Together with the elastic equation for radial stress in a plate, 
these equations are combined to give a function which, when 
plotted, has some agreement with results from the Goodier- 


3 *Photoelasticity,”’ by E. G. Coker and L. N. G. Filon, Cambridge 
University Press, London, England, 1931, p..560. 

4 “Stresses in a Plate Containing an Infinite Row of Holes,’’ by 
R. C. J. Howland, Proceedings of the Royal Society of London, Eng- 
land, vol. 148, 1935, pp. 471-491. 

1 By G. Sachs, published in the December, 1947, issue of the 
JouRNAL oF AppLiep Mecuanics, Trans. ASME, vol. 69, p. A-285 

2 Engineer, The Babcock & Wilcox Company, Barberton, Ohio. 
Jun. ASME. 

3 Engineer, The Babcock & Wilcox Company, Barberton, Ohio. 
Mem. ASME. 

‘The Holding Power and Hydraulic Tightness of Expanded 
Tube Joints,’’ by J. N. Goodier and G. J. Schoessow, Trans. ASME, 
vol. 65, 1943, pp. 489-496. 
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Schoessow paper. The extent of agreement may be seen by the 
graphs, Fig. 1 of this discussion. Data from the Goodier- 
Schoessow paper were converted to a comparable abscissa basis 
of b/a. 

This same equation just discussed also appears in the Ap- 
pendix of the Goodier-Schoessow paper in slightly different form, 
but may be made to read the same by a simple transposition. 
The equation is basic for any investigation of this nature. In the 
Goodier-Schoessow paper, the plastic stress functions are then 


used to obtain a different integral solution of the equation, these’ 


results then being plotted. 
discussion in the paper. 


This serves as the basis of theoretical 


2.0 


b/a 
kia. 1 


In the present paper the Goodier-Schoessow calculations are 
described as being a rather elaborate analysis. If the mathemat- 
ics alone is considered, that in each paper seems very compara- 
ble regarding length and complexity. The Goodier-Schoessow 
paper devotes some of the text to development of calculations for 
frictional holding power, as well as discussion of important results 
arising from considerations based upon plastic theory. For ex- 
ample, plastic flow begins at the hole when 8/+/3 is reached, 8» 
being yield stress. As pressure increases the plastic zone spreads, 
but does not do 8o indefinitely. At 1.75r of the hole, the plastic 
zone no longer spreads but comes to a stop, any further increases 
being expended in the form of axial extrusion. This would seem 
to be one worth-while result in considering the effect of rolling an 
adjacent tube closely spaced to one already rolled, since it is well 
known that rolling one tube can loosen an adjacent one already 
made tight. 

Other knowledge developed from the plastic basis of investi- 
gation would be lost, it seems, if only elastic considerations are 
used. In other words, the present paper has apparent brevity 
but is not as comprehensive as might be desired, nor does the 
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method seem applicable to new problems and test results now 
before us, which will almost certainly call for plasticity considera 
tions for solution and interpretation. To obtain the particular 
results in the papers in question, it is doubtful whether the one 
method is more advantageous or not. 

These papers, and the literature in general, have about the 
same assumptions. Both papers make the assumption of uniform 
internal pressure. Also, the effect of strain hardening is usually 
neglected although effects of the omission are discussed. Neither 
are cases considered where the initial yielding due to rolling is so 
great that plastic yielding is encountered after elastic unloading 
as pressure is removed. However, the material and methods of 
the Goodier-Schoessow paper would furnish the necessary basis 
for such inquiries whereas the elastic method of the present paper 
would not lend itself to these inquiries. 

One further assumption that is usual is the neglect of stress and 
plastic-deformation phenomena in the axial direction of the tube, 
although the Goodier-Schoessow paper discusses briefly the effect 
of friction in resisting this deformation. It may well be that 
some of these assumptions call for reconsideration, particularly 
the latter one, since current work and new results seem to indicate 
new importance of this factor. Any future work in this direction 
would most certainly be based upon plastic-deformation theory. 

It is pleasing to receive a new paper on this very important 
subject, and every effort to contribute to the existing literature is 
commendable. It is to be hoped that future papers will be forth- 
coming and that with increasing discussion still more valuable 
information may be brought to the field. 


AvtTHor’s CLOSURE 


Referring to discussion by Messrs. Lloyd and Schoessow, the 
author is at a loss to understand the basis of their objections. 
Their claim that ‘‘the author’s results are apparently obtained 
solely from elastic theory” is evidently wrong. Equation [1] 
of the paper, used also by Goodier and Schoessow, is not re- 
stricted to elastic equilibrium but is the basic condition for any 
equilibrium of forces in a cylindrical body. It does not neglect 
differentials of higher order and it is not simplified in any respect. 

The difference between Goodier-Schoessow’s approach and that 
by the author results from the different conditions of plasticity 
used. The only advantage the author claims is that simple 
analytical expressions have been obtained for the desired quanti- 
ties. 

Neither paper considers that the actual conditions may deviate 
considerably from that of plane stress upon which the calculations — 
are based. Dependent upon the dimensional ratios, the actual 
pressures may be considerably higher than those calculated, be- 
cause of the presence of axial stresses in both the plate and the 
tube. It appears that an experimental investigation of this 
problem would be timely. 


Approximate Solutions for Symmetri- 


cally Loaded Thick-Walled Cylinders’ 


J. H. Hrrencock.? It has been indicated that a rigorous 
mathematical solution of this interesting problem is possible, and 
that the authors’ recourse to empirical methods of evaluating 
coefficients is to be deplored. Lest the merit of the authors’ work 
be obscured by this academic consideration, and from the view- 
point of the machine designer, the writer would like to state that 


1 By C. W. MacGregor and L. F. Coffin, Jr., published in the 
December, 1947, issue of the JourNAL or APPLIED MEcHANICS, 


? Trans. ASME, vol. 69, p. A-301. 


* Director of Research, Morgan Construction Company, Wor- 
cester 5, Mass. Mem. ASME. 
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no apprehension whatever need be felt regarding the use of em- 
pirical coefficients in such analyses as this. Conceding that com- 
plete analytical solutions are preferable, wherever mathematical 
analysis provides the simplest means of reaching a solution, 
nevertheless the fact remains that the designer who employs such 


solutions, after calculating the applied stress resulting from” 


stated conditions, must determine whether that value of applied 
stress is acceptable. In such determination he employs a per- 
missible working stress for the particular material involved, which 
is determined wholly by empirical methods. The use of a testing 
machine or similar experiment in determining the ultimate 
strength of a material is no more logical than an empirical evalu- 
ation of coefficients in a formula for determining stress. 

The authors have performed a valuable piece of work, and have 
put their results into a form which can be employed with con- 
fidence. The value of their contribution in this field should not 
be obscured by the fetish of insisting upon rigorous mathematical 
analysis. 


W. P. Roop.’ This paper received some criticism on the 
ground that an empirically determined value of the quantity 
theta was used in the definitive calculations and that the agree- 
ment of the results of these calculations with observation there- 
fore is without merit in confirmation of the analysis. 

This would be correct if the evaluation of theta were based 
upon the same observations as those later compared with the re- 
sults of analysis. It is understood, however, that theta was 
measured by a wholly independent experimental process which 
gave a result of appropriate precision with a small part of the 
labor which would have been needed to get it by calculation. 

The quantity theta, called in the nomenclature simply a 
“phase angle,’”’ seems to have a fairly direct physical significance 
for the behavior of the structure. It is linear in a dimensionless 
ratio of two quantities, beta squared and alpha squared. 

Beta fourth is a ratio of two rigidities; in the numerator is k, 
the hoop tension per unit length of tube per unit radial deflection; 
in the denominator is D, a measure of the force-moment which 
would be needed to bend a radial segment of the tube to unit 
radius of curvature. Beta fourth might thus be called the ratio 
of rigidity in. girth tension to that in meridional bending. Its 
dimensions are those of the ratio of EZ, a tensile rigidity, to EJ, 
a bending rigidity. 

Alpha squared is a little more obscure, but it is described as a 
ratio of shear curvature to the corresponding radial deflection. 
Its dimensions are those of a ratio of a reciprocal radius of 
curvature to a length; however, this radius of curvature seems 
to depend upon the shear modulus, while the radial deflection 
depends, at least in part, upon the tensile modulus. 

Therefore is it not correct to say that at some point or other 
an experimental determination is needed? The authors deter- 
mined beta directly and so eliminated the sort of error as well 
as inconvenience which would have resulted from use of other 
empirical data. 

The willingness of the authors to combine analytical and 
experimental methods in their efforts to obtain solutions useful 
to designers is something the writer finds highly commendable. 
He is quite willing to trust them to avoid the sort of error de- 
scribed in the second paragraph of this discussion. 

Rigor in analysis (not always the same as elaboration) is 
surely desirable; but it is nugatory to suggest that design for- 
mulas are useless if not rigorous. Designers rightly put more 
reliance upon successful service than upon mathematical strict- 
ness in judging validity of their work. 
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right reason. And Nature cares nothing for analytic difficulties, 


AuTHors’ CLOSURE 

The authors wish to thank the many discussers of this paper for 
their interesting comments. It is regrettable that very few 
written discussions were received, inasmuch as the remarks of 
Messrs. Hitchcock and Roop refer to certain oral comments made 
by other discussers at the presentation of the paper. It is felt 
that a review of these comments is in order to clarify the written 
remarks. 

In the differential equation for the deflection of the mean 
radius um, Equation [15], a second-order derivative appears due 
to shear deflection. This derivative is multiplied by a parameter 
a? which in the analysis depends only on the wall ratio. Questions 
were raised in the discussion as to (a) whether this second-order 
term was.necessary and if so, was it due to the improper satisfying 
of boundary conditions at the bore; (b) whether the constant a? 
should have been determined experimentally when it could be 
found analytically; and (c) whether the second-order term was of 
necessity introduced because the problem was not a case of a pure 
bar on an elastic foundation, but one where the bar and the 
foundation were functionally related. 

In answer to question (a), it was pointed out in the paper that 
the phase angle 6, which is a function of a? from Equation | 18], 
was adjusted so as to give the best fit between the analysis and the 
observed strains on the outside of the tube for various wall ratios. 
Fig. 9 shows that increasing the wall ratio decreases the phase 
ease? 6 appreciably from the thin-walled tube value (where 


6= z with the result that considerable errors would be intro- 


duced by the omission of the second-order derivative term. The 
second-order term is not necessary to correct for improper bound- 
ary conditions at the bore since the thin-walled tube theory (where 
no second-order term appears) has these same difficulties at the 
boundary. The errors introduced by improper radial equilibrium 
at the bore are only local, found near the discontinuity in loading 
and are clearly shown in Fig. 14 where the approximate solution 
is compared with the exact solution. 

Question (b) has brought forth the written comments of 
Messrs. Hitchcock and Roop who have ably expressed the 
authors’ views on this point. It should be emphasized that it was 
not the purpose of this paper to present a mathematically exact 
solution of the thick-walled tube subjected. to bands of constant 
pressure, although this solution was also developed by the 
authors (as well as by G. C. Evans, referred to in the paper) and 
plotted in Figs. 14 and 15 of the paper for the comparison with the 
approximate solution. The exact solution as mentioned in the 
paper is very tedious and cumbersome to use in any practical de- 
sign problem. The main purpose of the paper was pragmatic in 
the sense that it was the authors’ intention to present a simple 
analysis based upon methods not unlike those employed in the 
simple bar-on-an-elastic-foundation analysis in order to develop 
a solution in closed form which is readily usable in design applica- 
tions. While attempts were first made to calculate a? by the 
simple shear deflection procedure for beams, this led to an over- 
correction (assuming full shear), and hence the experimental 
approach was adopted. The authors, in line with the comments 
of Messrs. Hitchcock and Roop, make no apologies for the use of 
experimental-stress-analysis methods, coupled with a simple 
approximate analysis, to effect a practical solution to the problem. 
Having the exact solution available (which should also be 
checked by experimental means), it was thus possible to use it, 
too, as a basis of comparison against which the accuracy of the 


It is better to be right for the wrong reason than wrong for the § approximate solution could be assessed. In fact, from the 


3’ Swarthmore College, Swarthmore, Pa. 


practical design point of view, the authors feel that the combined 
use of simple analysis coupled with experimental-stress-analysis 
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DISCUSSION 


methods, is a fertile field for further developments of this type in 
other problems. 

In connection with question (c), while the modulus of founda- 
tion used here is an integrated one over the wall thickness and is 
of different form from that used for thin-walled tubes thus de- 
parting somewhat from the simple theory, the general procedure 
applied is not at all unlike that for the simple bar-on-an-elastic- 
foundation analysis. 


Deflections and Moments of a Rec- 
tangular Plate Clamped on all Edges 
and Under Hydrostatic Pressure’ 


H. D. Conway.? The author has presented an interesting 
study of a problem which has considerable practical importance. 
This is particularly so in the case of the design of ships, floating 
docks, and the like. 

Although the limitations of the theory are not stated in the 
paper, the data presented are obtained from the Lagrange dif- 
ferential equation and, as such, neglect the stretching of the plate 
which will occur as the plate bends. Therefore it is only ap- 
plicable to cases in which the deflections are very small. A more 
exact solution using von Kaérman’s equations would be a much 
more difficult problem. The practical difficulty of obtaining an 
edge condition which approaches the theoretical clamped edge 
should also be borne in mind. It is anticipated by the writer 


that the work was carried out for plating which was continuous — 


over longitudinal and lateral frames so that the slopes at the 
middle of the frames would, from symmetry, be zero. While, 
undoubtedly, this would be so, the frames would have to be of 
finite width and there would still be slope at what constituted 
the edge of the plate. Bearing these points in mind and using a 
considerable amount of discretion, the data should be of very real 
help to designers. 

Young? has also investigated the problem for plates in which 
the ratios of the plates sides are 1/2, */;, 1, 11/2, and ©. There- 
fore it is of interest to compare the results obtained by the two 
investigators for the case of a square plate. The notation of 
Odley is used and Poisson’s ratio assumed to be 0.3: 


M,{é = 0,n = 0.5)M,(€é = 1,n = 0.5)M,(E = 0, n = 1) 
Odley Young Odley 
0.0117 0.0115 —0.02719 —0.0257 —0.03942 


Odley Young Young 


—0.0334 
Moments = coefficients X qoa* 


It is observed that, although the results in the first columns agree 
very well, there is considerable discrepancy between the other 
results. Professor Young’s results were obtained from the series 
method and the author’s from the Marcus method. The author’s 
statement that the latter method gives the higher moment values 
is thus borne out. 


CLOSURE 


The author agrees with Mr. Conway’s statement that the 
practical difficulty of obtaining an edge condition which ap- 
proaches the clamped edge, should be borne in mind by the de- 
signer. Boundary conditions assumed in design are never fully 


1 By E. G. Odley, published in the December, 1947, issue of the 
JourNAL or AppLieD Mecuanics, Trans. ASME, vol. 69, p. A-289. 

? Associate Professor of Mechanical Engineering, Cornell Uni- 
versity, Ithaca, N. Y. 

*“Analysis of Clamped Rectangular Plates,” by Dana Young, 
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realized in actuality and the designer must always exercise judg- 
ment in his assumptions. 


The Mechanics and Thermodynamics 


of Steady One-Dimensional 
Gas Flow' 


G. M. DustnBERRE.? There are a few expressions in this ex- 
cellent paper which seem to the writer to need clarifying. 

Gases with the properties prescribed by the authors have long 
been characterized as “‘perfect.’”’ What distinction is implied 
in the term “‘semi-perfect?” 

The statement is made: ‘When the initial Mach number is 
subsonic, the solution with M, > 1 is usually not realizable be- 
cause it would violate the second law of thermodynamics.” 
This might mean: (a) “|... . the solution with Mz <! would 
violate the second law of thermodynamics. Hence it is usually 
not realizable.” Or it might mean: (b) “.... the solution with 
M, > 1 will usually violate the second law of thermodynamics. 
In these cases it is not realizable.’ Which represents the au- 
thors’ meaning, or is there some third interpretation? 

Then there is the statement: “.... it is probable that defla- 
gration violates the second law of thermodynamics.” If this is to 
be taken literally, it is a considerably more astonishing conclusion 
than the authors’ estimates of velocity and pressure associated 
with an atomic explosion. 


N. A. Hauu.* With the unusual increase in engineering need 
for thorough analysis of gas flow under conditions where a com- 
bination of compressibility, friction, and heat-transfer effects 
occurs, it has been clear that a systematic treatment of one- 
dimensional flow processes should be available in the literature. 
This discussion admirably fills the gap. There is no question but 
that this analysis will become a standard reference for much 
work in gas dynamics. 

It' is believed, however, that a few points may be profitably 
amplified. The authors have deliberately omitted any reference 
to units and at the same time have omitted the familiar conver- 
sion factors gandJ. While this is a wholly legitimate procedure, 
some explanation is in order to avoid the misuse of the formulas 
by those unaware of the possibility of this technique. 

In several places reference is made to stagnation temperature 
and pressure, but in almost all cases this is done only for constant 
specific heat and molecular weight. In the case where these 
quantities are variable, stagnation enthalpy ho, is defined by 


ho = h + V2/2 
stagnation temperature, 7'o, by 


aT = V2/2 


and stagnation pressure, P,, by 


These may be applied in the same manner as those used by the 
authors, and, in fact, the same formulas may be used, provided 
suitable mean specific heats and molecular weights are obtained. 


1 By A. H. Shapiro and W. R. Hawthorne, published in the De- 
cember, 1947, issue of the JouRNAL OF APPLIED MEcHANICS, Trans. 
ASME, vol. 69, p. A-317. 

? Division of Mechanical Engineering, University of Delaware, 
Newark, Del. Mem ASME. 

3 Professor of Thermodynamics, Department of Mechanical Engi- 
neering, University of Minnesota, Minneapolis, Minn. 
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In the discussion of the energy equation for a discontinuity, 
all processes involving change of phase or chemical composition 
have been considered with reference to the initial temperature 
asa base. Since in many cases information will be available with 
reference to a standard base, a generalization of the formulas 
developed will be required This may be obtained as follows: 
To avoid undue complexity, the enthalpies and states 1, 2, L, and 
g are to be taken as stagnation enthalpies as defined previously. 

The operation of proceeding from the initial state 1 to the final 
state 2 can be replaced by a thermodynamically equivalent proc- 
ess in which the initial substances are reduced to the base tem- 
perature where chemical and phase change occur. The net 
heat available is then used to heat the products to the final 
temperature. In the reduction to the base temperature, heat is 
released as follows: 


wi(h; — ho) —from main gas stream 
w,(h, — hoo) —from injécted gas 
w,(h, — hio)—from injected liquid 


At the base temperature, heat is released by chemical reaction 
and liquid vaporization 


wi( Ah,,)ro—total enthalpy of reaction 
—w,(hy,)ro—total enthalpy of vaporization 


The sum of these heats is available to raise the products from 
the base to the final temperature. Thus 


we(h'2 — h’o) = — ho) + w,(h, — hgo) 
+ — + wi (Ah,,) ro — wz (yg) 


where the prime is used to distinguish the enthalpy of the prod- 
ucts from that of the main gas stream. 

This may also be derived from the author’s Equation [39] in its 
equivalent form 


weh's wyhy wh, = 0 
by noting that the heat of reaction is given by 


wi(Ah,,)ro = wiho + + 
+wyhgo — (wi + wy + w,)h'o 


A similar difficulty will occur in the general development of 
the energy equation in differential form in Appendix 1 of the 
paper. It is perhaps even more important in this case to clarify 
the proper use of standard base temperatures. 


Puiuip Rupnick.‘ Since choking is a conspicuous and novel 
feature of compressible flow, some elaboration of the authors’ 
treatment may be of interest. They cite the apparent paradox 
that for fixed inlet M and 7, simple addition of heat is limited 
to some finite amount, and correctly resolve the puzzle by point- 
ing out that, whereas the amount of added heat is in fact arbi- 
trary, the inlet Mach number is not necessarily subject to direct 
physical control. This last point should be stressed, since if 
fully appreciated it would seem to resolve all paradoxical aspects 
of choking flows. 

The over-all situation may be described as follows: For in- 
compressible flow in a given duct, inlet pressure and mass flow 
may be regarded as two physically independent variables as long 
as exit pressure may also vary. But for conditions leading to 
zero or any other fixed value for exit pressure, one degree of 
freedom is lost, and just one of the variables, inlet pressure or 
mass flow, is independent. Analogs to these two situations are 
found in nonchoking and choking flow, respectively, for a com- 


4 Department of Physics, Vanderbilt University, Nashville, Tenn. 
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pressible fluid at constant inlet 7. In the absence of choking, 
inlet pressure and mass flow are independent and, consequently, 
so are inlet velocity and Mach number. But with choking there 
is no upstream effect of exit pressure and one degree of freedom 
is again lost; inlet pressure and mass flow now vary in propor- 
tion, and velocity and Mach number do not vary with them. The 
inability of a pump or other mechanism at the inlet to exert direct 
control of velocity under these circumstances is readily under- 
standable physically. 

These considerations, as well as an example given in the paper, 
show that if the equations of Table 1 are to be integrated for a 
case in which the first four independent variables are really inde- 
pendent in the physical sense and lead to a choking flow, then 
the inlet Mach number should not be arbitrarily chosen, but 
rather if possible the place determined where M = 1, and that 
place taken as the starting point for stepwise integration. The 
writer would be much interested in comment by the authors as to 
the feasibility of such a predetermination of the M = 1 position. 

Also, it may be mentioned that a more extended discussion of 
the quantity here called the “impulse function” has appeared 
since the preparation of this paper.® 


Autuors’ CLosuRE 


In reply to Professor Dusinberre’s comments, we have confined 
the term “perfect”? to a gas which obeys the equation of state, 
po = RT, and has constant specific heats. ‘“Semiperfect” is 
applied te a gas which obeys the law pv = RT, but. has variable 
specific heats. 

The interpretation (b) given in Professor Dusinberre’s com- 
ments is the correct one. 

We would not wish to have the statement regarding deflagra- 
tion taken out of its context. A steady deflagration wave seems 
likely to involve a violation of the second law, but unsteady de- 
flagration waves, which are necessarily expansion waves, seem 
to be possible. 

Professor Hall has raised the question of whether the New- 
tonian constant, go, and Joule constant, J, should not be included 
in the equations. There seem to be four possible ways of writing 
a term such as the dynamic temperature rise, namely 


(a) 


v3 v3 v3 

The constants go and J are alike in that they are both constants 
of proportionality found from experiment; go from Newton’s sec- 
ond law of motion 


1 
F=-ma 
go 


and J from the first law of thermodynamics 


Since they are alike in this respect, it would seem desirable for 
the sake of consistency to retain both or neither. Hence forms 
(b) and (c) might be omitted from consideration. Now, the 
discovery and evaluation of the experimental constants permits 
the experimenter to revise some of his units of measurement so 
that the constants each take on the value of unity. For example, 
having found that when W is measured in foot-pounds and Q in 
Btu, the value of J is 778, one defines a new unit of work equal to 
778 ft-lb and calls it the Btu of work. Then expressing W in 
Btu of work and Q in Btu of heat, J is of magnitude unity and 
may be dropped from the equations. Likewise, the units of 


5 “Momentum Relations in Propulsive Ducts,’ by P. Rudnick, 
Journal of the Aeronautical Sciences, vol. 14, Sept., 1947, pp. 540-544. 
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F, m, and a may be chosen so that go is unity and may be omitted 
from the equations. Thus either form (a) or (d) may logically 
be used, depending upon whether one prefers to work in a system 
of units where go and J are unity, or are not unity, respectively. 
The authors feel that form (a) is preferable because of its sim- 
plicity. 

The use of the stagnation enthalpy, stagnation temperature, 
and stagnation pressure for the case of variable specific heat as 
well as constant specific heat, as suggested by Professor Hall, 
is of course acceptable. However, the authors felt that sim- 
plicity in making numerical calculations should be a major aim of 
the analytical formulation. After having considered originally 
the use of the stagnation parameters, the conclusion was reached 
that they entailed unnecessary complications in the calculations, 
and the method described in the paper was adopted. 

In reply to Professor Hall’s comments on the temperature at 
which the heat of reaction is reckoned, it might be stated-that 
here again the aim was simplicity in numerical calculations, and 
that in this respect the methods given in the paper were felt 
preferable to the selection of the heat of reaction at a fixed base 
temperature, 

We think Professor Rudnick’s comments on the choking 
phenomenon interesting and illuminating. 

As to the possibility of beginning the integration of Table 1 
at the M = 1 surface, it is agreed that this is convenient in many 
cases. There are, however, instances in which this surface can be 
located only by trial and error, in which case the method of 
the paper seems preferable. The choice of the method seems 
to depend on the physical nature of the problem, and it is 
doubtful whether any general rule can be laid down. 


Sliding Friction of Ball Bearings 
of the Pivot Type' 


W. D. Anverson.? During the last few years considerable 
progress has been made by the ball-bearing industry in develop- 
ing ultrasensitive bearings for instrument work, and, while most 
of this progress has been based upon an experimental approach, 
the value of a mathematical analysis should be self-evident. 

The assumptions on which the analysis is based are reasona- 
ble and necessary to avoid prohibitive mathematical complica- 
tions. However, certain of these assumptions should be re- 
examined before attempting to reduce to practice the results of 
the analysis. 

The assumption that the “‘pivot and race surfaces are correctly 
centered”’ implies that they also have’ colinear axes. In practice, 
errors of manufacture and assembly usually produce some angu- 
lar error befween the axes of the pivot’and the race. In the gen- 
eral case of a race whose surface is a torus rather than a sphere 
such alignment errors will cause differential ball speeds, thus 
violating the assumed symmetrical ball distribution and causing 
the balls to contact each other or to contact the ball separator. 
In either case, frictional torques will be imposed upon the 
pivot. 

Experimental results indicate that these frictional torques are 
much greater than the torque due to imperfect rolling between 
balland race. These frictional torques may be reduced materially 
by special designs of separators to space the balls. However, 
they still constitute a major problem in the design of ultra- 
sensitive ball bearings. 

1 By H. Poritsky, C. W. Hewlett, Jr., and R. E. Coleman, Jr., 
published in the December, 1947, issue of the JouRNAL OF APPLIED 
Mecuanics, Trans. ASME, vol. 69, p. A-261. 
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Tuomas Bartisu.’ In 1938 an attempt was made to calculate 
and measure the ball-race friction in radial ball bearings under 
radial loads just as the authors of this paper have done for pivot 
bearings under angular contacts. This work was done by 
Seymour Herwald‘ as a thesis for a degree at the Case Institute 
of Technology. Most of the conclusions closely agree with 
those of this later work but others were quite at variance; par- 
ticularly, an entirely different concept of the “slipping’’ was de- 
duced and confirmed by other considerations. - 

The calculations followed similar lines except that under pure 
radial load (1) there is no tendency for only one race to slip; 
the friction of both races was calculated although not as com- 
pletely as in this later work; (2) the friction was much smaller, 
being due only to the difference in radii along the contact area. 
True rolling occurs at points A,A, Fig. 1 of this discussion. In 
between, the ball surface precedes, and outside of these points 
the race surface precedes, These two effects balance on the 
neutral points A,A, and the friction torques about these points 
were summarised. 


Fia. 1 


Tests were made so as to eliminate all cage friction and most 
variations due to inequality of loading, as well as ball and race 
inaccuracies. A heavy pendulum was suspended from a single 
bearing with only two balls. The loss of amplitude for many 
swings was measured by an indicator at the end of the stroke, 
Fig. 2. It is evident that this friction will require fairly heavy 
loads to give appreciable widths to the contact area. Tests 
were made with varying loads and race curvatures. 

The calculations and tests indicated a coefficient of “sliding 
friction” of 0.2, approximately. The present paper assumes the 
same coefficient and reports agreement of calculations and tests. 
However, the figures of Mr. Herwald added friction at both 
inner and outer rings, whereas the new figure is only the friction 
at the inner ring. 

Mr. Herwald and the writer believed that there was no actual 


% Consulting Engineer, Washington, D. C. 

4 Westinghouse Electric Corporation, East Pittsburgh, Pa. This 
work was done with the co-operation and the equipment of the Marlin 
Rockwell Corporation, Jamestown, N. Y. 
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sliding at the contact surfaces (except possibly at the very edges 
where unit pressures are low and some sort of lubrication can 
exist). In most of the contact area, pressures vary from 50,000 


2 


to 400,000 psi, and it was thought inconceivable that the metal 
would actually slide under such pressures and for such short 
displacements. Instead it is believed that the surface and sub- 
surface metal aretdisplaced tangentially; that in the section where 


sliding is supposed to occur, the lines ab, ac, and: ad, Fig. 3, shift 
to the dotted lines ab’, ac’, and ad’. 

True sliding might occur if the displacements were large, but 
it would then resemble tearing rather than sliding. Under such 
conditions ball bearings are rapidly destroyed, as under very bad 
off-square operation when there is definite sliding between ball 


JOURNAL OF APPLIED MECHANICS 


JUNE, 1948 


and race. Similarly, too close curvatures under heavy loads or 
steep angles will show rapid failure. . 

If actual sliding did occur, the friction would be erratic with 
the continual change from static to kinetic friction. 

The absence of actual sliding is further confirmed by a similar 
action in metal-to-metal friction drives. Here the same type of 
contact delivers a positive tangential force without slipping, as 
long as the normal force is large enough. Instead of slipping, 
which would destroy the surfaces quickly, there is a definite 
and constant creep, corresponding to the displacement of the 
lines in Fig. 3, and varying with the size of the tangential 
force. . 

Fig. 1 of the original paper indicates how banding of the balls 
would occur if there were sliding, and only at the outer race. 
In practice, banding does occur. It always shows up under the 
following conditions: Enough thrust load so that the top balls 
are not loose, and no disturbance or removal of the load. These 
conditions happen regularly on ball-bearing testing machines. 


The banding is clearly shown in Fig. 4 herewith. The banding 
is exactly on a diameter. The width is that of the wider area, the 
inner-ring contact, and does not follow the theory propounded in 
Fig. 1 of the paper. 

This paper considers only pivot bearings, and these may show 
different results. A simple test is suggested; the conditions pro- 
posed would give a higher ball speed or cage speed around the 
shaft. This can be measured accurately since it is accumula- 
tive, i.e., count the number of cage revolutions per 100 shaft 
revolutions. 

The paper mentions the fact that the deflection in the bearing 
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under radial load changes as the bearing rotates. The deflection 
is less when there is a ball at the bottom compared with the race 
straddling two balls. Any slight looseness in the bearing produces 
the same effect and adds to the inequalities of the deflection. 
Both of these effects fall off rapidly with increase in the number 
of balls as shown in Fig. 5 of this discussion. So much ‘s this so 
that it would be an error to make a sensitive pivot bearing 
with less than 5 balls, and even a 5-ball bearing may be ques- 
tionable. 

In most pivot ball bearings and especially in sensitive gyros, 
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to have the friction constant is as important as having it low. 
Hence we should note in this type of development that the 
ball-to-ball or ball-to-cage friction frequently exceeds the ball-to- 
race friction, and is very erratic. 


A. B. Jones. The authors of this paper have presented a 
clear and well thought out analysis of the effect of contact area 
spinning torque on the friction of pivot-type ball bearings. Their 


derivation of the torque required to spin an elliptical pres- 


sure area about an axis normal to the center of the pressure 
surface agrees identically with the results arrived at by the 
writer, 

In addition to the spinning action, there is evidence that the 
slippages due to the curvature of the pressure surface itself are 
also of prime importance; in fact, in the conventional radial-type 
ball bearing under radial load, slippage of this type is the only 
source of contact-area friction. That slippage of this type may 
also be appreciable in pivot-type ball bearings is indicated by the 


* Chief Research Engineer, New Departure Division, General 
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fact that the authors obtained correlation with minimum values 
of torque tests using a coefficient of friction of 0.20. 

Experiments conducted by the writer, in which a ball was 
pressed on opposite sides by sections of curved raceways and the 
ball rotated about an axis through both contact points, indicate 
a maximum value of 0.14 for the coefficient of friction. 


J. R. Mactntyre® anp E. E. Lyncu.* It is always interesting 
to compare theoretical calculations with measured values. In 
this particular case it is probably impossible to separate sliding 
friction from the other types of friction which enter into the 
turning of ball bearings, by means other than theoretical. The 
binding of balls as they become partially “jammed,” due to 
unavoidable tolerances in mechanical construction, and the 
unbalance torques exerted by the rotating masses due to the non- 
perfect geometry of the bearing parts, makes the friction a varia- 
ble which is difficult to measure. Moreover, the breakaway 
friction torques differ from the running torques; and running 
friction torques vary with the speed. It is interesting to note, 
therefore, the close agreement which is indicated between theo- 
retical sliding friction and the minimum values of precise meas- 
urements of total friction. 

The theoretical approach can be used to save time when com- 
paring friction (sliding) of different shaped bearings: It may 
even indicate the advantages of new materials for bearings. It 
certainly sets a minimum friction for a particular design which 
can be used as a guide in determining the “point of diminish- 
ing return” on efforts made to reduce manufacturing toler- 
ances. 

In publishing this work the authors have shown the way toward 
calculation of total friction. This is a goal which, if attained, will- 
save much time-consuming effort in tests and statistical interpre- 
tation of the results which is often necessary because of the ex- 
tremely small torques involved. 


Bryce Rutey.’? This excellent paper treats a rather special 
case of sliding friction in ball bearings and, for that reason, the 
sliding friction due to the torque w can be isolated from other fric- 
tional effects. 

Earlier investigators, notably A. Palmgren, in a series of 
papers,’ in 1926 and 1928, considered the effect of sliding friction 
in the contact areas between balls and raceways. The case con- 
sidered was the more general one where curvature within the 
contact areas could not be neglected, and the conclusions reached, 
while in general agreement with the present paper, were not as 
specific and easily verified by tests as in the special case of pivot 
bearings. Some cases were calculated in the third of the Palm- 
gren papers, and reasonable -confirmation by experiment was 
found even when friction due to curvature of the contact areas 
was not small. 

. The occasional occurrence of contact bands on balls in bear- 
ings of standard types (i.e.,, deep-groove ball bearings and 
angular-contact ball bearings), usually when the load is predomi- 
nantly thrust or when all internal looseness has been removed 
from the bearing during mounting so that the balls never pass 
through an unloaded zone in the bearing, indicates that there 
may be cases where the torque is of predominant importance 
even in bearings of these standard types. 


6 Works Laboratory, General Electric Company, West Lynn, Mass. 

7 Senior Engineer, SKF Industries, Inc., Philadelphia, Pa., Jun. 
ASME. 

8 “The Nature of Rolling Resistance,” ‘Investigations With Regard 
to Rolling Under Tangential Pressure,” and ‘‘Sliding Friction in Ball 
Bearings,’ The Ball Bearing Journal, published by SKF Industries, 
Inc., Philadelphia, Pa. 
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Z. Horak. Starting from the Hertz’s theory, the writer has 
deduced," for the moment of slipping friction, the expression 


3P 
— —— — dad 
which is a direct consequence of the authors’ Equations [12] and 
{15}. The integration is over the ellipse with semiaxes a, b 
and has been carried out by the meter,’ p. 163, as follows 
We put 
z y 
=p C08 9, pane 
a b 


and obtain 


3P p=1 
D = p*a? cos*g + sin? ¢ 
2r g=0 p=0 


V1 pdede = =f — p* dp 


2x 
f Va? — (a? — b?) dy 
0 


p =sinr 


Now writing 


we have 


1 
V1 —p?dp = sin? r cos? r dr 
0 0 : 
ff (1 — cos 4r)dr = — 
= - 
8 Jo 16 


and 
V/ a? — (a? — b2) sin? ¢ dy 
0 


4/1 — sin? dp = 4a E(k) 


where 
at — 52 


a? 


k? = 


Therefore we get ” p. 164 (see author’s paper, Equation [17]) 
3 
D= 3 E(k)ap P. 


AvuTHORS’ CLOSURE 


The authors wish to thank the discussers for their interesting 
comments and the valuable contribution of their thoughts and 


experience on the subject of ball-bearing friction, and they believe | 


that the discussions enhance greatly the value of the paper and 
bring out more clearly some valuable points which, due to limita- 
tion of space and other causes, were passed over rather hurriedly. 

As pointed out by Messrs. Anderson, Barish, MacIntyre, and 
Lynch, and Ruley, the assumptions made by the authors were of 
the most ideal type. They correspond to the simplest possible 
conditions, and the analysis based upon them leads to the smallest 
possible friction which the bearings can have. Since in practice 
these conditions are seldom satisfied, it is clear that the actual 


* Professor of Technical Physics, Technical University, Prague, 
Czechoslovakia. 

10 “Theory of Slipping Friction,” by Z. Horak (in Czech), 
Proceedings of the Masaryk Academy of Work, vol. 18, Prague, 
1944, pp. 150, 169. , 
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friction obtained will be both larger and variable. In practice 
neither the pivot nor the race will be a true surface of revolution, 
and they will be slightly misaligned; the balls’ radii will differ 
slightly, nor will the balls be truly spherical. There will thus be 
friction due to the various geometric imperfections and misalign- 
ments; there will be further friction due to the ball separator if 
there is one, or between the individual balls in case there is no 
ball separator. If the balls are of slightly different size, they will 
travel at different speeds about the axis and will push up against 
each other, thus creating even more friction. Furthermore, 
even with perfect geometry, the ball centers may deviate from the 
ideal circular path, and the balls may possibly wedge themselves 
into a narrow space. This is conceivable since the centers of the 
two contact areas of a ball need not be at diametrically opposite 
points on the ball—the line joining them may make any angle with 
the radial direction at either center which is less than the angle of 
friction. There are further friction effects due to squeezing out 
the oil film, and due to “solid damping” (the latter makes the 
balls always run “up-hill,’’) as well as effects due to particles of 
ordinary plain dirt. These are some of the neglected items which 
are responsible for increasing the actual pivot frictions. 

Returning even to the ideal assumptions of the paper, as 
pointed out in connection with Figs. 1 to 3 of the paper, it is 
assumed there that the contact areas have negligible curvature. 
Thus on Fig. 3 of the paper it has been assumed that line A, A; is 
a straight line. Actually this is not the case and a very slight 
amount of slipping over the pivot contact will occur due to its 
curvature. This effect was termed a “second-order effect,’ and, 
as stated in the paper, was neglected. As pointed out by Messrs. 
Barish, Jones, and Ruley, for the case of radial bearings, these 
effects predominate. When the theory of the paper is applied to 
such radial bearings, so long as the curvature of the contact area 
is neglected, the contact area is flat, and no slipping need occur 
over the contact with either the inner or outer race, and the com- 
puted friction torque vanishes. However, if the curvatures of 
the contact area are appreciable, no true rolling of the ball, say, 
over the stationary race, can take place; instead, there is a ten- 
dency for slipping in opposite directions in the middle and outer 
portions of the contact band, as shown on Fig. 1 of the Barish 
discussion. It is gratifying to know that a study of this effect 
has been made by Messrs. Herwald and Barish; it is highly de- 
sirable to have the results of such studies more widely publicized 
by presenting them at meetings of technical societies, and having 
them published, so that they will be available to the engineering 
profession. As noted in the paper, this effect may occur even for 
bearings of the pivot type, though it will not be very pronounced 
unless the curvatures of the pivot and the balls are very close to 
each other, whereupon the area of contact and the resulting 
stresses are not given too accurately by the Hertz theory, and the 
whole analysis requires substantial corrections. 

An interesting point brought out by Mr. Barish relates to the 
question of slipping over the contact areas. It may very well be, 
as pointed out by Mr. Barish, that over the inner part of-the con- 
tact ellipse between the ball and the race, where the prescribing 
slip is small and where the possible friction force is high (due to 
the high normal pressure) the inner portions of the contact areas 
lock and twist. Over the peripheral portions of the contact 
areas slipping certainly does take place. This is an interesting 
phenomenon which deserves further study and experimentation. 
The analogous phenomenon of creep of a wheel over a rail has 
been studied by Carter,!! but the authors know of no correspond- 
ing study for the ball contact problem. 

However, the authors believe that even when this aspect of the 

1 “On the Action of a Locomotive Driving Wheel,” by F. W. 


Carter, Proceedings of the Royal Society, London, England, series 
A, vol. 112, 1926, p. 151. 
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contact phenomena has been taken into account it will not lead 
to any substantial changes in the conclusions of the paper regard- 
ing the geometric analysis of the ball motion or the friction 
torque, computed on the basis of slip motion. Referring to Figs. 
1 to 3 of the paper, it is a geometric fact that no matter how the 
ball pivots, the four circles on the ball through A, A;, C, C; on the 
ball at the edge of the contact bands and the corresponding cir- 
cles over the pivot through A, A, and over the race through C, C; 
cannot all have the same length ratios. Since at these extreme 
points of the contact bands (through C, C,) slipping must take 
place, the main conclusions obtained must be*valid. 

The predicted ball motion has been verified experimentally, as 
stated in the paper, by rotating the outer race in the direction 
opposite to the pivot and at such a speed that the ball center was 
maintained at rest, and observing the motion of the ball with a 
low-power microscope. The rotation diameter of the ball was 
found by attaching small magnets to the ball surface. 

Again the torque was calculated by multiplying the local 
Hertz pressure by yw and by the lever arm about the pivot axis. 
This moment for the ball-pivot contact is larger than for ball-race 
contact; since the actual friction force may be less than thé maxi- 
mum value used, the conclusion was drawn that the actual fric- 
tion moment is represented by the smaller of two moments, and 
that slipping will occur between the ball and the race. A more 
* complicated motion at ball-race contact may occur—partly slip- 
ping, part twisting and untwisting—but this does not change the 
magnitude of the computed maximum friction torque. The 
authors doubt whether the friction torque which would be com- 
puted from the complete theory when the latter becomes available 
would be appreciably less than the torque computed in the paper. 
They cite the observed agreement with the minimum measured 
friction torque as a partial proof of this belief. 

It is pointed out in the Barish discussion, for the case of radial 
bearings one must add the friction between the ball and inner race 
as well as between the ball and the outer race. Contrariwise, in 
the paper such‘an addition was not carried out. The reason is 
very clear. If no slipping takes place between the ball and the 
pivot no energy can be lost in friction at that contact. More- 
over, the friction torque over the contact between the ball and 
the race must be transmitted in turn to the contact between the 
ball and the pivot, by Newton’s third law of equal action and 
reaction (neglecting gyroscopic effects for the balls for rapid rota- 
tion.) In the radial bearing case the slipping is of an entirely dif- 
ferent. type and rotation takes place about the points A, A of 
Fig. 1 of the Barish discussion, and about two similar points over 
the contact with the outer race. 

In conclusion the authors thank Mr. Horak for the much 
shorter derivation of the final equation for the friction torque. 


On the Use of Power Laws in Stress 


Analysis Beyond the Elastic Range’ 


S. B. BatporF? anp E. Z. StowE.u.? This paper shows that 
although desirable from the point of view of simplicity, a power 
law for the stress-strain relation in the theory of plastic deforma- 
tion must be used with caution. The authors also show that the 
simplifications occur only if a single power law is applied over the 
whole range. However, the particular example chosen to illus- 
trate these points may result in an unduly pessimistic impression 
as to the possibility of handling problems with satisfactory ap- 
proximation by use of a power law. The purposes of this discus- 


_ | By Alice Winzer and W. Prager, published in the December, 1947, 
issue of the JouRNAL oF AppLieD Mecnanics, Trans. ASME, vol. 
69, p. A-281. 
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sion are to show that much better results can be achieved using a 
different law, and to call attention to certain considerations which 
may serve as a guide in the pfoper selection of the power law to be 
used. 

One should have'a rough idea of the range of the stress-strain 
relation to be approximated. In the example of the paper, 
the power law used is shown as a dotted line, and the more 
realistic stress-strain curve as the solid line in Fig. 1 (the dashed 
curve will be discussed later). We have added, as points C and 
D (Fig. 1 of this discussion) the highest stresses occurring when 
the plastic domain extends to 10 ro/9 and 4 ro/3, respectively. It 
is clear that the dotted curve is a very bad approximation to the 
applicable portion of the solid curve in the first case and not too 
good in the second. 
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In the second place it is desirable to assess the relative impor- 
tance of good approximation in the elastic and plastic portions of 
the stress-strain curve. This can be done very roughly before- 
hand, at least in such cases as the example of the paper. To do 
this, let us assume initially that the problem is a purely elastic 
one. One may now ask, what fraction of the applied load is ab- 
sorbed in the immediate neighborhood of the applied force, i.e., 
ro<r<10/9r or m<r<4/3re? 

To answer this question we take m = 0 in Equations [20] and 
[25] of the paper and obtain a = 2, so that from Equation [21] 


Sy =F = — (r0/r)? 
P 


The radial load at the distance r is 2xr o;; it follows that the 
initial load has dropped only 10 per cent at r = 10 ro/9 and 25 per 
cent at 4 r/3. In the actual case, the regions under considera- 
tion are in a plastic state and therefore support less than the 10 
per cent and 25 per cent of the load just computed elastically. 
Since most of the load is absorbed elastically, it would seem more 
important to obtain a fair fit to the elastic than to the plastic part 
of the stress-strain curve. 

Applying these thoughts, a calculation was made on the as- 
sumption that 


or 


0.9 


which is given as the dashed curve in Fig. 1 of the present discus- 
sion, and is a fair fit to the solid curve up to point C. The results 
of the application of this law are shown in Figs. 2 and 3 of this 
discussion, which correspond to Figs. 2 and 3 of the paper. The 
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solid, dotted, and dashed lines correspond to the similarly desig- 
nated stress-strain curves of Fig. 1. Whether the accuracy is 
satisfactory will depend upon the purposes of the calculation; 
in any event, the dashed curves are far better than the dotted ones 
(which give zero for the circumferential stress, S.), and could no 
doubt be improved in the case of Fig. 3 by a better choice of power 
law. 


W. P. Roop.* This paper relates to the question whether the 
stress-strain curve of a material strained into the plastic range 
up to, say, 3 or 4 times the elastic limit, can be represented ade- 
quately by putting the stress equal to the strain, raised to a con- 


stant fractional power. The advantage of such an assumption is 
demonstrated, and its accuracy is tested in the case of a specific 
structure made of a specific material. 

It is shown how, if the power law is adequate, the law of super- 
position, which so greatly facilitates solution of elastic problems 
is, in some degree and in a limited sense, still available. 

In general, if the forces in a system by which a given structure 
is loaded are all increased in proportion with each other in a given 
progressive loading, the loading is said to follow a fixed path, as in 
a diagram in which the co-ordinates are components of load. 
This does not in itself assure that the stresses in the different parts 
of the metal of the structure will all follow the same path, since, 
at points of high stress intensity, plastic flow will enter into the 
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action to a different degree from that at points of low stress in- 
tensity. 

But if the stress-strain curve is a “power’’ curve, the stresses, 
at least in the type of structure investigated, will increase at all 
points throughout the structure in the same progressive pattern 
as the loads. This simplifies calcuiation of distributions, and it 
is taken as an assumption in obtaining the radial distribution of 
radial and hoop stresses in an infinite plate loaded by radial pres- 
sure in a circular hole. 

The real question at issue now appears to be this: If the stress- 
strain curve canndét be represented by a power curve, how much 
error is incurred in solutions for distribution when the power law 
is assumed as an approximation? Naturally, this will depend 
upon the divergence of the assumed from the actual stress-strain 
curve. 

For example, a more realistic assumption is now made for the 
form of the stress-strain curve. This still does not correspond 
exactly with the observed curve, but it does eliminate a large 
discrepancy between the assumption and the fact in substituting 
a straight line for the lower part of the curve in place of the con- 
tinuous’ curve of the power law. The process of inferring the 
distribution under these circumstances requires a numerical 
integration. No observations on the distribution in the actual 
material are reported. 

The distribution calculated from the more realistic assumption ° 
about the stress-strain curve differs strongly from that calculated 
by the simpler method. It is inferred that the power law must 
be used with caution. 


J. Twyman.‘  Ilyushin’s assumption that the secant shear 
modulus is proportional to a power of the octahedral shearing 
stress has no physical basis and cannot be justified unless it both 
(a) leads to a simple anaylsis and (b) yields reasonable results 
when this analysis is applied to specific problems. 

The assumption certainly fulfills condition (a) but when applied 
to the problem of pressure in a circular hole in a plate, it produces 
the surprising result that the circumferential stress is everywhere 
zero, This is known to be incorrect for the elastic zone, and, 
since no sharp discontinuity of stress can exist at the boundary 
with the inelastic zone, it must be incorrect for some, if not all, of 
the inelastic zone also. 

The authors’ modification, using the more realistic stress- 
strain curve, yields a much more reasonable result. In the elastic 
zone, the numerical equality of radial and circumferential 
stresses is in agreement with the classical theory of elasticity, and 
there is no discontinuity of stresses at the yield boundary. How- 
ever, the method still suffers from the following disadvantages: 


1 It is limited to the solution of problems where strains are 
so small that their products may be neglected. 

2 Itis limited to small displacements. 

3 It is still based upon an approximation to the simple tensile 
stress-strain curve. 

4 The assumption that the transverse contraction ratio is 0.5 
in both elastic and inelastic zones is not supported by experi- 
mental evidence.® 

5 It involves the solution of a very complex differential equa- 
tion by a tedious method. 


The problem of pressure in a circular hole in a thin plate has 
already been solved by Swainger,’ using a step-by-step method 


4 Civil & Mechanical Engineering Department, Northampton Poly- 
technic, London, England. 

5“Theory of Elasticity,”” by S. Timoshenko, McGraw-Hill Book 
Company, Inc., New York, N.Y., 1934, p. 57. . 

6“Plastic Transverse Contraction of a Longitudinally Strained 
Metal,” by K. H. Swainger, Nature, vol. 158, 1946, p. 165. 

7 “Compatibility of Stress and Strain in Yielded Metals,” by K. H. 
Swainger, Philosophical’ Magazine, vol. 36, 1945, pp. 459-463. 
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based upon the actual simple tension stress-strain curve for the 
material. The method is simple, it allows for differing elastic and 
plastic transverse contraction ratios, and it gives no anomalous 
discontinuities in stresses, strains, or displacements. It is still 
limited to small strains and displacements, but a recent publica- 
tion’ by the same author foreshadows extension of his theory to 
cover any finite strains and displacements. 


P. F. Cuenea.® There appears to be a growing interest in 
stress-strain relations for the plastic range which suggest interest- 
ing generalizations although they do not apply even reasonably 
well to any material of engineering concern. Certainly simple 
theories of plasticity are desirable and generalizations are most wel- 
come, but only when they lead to usable results. A. A. Ilyushin’s 
procedure of drawing general conclusions from approximate 
properties of short segments of the stress-strain curve is most 
risky, and it is not surprising that the results are not in agreement 
with more realistic theories. 

It might be thought that the authors’ argument is limited by 
the assumption of Poisson’s ratio (v) equal to !/2 in the elastic as 
well as the plastic zones. In fact, this point was raised at the time 
the paper was presented. It is important to note that this is not 
so. For a general value of Poisson’s ratio denoted by (v) Equa- 
tions [8] have the form 


2G 
+ ve.) 


= 


2G 
o2 = —— (e + ve) 


Equations [29] may be obtained directly in the usual manner and 
they are found to be true for all values of »v. The appropriate 
value of G, however, must be used in determining the displace- 
ment u. The effect of varying G is to alter. slightly the radius of 
the boundary between the plastic and elastic zones, but the same 
general results will be obtained. 


8 ‘Large Strains and Displacements in Stress-Strain Problems,” by 
K. H. Swainger, Nature, vol. 160, 1947, p. 399. 
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It is also important to note that the use of Poisson’s ratio in 
the neighborhood of !/, does not necessarily imply that the ma- 
terial is nearly incompressible. To see this it is expedient to 
write Poisson’s ratio in terms of the bulk modulus K and the 
shear modulus G, as follows: 


1 3G 
2° + @) 

Prof. P. W. Bridgman has shown that the bulk modulus K, is 
very nearly constant for most materials up to strains far beyond 
that which may be treated by the theory of infinitesimal strain. 
Therefore it is not the incompressibility of the material, but the 
rapid decline in the shear modulus G that accounts for the change 
in Poisson’s ratio upon the entrance into the plastic range. In 
the case of metals, such as steel with a sharp knee in the stress- 
strain curve, the change in Poisson’s ratio is very rapid, and the 
shear modulus G decreases to sufficiently low values to make 
Poisson’s ratio approach !/2 almost as spon as the yield point is 
past. For other materials the change in Poisson’s ratio is not so 
rapid, as the shear modulus does not vary as quickly. For these 
reasons the bulk modulus and the shear modulus are much more 
significant physical parameters for the treatment of problems in- 
volving plastic flow (as previously pointed out by the authors) 
than are Young’s modulus and Poisson’s ratio. 


AuTHors’ CLOSURE 


The authors wish to thank the discussers for their comments. 
They are particularly grateful to Captain W. P. Roop for his 
lucid formulation of the principal argument of their paper. 

The authors welcome this opportunity of supplementing the 
reference given in footnote 10 of their paper. In his paper ‘On 
the Creep of Solids at Elevated Temperatures” (Journal of 
Applied Physics, vol. 8, 1937, pp. 418-432) Dr. A. Nadai has used 
a method of analyzing creep produced in a circular disk with a 
concentric circular hole by radial pressure which is uniformly dis- 
tributed over the boundary of the hole. This method agrees 
essentially with the method used by the authors in the case 
where the analysis of the plastic deformation of such a disk is 
based on a simple power law. The authors are grateful to Dr. 
Nadai for drawing their attention to this fact. 
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Book Reviews 


Mechanik 


Mecuantk. Part II. Dynamik der Starren Kérper. By E. 
Meissner and H. Ziegler. Verlag Birkha&user, Basel, Switzerland, 
1947. Cloth, 6'/2 X 91/: in.. 291 pp., 229 diagrams. 32.50 Swiss 
francs. 


REVIEWED BY J. N. Gooprer! 


THs second volume of three for engineering students com- 

prises particle and rigid-body dynamics, including a final 
section, about one-seventh of the book, on the gyroscope. Re- 
flecting the European practice of requiring a rather advanced 
mathematical training prior to the study of mechanics, vector 
analysis, and solid analytical geometry are employed freely. 
The plan of the book presupposes the student’s willingness to 
proceed from the general to the particular—principles in com- 
plete generality and abstraction are developed before simple 
particular problems make their appearance as applications in the 
text (no exercises are included). There is no compromise such as 
presenting plane before space dynamics. From the point of view 
of current engineering pedagogy in this country, this plan turns 
a cold shoulder to the student’s usual conceptual difficulties in 
order to keep the logical structure of principles in the foreground. 
Perhaps the European student has the necessary acquaintance 
with special problems and is ripe for thoroughgoing generalization 
at this stage. Within this plan the book is carefully and lucidly 
written. There are few direct applications to engineering. It is 
a “Principles of Dynamics” rather than an “Engineering Dy- 


namics.” 


Nomography 


NomocrapHuy. By A. S. Levens. John Wiley & Sons, Inc., New 
York, N. Y., 1948. Cloth 6 X 9 in., viii and 176 pp., figures, and 
examples, $3. 


REVIEWED BY NORMAN GROSSMAN? 


‘THE nomographie approach to the representation of engi- 

neering formulas has received considerable usage in the 
last thirty years.. Hence, Professor Levins has prepared his 
book in an effort to present the fundamentals required for a good 
working knowlege of the subject. Placing the emphasis on geo- 
metric constructions and derivations, the author has prepared 
his text for the use of senior students in science and technology. 
As such, the writer feels the contents of the book could be com- 
prehended by any ambitious freshman with an understanding of 
analytic geometry and elementary algebra. 

Basically, the book is divided into chapters which describe 
the cgnstruction techniques of alignment charts for particular 
functional relationships. Starting with simple algebraic ex- 
pressions, the author describes geometrically the theory for 
finding scale factors, scale spacings, etc., as well as various 
methods for laying out the final nomograph. Each chapter has 
illustrative examples with complete instructions on construc- 
tion procedures. In addition, there are numerous problems at 
the end of each chapter designed to give the student practice in 
constructing alignment charts of well-known engineering formu- 


1 Professor of Mechanical Engineering, Stanford University, 
Stanford, Calif. Mem. ASME. 

2?Senior Research Engineer, Republic Aviation Corporation, 
Farmingdale, Long Island, New York. 


las. One novel feature is the classification of these problems into 
specialized groups, namely, hydraulics, strength of materials, 
civil, mechanical, electrical, aeronautical general, chemical, 
and statistical. 

A brief chapter entitled, ‘‘Practical Short-cuts in the Design 


' of Alignment Charts’’ was included at the conclusion of the 


formal presentations. In addition, an appendix containing ap- 
proximately 40 pages of nomograms taken from various engi- 
neefing publications was for illustrative purposes. 

In the opinion of the writer the book is well prepared and 
should prove successful as a textbook for collete students. How- 
ever, a practicing engineer with a fair knowledge of nomography 
will find the text quite elementary. 


The Principles of Quantum 
Mechanics 


THe PrincipLes oF Quantum Mecuanics. By P. A. M. Dirac. 
Third Edition. Oxford University Press, New York, 1948. 
Cloth 6 X 9 in., xii and 312 pp., $9. 


REVIEWED By W. H. Furry? 


HE appearance of this new edition of a famous work is most 
welcome. It comes at a time when the number of students 

of the subject is larger than ever before. ‘ 
The style is that of a direct logical presentation, without the 
inclusion of any appreciable amount of background material. 
Although in principle self-contained, the book is not practically 
suited for use as an introduction to quantum mechanics. The 
student needs first to get a considerable acquaintance with the 
experimental lore, and also to study a more elementary and dis- 
cursive account of the theory. After such preparation has been 
acquired, however, there is no substitute for the study of this 
classic presentation of quantum mechanics by one of its founders. 
Except for the last chapter the material is almost precisely 
the same as in the previous edition, and much of the presentation 
is essentially unchanged. The largest change is the introduction 
of the author’s new notation of “bra” and “ket”? symbols, which 


_ combine to form a bra(c)ket notation for matrix elements. With 


the new notation it is not necessary to use special symbols for 
abstract states as distinct from representations of states, and this 
shortens and simplifies the discussion. 

The most important omissions of material found in the earlier 
chapters of the preceding edition are those concerned with the 
use of action variables and with normalization in the continuous 
spectrum. Neither omission affects the unity of the presentation. 
Another interesting omission is that of the proof that operators 
p and q satisfying Heisenberg’s commutation rule have as eigen- 
values all numbers from —o to ©; with this point not men- 
tioned, a “momentum conjugate to r’ is introduced without 
comment. 

An important addition to the material of the earlier chapters 
is the discussion of the relation of angular momentum to other 


* vectors and to rotations of the coordinate system. 


Much of the latter part of the chapter on theory of radiation 
has been rewritten so as to use instead of the field strengths 
the Fourier components of the vector potential. The last chap- 
ter, on quantum electrodynamics, is entirely different from 
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the last chapter of the second edition. This chapter is the one 
part of the book which cannot be well understood without con- 
siderable outside ‘reading from rather advanced sources. One 
unnecessary source of difficulty is the failure to use relativistic 
notation consistently; the same bold-face letters mean some- 
times four-vectors and sometimes only their spatial parts. The 
so-called \-limiting process, used in the latter part of the chapter, 
is the one preferred by the author among a number of special 
devices for avoiding some of the difficulties of the theory. That 
unsolved difficulties remain is stated clearly at the end. 

The study of this book is indispensable both to graduate stu- 
dents of quantum theory and to their elders in the subject. 


Sixty Years With Men and Machines 


Sixty Years With Men anv Macaines. By Fred H. Colvin in 
collaboration with D. J. Duffin. Whittlesey House, McGraw-Hill 
Book Co., Inc., New York, N. Y., 1947. Cloth, 6 X 9 in., ix and 
297 pp., illustrated $3.50. 


REVIEWED BY J. ORMONDROYD* 


HIS book is a warm, human, anecdotal technical history of 

recent times. Machine tools and the men who made and 
used them are presented in an intimate panorama as they im- 
pressed the author in passing by. Mr. Colvin’s quiet humor and 
optimistic vigor fill the pages of the book with a vitality which 
even an engineer might not expect to find in an account with 
machine tools at the center of interest. 

The author of this book, which was published in 1947, was born 
in 1867. In these eighty years Mr. Colvin has been a machinist, 
editor, and engineering consultant. He began as an apprentice in 
the age of the high-wheel bicycle and horse and buggy, and in his 
eightieth year he became a consultant at the Clinton Laboratories, 
Oak Ridge, Tennessee, on atomic power pile problems. Techni- 
cally this is a span almost equivalent in effect to the time elapsed 
between the bronze age and the industrial revolution. The au- 
thor was no mere spectator of a fantastically rapid technical evo- 
lution; he was an active, observant participant in the eventful 
scene. 

Mr. Colvin has been a keen student of the history of invention. 
Scattered throughout the book there are revealing glimpses of the 
invention and development of such devices as the bicycle, the lo- 
comotive, the automobile, the airplane, and the machine gun. 
The tools that made these devices and the tools that these de- 
vices brought into being by presenting new problems of produc- 
tion are described with the zest of a connoisseur. 

The personalities who formed, developed, and guided the tech- 
nical magazines Machinery, Locomotive Engineering, and the 
American Machinist are presented here in the flesh. “All members 
of The American Society of Mechanical Engineers will be inter- 
ested in Mr. Colvin’s chapter on the events and personalities in- 
volved in the early history of our society. 

The author was a consultant to the armed services in both re-= 
cent World Wars. His stories of the trials connected with the 
preparation of specifications for and the procurement of machine 
tools for the conduct of the Wars will elicit sympathetic mem- 
ories in the minds of engineers active in the profession during the 
last thirty years. 

The last chapter contains salty comment on labor-management 
relations, on specifications and even on surface finishing by 
scraping. Mr. Colvin’s views on engineering, based mainly on 
production and the finished product, differ widely from those of 
constant readers of the Journal of Applied Mechanics. This, | 
believe, will make the book doubly interesting to anyone who may 
read this review. A 
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Chemical Process Principles 


CHEMICAL Process PrinciPLes. By O. A. Hougen and K. M. Wat- 
son. Part 1, Material and Energy Balances, 1 to 436 pp., $5; Part 
2, Thermodynamics, 437 to 804 pp., $5; Part 3, Kinetics and 
Catalysis, 805 to 1107 pp., $4.50. John Wiley & Sons, Inc., New 
York, N. Y., 1947. Cloth 5'/2 X 84/s in., illustrated. 


REVIEWED BY JosepH H. KEENANS 


PROFESSORS Hougen and Watson have expanded their 

popular ‘Industrial Chemical Calculations’ into a three- 
volume work which, though infinitely more ambitious in scope 
and treatment, may well prove as popular as its predecessor. 
Although these volumes were obviously written for the chemical 
engineer, the mechanical engineer whose work demands broad 
professional horizons will find them invaluable. 

The first volume, entitled ‘“‘Material and Energy Balances,” 
is good reading. It is informational rather than analytical. 
It explains in terms of thermodynamics or kinetic theory, as the 
authors deem best in each instance, subjects like humidity and 
saturation, solubility and sorption, and fuels and combustion. 
Charts, tables of data, and numerous examples are used gener- 
ously, as they are throughout the three volumes. 

The second volume, entitled ‘“‘Thermodynamics” is not the 
conventional book on that subject and is not for the uninitiated. 
It begins with a discussion of.thermodynamic principles and then 
proceeds to applications. It presents the partial-differential re- 
lations for the pure substance in detail and in extenso. It covers 
the generalized relations between properties of the pure sub- 
stance. Solutions are treated primarily from the standpoint 
of equilibrium in terms of fugacities, activities, and activity co- 
efficients. A first chapter on solutions takes up the analytical de- 
vices and their applications to the simpler cases; a second chapter 
combines these with empirical methods for the more complex 
cases. Chemical equilibrium comes next and seems simple by 
comparison with the’ preceding pages. An excellent 50-page 
survey of ‘“Thermodynamic Properties From Molecular Struc- 
ture’ ends this volume. Anyone who wants to get some concep- 
tion of the means of constructing values of thermodynamic prop- 
erties from the translational, rotational, and vibrational behavior 
of a molecule through energy levels, statistical weights, and par- 
tition functions will be rewarded by these pages. One might 
regret, however, that no mention is made of how these data are 
taken from the spectrum in the spectroscope. 

The third volume, entitled ‘“‘Kinetics and Catalysis” is some- 
what more limited in range. _ It covers homogeneous reactions 
catalytic reactions, transfer of mass and heat, catalytic reactor 
design, and uncatalyzed heterogeneous reactions. This is, of 
course, the eating of the puddings of the two previous volumes 
which proves the great utility of the basic material. It is of some- 
what less interest to the mechanical engineer, except for the 
thirty-four pages on transfers of mass and heat. These two 
phenomena are treated effectively in an entirely parallel manner. 

If these volumes can be said to have one unifying principle it 
is that of generalization. The roll of each important property is 
presented, its value, or values, is shown for one or more sub- 
stances, and then a generalized relation is given from which the 
magnitude of the property can be obtained, at least approxi- 
mately, for any substance. This method is followed for critical 
-properties, p-v-T relations, specific heats, enthalpies, entropies, 
fugacities, viscosities, and for the vibrational contributions to 
molecular energy. It is used for solutions as well as for pure sub- 
stances. 

The extension of the idea of a generalized equation of state 
to cover a multitude of properties is largely the work of the 
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chemical engineer, from whom the mechanical engineer has much 
to learn in this regard. Many problems which are familiar to 
the mechanical engineer if they involve steam appear to him en- 
tirely strange if they involve, for example, a petroleum fraction. 

The present volumes are an excellent source of generalized 
data. The authors, aside from searching out an amazing number 
of generalizations, have made significant contributions of their 
own. 

Like all other products of human effort, these volumes have 
their imperfections. These seem most numerous in the statement 
and development of fundamental principles and concepts. The 
first and second laws of thermodynamics are not well stated. 
Heat is defined as energy transferred from one body to another 
as a result of a difference in temperature, but this definition is not 
always adhered to. For example, on page 344 it is stated that 
“The total heat input on which the efficiency is based may be 
taken as the total of the input items of the energy balance.”’ 
This statement is objectionable on another count, in that it 
makes the magnitude of the denominator of the efficiency de- 
pendent upon an arbitrary choice of the state of zero enthalpy. 

One of the most confused items is the section on ‘“The Second 
Law of Thermodynamics” on pages 439 and 440. The second law 
is given in the form “all spontaneous processes are to some extent 
irreversible and are accompanied by a degradation of energy.” 
The definitions of spontaneous process, irreversibility, and de- 
gradation of energy are not adequately stated. In particular, 
degradation of energy is only illustrated and not quantitatively 
defined. It is further stated that ‘‘an important deduction . . . is 
that any machine which performs work by transforming molecular 
energy received at fixed intake conditions and rejecting molecular 
energy in a further degraded state at fixed discharge conditions 
will convert a maximum percentage of the energy received into 
work when it operates reversibly and with no net degradation of 
energy.’’ From the standpoint of thermodynamics no quanti- 
tative definition is given for molecular energy, and degraded 
states and degrees of degradation of energy are not defined. 
Moreover, since end states are fixed, the statement could have 
been made more simply in terms of work than in terms of “‘con- 
verting a maximum percentage of the energy received into 
work.”’ The “energy received,’ moreover, means an arbitrary 
magnitude if it means anything. 

Despite these few adverse comments, one can endorse the state- 
ment in the Preface which reads as follows: The present book 
continues *{after Industrial Chemical Calculations) to give in- 
tense quantitative training in the practical applications of the 
principles of physical chemistry to the solution of complicated 
industrial problems and in methods of predicting missing physi- 
cochemical data from generalized principles.’”’ It does these 
things very well indeed. 


Methods of Mathematical Physics 


Meruops or Matematica, Puysics. “By Haroid Jeffreys and 
Bertha Swirles Jeffreys. University Press, Cambridge, Eng- 
land, 1946; The Macmillan Company, New York, N. Y., 1947. 
Cloth, 7 X 10'/:in., 679 pp. $15. 


ReEvIEWED By E. 


HIS distinguished book is without doubt a most important 
addition to the mathematical literature which is of interest 
to the theoretical engineer. Starting off where the usual texts on 
“Advanced Calculus” end it offers a remarkable comprehensive 
treatment of advanced applicable mathematics. In contrast to 
many mathematical works addressed to engineers, it insists on 
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offering sound proofs for its statements, thereby indicating the 
importance of correct mathematical reasoning in the applications 
as well as in pure mathematics. 7 

Considering Professor Jeffreys’ numerous contributions te geo- 
physics, elasticity, hydrodynamics, and applied mathema- 
tics in general one would have reason to expect from him a well- 
written treatise on the present subject. What is surprising to this 
reader is the extent to which the authors have been able to throw 
light on subjects for which one had become used to much less lucid 
treatments. Among these may be mentioned the subject of vec- 
tors and tensors, multiple integration, operational calculus, calcu- 
lus of variations, and Fourier series. 

Other topics treated are matrices, potential theory, numerical 
methods, functions of a complex variable, linear ordinary differ- 
ential equations, separation of variable methods in partial dif- 
ferential equations, special functions (Gamma, Bessel, confluent 
hypergeometric, elliptic). 

An outline like this cannot very well supply an impression of 
the actual wealth of useful material incorporated in this book. 

One regrets somewhat that not much is said on nonlinear prob- 
lems and that such topics as the theory of characteristics of par- 
tial differential equations is left out entirely. 

Minor bibliographical points are the following. In the chapter 
on numerical methods one misses the names of Runge and Kutta. 
In the chapter on conformal mapping certain results due to von 
Karman-Trefftz are ascribed to Glauert, and results due to 
von Mises are ascribed to Joucowsky. On the subject of the 
relaxation methods one finds the remark that the method for a 
finite number of equations is due to von Seidel and for partial 
differential equations to L. F. Richardson. 

From what has been said it is evident that in the opinion of the 
reviewer the present book is one of great significance to the re- 
search worker in applied mechanics. It is believed to be well 
worth the not inconsiderable price the publishers have set on it. 


- Engineering Applications of 
Fluid Mechanics 


ENGINEERING APPLiCATIONS OF Mecuanics. By J. C. 
Hunsaker and B. G. Rightmire. McGraw-Hill Book Company, 
Inc., New York, N. Y., 1947. First Edition. Cloth, 6 X 9 in., 
ix and 494 pp., illustrations, $5. 


ReEvieweED BY Boris A. BAKHMETEFF’ 


N a relatively short volume, the authors have presented the 
basic knowledge underlying the manifold advances in fluid 
engineering: over the last decade. The accomplishment is 
unique and most worthy. This reviewer knows of no other book 
that fulfils the purpose. 

The first eight chapters, meant for a first-term course at 
Massachusetts Institute of Technology, deal with the usual 
fundamentals. The rest of the book is devoted to a ‘Condensed 
Treatment of Selected Types of Engineering Applications.”” The 
choice is adapted to the special field where mechanical engineering 
meets with aeronautics and vice versa. The chapters on com- 
pressibility, drag, wing theory, propulsion, and jets are especially 
noteworthy. Supersonics are in the foreground. In dealing with 
rocket mechanics, jet propulsion, low-drag airfoils, etc., the 
authors have kept pace with the latest trends. Indeed, a care- 
fully selected bibliography refers largely to periodicals and to 
official reports only recently declassified. In the mechanical 
field, hydrodynamic lubrication is complemented by considering 
the physico-chemical aspects of lubricating boundaries. There 
follow chapters on fluid couplings and sérvomechanisms. 
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BOOK REVIEWS 


In the preface the authors strongly emphasize their preference 
and aim to lay an adequate foundation for a general understand- 
ing of the way fluids operate in machines and engines, rather than 
deal with technical details. With this purpose one should be in 
hearty accord. While actually most of the divisions of the book 
refer to highly specialized fields demanding thorough professional 
apprenticeship, there is no question that present day technical 
mastership-must repose on a solid understanding of fundamentals, 
and the book under review well exemplifies the type of training, 
required nowadays, for the leading engineer. - 

Judged by previous standards much of the material is beyond 
the usual undergraduate type. However, the very fact that the 
book reflects instruction actually offered in a leading engineering 
school, is convincing testimony, that life imperatively demands 
new standards in engineering education. The importance of 
scientific research and development in postwar America on the 
highest possible level has been widely and officially recognised. 
In no other branch is the need for high attainment more pressing 
than in the domain of engineering science. 

Characteristically while not aiming at technical detail, the 
book is rich in references to practical applications, and valuable 
factual hints are generously strewn through the pages. Theory 
does not hang in a vacuum. A rich background of experience 
shines through every chapter. 

With, wealth of material condensed into a small volume, the 
book suffers here and there from excessive brevity, particularly 
in chapters where co-operation of outside specialists were invited. 
It is hoped, that in the next edition, the presentation might be 
somewhat expanded, and chapters such as the one on servo- 
mechanism better adapted to suit the beginner. Also it is most 
desirable to have a broader presentation of cavitation and the 
general mechanics of turbulence. 


Experimental Stress Analysis 


EXPERIMENTAL Stress ANALysts. Proceedings of the Society for 
Experimental Stress Analysis, Vol. 5, No. 1, 1947. Published 
and distributed by Addison-Wesley Press, Inc., Kendall Square, 
Cambridge 42, Mass. Cloth, 8'/2 X 11 in., xix and 136 pp., 
illustrated, $6. 


REVIEWED By A. M. Wau’ 


HIS book, the first part of volume 5 of the Proceedings of the 

Society for Experimental Stress Analysis, contains mainly 
papers dealing with various aspects of the shock and impact 
problem. Most of these were presented at the “Symposium on 
Shock and Impact” sponsored by the SESA at its Chicago, 1947, 
meeting and include papers on such subjects as impact shock 
machines, shock measuring instruments, and tension tests under 
explosive impact loading. Besides these papers, there are others 
dealing with static and fatigue failures, telemetering problems, 
use of bonded wire gages on plastics and at high temperature, 
and x-ray methods in stress analysis. 

One important aspect of the shock problem is the behavior of 
metals under very high strain rates. This problem is treated in a 
paper by P. R. Shepler which discusses the MIT high-speed ten- 
sion test made by explosive impact. In these tests, a novel 
method is applied in which a charge of gunpowder is used to 
accelerate a mass at one end of a tension specimen. In this way 
strain rates of the order of 20,000 sec! are obtained. The 
average strain rate is obtained by double integration of the 
acceleration-time curve while the fracture stress is determined 
from a load gage attached to the specimen. A discussion of the 
errors involved in determining strain rates from the recorded data 
is given, while suggestions are made for tester designs to obtain 
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both lower and higher strain rates than those covered in the tests 
reported. It is pertinent to note that at the higher speeds most 
materials tested (including Cr-Mo steel, SAE 1020, copper) 
showed true stresses at fracture equal to two or more times the 
static value. Also, in general, the true strains at fracture were 
greater at the higher speeds of testing. 

In connection with the problem of measuring transient shock 
motions an interesting proposal is made by W. P. Welch who sug- 
gests use of a single degree-of-freedom mechanical system with 
velocity damping equal to approximately one half the critical 
value. This optimum value of one-half was arrived at by using 
an electrical analogue computer. It is suggested that an electro- 
dynamic method might be used in practice to give a damping 
force proportional to velocity. 

Papers dealing with the use of high impact-shock testing 
machines are those by I. Vigness and by E. G. Fischer. The first 
author considers the mechanical characteristics of the Navy 
machines and their application in testing equipment for use 
aboard ship. The second paper mentioned, by Fischer, treats 
the theoretical solution of the vibration and stress in a hinged-end 
beam when subject to a shock motion such as that produced by a 
high impact machine. Good correspondence is obtained between 
theoretical and test results. 

The problem of impact stresses in aircraft under landing con- 
ditions receives attention in two papers. The first of these by 
W. M. Clafin treats of tests on a model, dynamically similar to an 
actual airplane, when subject to impulses representing landing 
loads. The second paper, by Pederson and MacCarthy, dis- 
cusses the kinematics of the airplane drop-test made under differ- 
ent support conditions. 

The problem of designing parts subjected to combined static 
and fluctuating loads is an important one in many machine design 
problems. A contribution toward this is made by A. Sniderman, 
who introduces the concept of a “critical mean stress’ defined 
simply as that mean stress above which static failures and below 
which fatigue failures occur. This critical mean stress is a function 
of hardness number, fatigue strength reduction factor K, and sur- 
face condition. Using data given previously by Noll ang Lipson 
and assuming that the K, factor is applied only to the variable 
component of stress, the author plots charts between critical 
mean stress and Brinell hardness number for various values of 
K, and for various surface conditions, i.e., ground, machined, 
forged or hot-rolled. It is pointed out that if the actual mean 
stress is below the critical value fatigue failure is likely to occur 
and the remedy is to improve the surface condition or reduce 
stress concentration effects. Conversely, if the mean stress is 
above the critical, static failure is more likely and the remedy 
lies in a greater cross section or higher hardness. For steels of 
high hardness the author suggests that the mean stress must be of 
the order of 90 per cent of the tensile strength before such steels 
lose their sensitivity to fatigue; this may provide a clue as to why 
such steels frequently have a bad reputation as far as fatigue 
loading is concerned. In this connection it should be noted that 
actual fatigue tests sometimes show fatigue failure at mean 
stresses above the yield point, and it is the reviewer’s opinion that 
additional research on problems of this nature would be in order. 

Further contribution to the use of x-ray methods in stress 
analysis is made in a paper by Norton and Rosenthal. Measure- 
ments by these authors show that residual normal stresses in butt 
welds in a direction perpendicular to the plate are very small 
compared to the lateral and longitudinal values even for welds 
1!/, in. thick. X-ray studies of stresses in notched bars show that 
at high loads when the peak strain exceeds the yield point strain, 
stresses at the surface at the bottom of the notch do not appreci- 
ably exceed the yield point. However, stresses slightly below the 
surface under such conditions may be considerably above the 
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yield point due to the biaxial stress condition. Another interest- 
ing suggestion made in this paper is a method for determining re- 
sidual stress distribution by successive milling of small thin disks 
(recessing) and taking successive x-ray readings. An integration 
method is suggested to determine the residual stress existing 
prior to the start of the milling operation. 

Three papers in tnis volume deal with the use of SR-4 gages 
under unusual conditions. The first by Dietz and Campbell 
treats the application of such gages to tests of polymethyl 
methacrylate plastics. In a discussion of this paper by Eney the 
difficulties involved in bonding wire strain gages to certain plas- 
tics are treated. It is of interest to note that in testing plastics in 
thin sections considerable errors may result due to the stiffness of 
the paper backing commonly used in SR-4 gages. A second 
paper, by Boodberg and Howe, describes an arrangement for 
measurement of stress at the mid-thickness of a plate using SR-4 
gages on only one side of the plate. This involves the use of a 
special bridge so that strains a known distance above the plate 
may be measured as well as strains at the surface. This makes it 
possible to separate bending from direct tension. Such gages 
might have application in research on pressure vessels where the 
inside of the wall is inaccessible. 

A third paper by Manson, Kemp, and Morgan describes the 
use of special wire resistance gages for measurement of stress at 
temperatures up to 1500 F. Measurement of vibratory stresses 
in turbo-supercharger buckets at high temperatures is also de- 
scribed. One interesting point brought out by this investigation 
was that where grounded gages are used the gage wires should be 
at a positive potential with respect to ground since otherwise 
electrolytic effects occur which greatly reduce permissible oper- 
ating temperature. Methods for constructing these high tem- 
perature gages and the use of slip-rings are also discussed. 

Other papers in this volume include a discussion of electronic 
commutation of strain gages and the effect of temperature gradi- 
ents on residual stresses in weldments. 


Kundamentals of Engineering 
Mechanics 


FonDAMENTALS OF ENGINEERING Mecuanics. By Alvin Sloane. 
Prentice Hall, Inc., New York 1947. Cloth 61/4 X 91/, in., xi 
and 379 pp., 514 problems, 319 figs., Appendix, $4.25. 


REVIEWED BY FRANK Baron® 


THs book deals with the usual elementary subjects of statics, 
kinematics, and dynamics, but in addition includes the prin- 
ciple of virtual work, Mohr’s circle as applied to moments of 
inertias and products of inertias, and a brief introduction to the 
subject of mechanical vibrations. 
The author states in the first chapter that, “Engineering edu- 
cation . . . strives to build a common base.... This common 
base is the discipline of straight thinking—the crystallization of 
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an objective, orderly, and effective system of reasoning. The 
procedure of such organization must be as formal and as vigorous 
as the successive stages of a theorem of Euclidean geometry, if 
it is to be effective and efficient.” 

The author accordingly has organized and classified the sub- 
ject of statics as a study of “force systems” in a plane and in 
space with the further subdivisions that seem to have become 
customary in textbooks of engineering mechanics. This includes 
the separate treatment of parallel, nonparallel, concurrent, and 
nonconcurrent forces. It is questionable whether such divisions 
and subdivisions are either helpful or necessary in a study of me- 
chanics. The reviewer holds the same view in regard to needless 
esoteric terminology as “principle of force transmissibility” 
“Varignon’s Theorem,” and “simultaneous isolation.” 

The author has departed from the organization of several re- 
cent textbooks on mechanics by including separate chapters 
on graphical statics and distributed forces. The latter chapter 
deals with the sameness of defined computations for centroids of 
distributed forces, areas, and solids. In addition, computations 
of moments of inértias and of products of inertias are discussed. 
Mohr’s circle as applied to such computations is included. Sep- 
arate chapters are devoted to a treatment of friction and of the 
concept of virtual work. 

The book reflects a discipline and viewpoint of mechanics 
that appears perhaps more frequently in a curriculum pf me- 
chanical engineering than in civil engineering. This is particu- 
larly apparent in the treatment and space given to subject matter 
usually classified as engineering kinematics. A more extensive 
discussion than usual is given to the geometry of motion and the 
relations of linear and angular displacements, velocities, and 
accelerations. Many problems that appear in this section of the 
book deal with the geometry of mechanisms such as cams, gears, 
linkages, cranks, and connecting rods. The problems that are 
included in this section are particularly well chosen to illustrate 
relative movements of machine parts. 

Problems are given at the end of each chapter and, in general, 
are well chosen and diversified. Perhaps too few problems, how- 
ever, are included in the sections dealing with Newton’s law, work, 
energy, impulse, and momentum. 

Newton’s statement relating force to the geometry of motion 
receives but a brief discussion before the analytical device com- 
monly called D’Alembert’s Principle is presented. This seems to 
have improperly emphasized that the algebra for problems of 
dynamics may be written in the same form as for problems of 
statics. The applications of Newton’s statement are illustrated 
by problems dealing with translation, rotation, and combined 
translation and rotation. An introduction is included in this 
section to the subject of mechanical vibrations, simple and com- 
pound pendulums, and the balancing of rotating masses. 

The concepts of work and energy are introduced and their ap- 
plication to the study of dynamics are briefly illustrated. In 
addition, impulse and momentum are defined and related. The 
extent of the treatment given to the subject of kinematics has 
necessitated perhaps a somewhat briefer discussion of dynamics 
than is customary in textbooks of engineering mechanics. 
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Experimental Studies of Biaxially Stressed 
Mild Steel in the Plastic Range 


By S. J. FRAENKEL,' CHICAGO, ILL. 


This paper describes static tests of tubular specimens of 
medium steel under biaxial stresses and at room tempera- 
ture. The purposes of the tests were: (1) to obtain an ex- 
perimental check on the so-called “third rule of plastic 
flow;”’ (2) to study the absorption of energy as a function of 
the biaxial stress ratio; and (3) to determine the effect of 
the path of loading as symbolized by the strain path. 
Within the range of conditions investigated, the path of 
loading was found to be immaterial. A relation between 
strain energies absorbed under biaxial and uniaxial stress 
states up to a common maximum strain is tentatively 
formulated. 


INTRODUCTION 


HE work described in this paper was undertaken in order 
to further the knowledge of plastic behavior in steel. The 
metal was subjected to controlled conditions of load at 
room temperature, and its behavior was studied by the observa- 
tion of strains and the comparative observation of fractures. 
The loads were applied to the tubular specimens by internal 
pressure and an axial load in the manner described later. 


MATERIAL AND SPECIMENS 


The sizes of specimens used had similar chemical compositions. 
The more detailed specifications are given in Table 1. Speci- 


TABLE 1 DIMENSIONAL AND CHEMICAL SPECIFICATIONS OF 
SPECIMENS 


No. of specimens. ...........0. 10 1 10 
Identification no.............. DX, and D1 to D9 A20 1 to 10 
Dimensional! data: 
Inside diameter D, in......... 3.000 2.750 0.875 
Outside diameter, in.......... 3.500 3.500 1.021 
Straight length of tube, in... .. 19 19 5.5 
Mean diameter/thickness 
13 8.33 13 
Chemical composition: 
Carbon, per cent............. 0.23 0.23 0.21 
Manganese, per cent......... 0.47 0.47 0.91 


mens A20 and D1 to D9, inclusive, were used in tests designed 
to yield experimental checks on the so-called “third rule of plastic 
flow.”? Tubes DX and | to 10, inclusive, were used on the path- 
of-loading tests. 

All tubes were fabricated from solid hot-rolled bar stock 
bored and lapped to a very smooth finish on the cylindrical sur- 
faces. The outside cylindrical surfaces of the large specimens 
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were provided with a photographie grid of 1/2 in. gage length in 
both directions, which was used for fracture readings and for 
locating gage lengths for dial gage readings. The details of ap- 
plication of the photogrid have been described by O’Haven and 
Harding.* 


NOMENCLATURE 


The nomenclature used in this paper follows that recom- 
mended by the ASME Special Research Committee on Plastic 
Flow of Metals (Dr. A. Nadai, chairman). The symbols speci- 
fically employed here are as follows: 


¢, = principal normal stress in axial direction, psi 
o, = principal normal stress in tangential direction, psi 
¢, = principal normal stress in radial direction, psi 
+ = shearing stress, psi 
7, = octahedral shearing stress, psi 
¢, = principal strain in axial direction 
€, = principal strain in tangential direction, measured on out- 
side surface 
€, = principal strain in radial direction 
é, = principal strain in tangential direction on middle surface 
¢; = principal strain in tangential direction on inside surface 
y = shearing strain 
y, = octahedral shearing strain 
Um = radial displacement of middle surface, in. 
r = radius, in. 
t = thickness, in. 
l = length, in. 
dy = initial outside diameter, in. 
d,, = initial diameter of middle surface, in. 
d; = initial inside diameter, in. 
p = pressure, psi . 
P = axial load, lb 
W = energy per unit volume, in-lb/in.* 
W, = energy per unit volume in uniaxial test, in-lb /in.* 
A = cross-sectional area of tube, sq in. 
n = — stress ratio 


os 


A bar (-) is placed above a symbol to denote a natural strain 
or true stress. A true stress is the quotient of the instantaneous 
value of the load over the cross-sectional area. A natural strain 
is defined. by the condition of constancy of volume for large strains 


Taking the logarithm of both sides gives 

or 
In (ec, + 1) + In (, +1) + In (, + 1) = O...... 


With the natural strain defined as 


3 “Studies of Plastic Flow Problems by Photo Grid Methods,” by 
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it follows for large strains that The natural strains were obtained by utilizing Equations 


The use of this relation permits calculation of the third prin- 
cipal strain (usually ¢,) from the other two which are measured. 


Test PROCEDURE 


The test specimens were subjected to simultaneous axial 
tension and internal pressure, much in the manner of earlier 
experiments, such as those of E. A. Davis at the Westinghouse 
Research Laboratories.‘ The axial force for specimens D1 to 
D9, DX, and A20 was supplied by a beam-type 400,000-lb- 
capacity Olsen testing machine, and the internal pressure by a 
Diesel injection pamp of 40,000 psi capacity. The small speci- 
mens, Nos. 1 to 10, were loaded axially in a 120,000-lb-capacity 
Riehle hydraulic press. All specimens had a metal core inserted 
to reduce oil consumption and stored potential energy. 

The desired ratio of principal stresses n was maintained by 
varying the applied axial load P and the internal pressure p in 
accordance with precalculated curves, in which the ratio P/p 
could be read as a function of the strain. The ratio n remained 
remarkably constant in these tests until necking or bulging oc- 
curred. On the tests of tubes D1 to D9, DX, and A20, the 
diametral strains prior to fracture were measured by means of 
four dial gages, arranged in pairs on two mutually perpendicular 
diameters. 

The gages were mounted on a ring-shaped platform which 
encircled the tube and traveled along its length axially. This 
platform was propelled by two long screws which, in turn, were 
actuated by two Selsyn motors fed by a hand-operated generator. 
The axial strains were measured by thé incremental readings of 
certain lines around the tubes on a fixed vertical scale. Both 


diametral and axial deformations were read to 0.001 in. Frac- _ 


ture strains were determined by comparing with a microme- 
ter microscope initial and final lengths of sides of portions of 
the photographie grid. 

Tubes No. 1 to 10 did not have a photogrid but were scribed 
with an axial gage length, and three pairs of mutually perpendicu- 
lar diameters were marked within the gage length. Deforma- 
tions were measured by scaling the gage length and measuring 
the diameters with a micrometer caliper. The tangential strain 
was computed from the average of that pair of diameters which 
lay closest to the fracture. 

On all specimens, both small and large, the loads were main- 
tained during readings throughout about the first half of the tests. 
Thereafter the tubes were partially unloaded for reasons of safety 
before readings were taken. 


CALCULATION OF TEST RESULTS 


In tests of this type, the axial, tangential, and radial normal 
stresses (or strains) constituted a set of principal stresses (or 
strains). They were computed as follows: 

The conventional axial strain was obtained by dividing the 
increment in length by the original length 


The conventional tangential strain was obtained by dividing 
the average change in diameter by the original diameter 


4‘*Yielding and Fracture of Medium Carbon Steel Under Com- 
bined Stress,’”’ by E. A. Davis, JourNAL oF APPLIED MECHANICS, 
Trans. ASME, vol. 67, 1945, p. A-13. 


[3a] and [4]. The true axial stress was 


prd;? 
[7] 
The tangential stress was 
- _ pd 
(8) 
and the radial stress was assumed to be 


The foregoing values of the stresses are the so-called true 
stresses, since in their calculation instantaneous values of load 
and areas were used. This overlooks the fact of course that 
local stress peaks may exist as a result of asymmetrical stress 
distribution over the cross-sectional areas. The strain energy 
per unit volume was computed from the expression 


W = Sf dag + [10] 


The neglect of the radial stress was not believed to have intro- 
duced an error of any consequence as the radial stresses were in- 
significant in magnitude compared with the other two principal 


stresses. The integrals were evaluated by planimetering under | 


the stress-strain curves. 

A source of inaccuracy in results from tube tests was eliminated 
by computing the tangential strains in the middle surface from 
the measured tangential strain on the outer surface and the 
measured axial strain.’ Fig. 1 shows a portion of a tubular 


Fic. 1 Geometry oF RapiaAL DEFORMATION OF TUBULAR SPECI- 
MEN ILLUSTRATING NOMENCLATURE . 


specimen in dashed lines before loading and in full lines after 


5 This suggestion and the basis for the following equations is due 
to Dr. W. R. Osgood, David Taylor Model Basin, U. 8. Navy, Washb- 
ington, D.C. 
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application of pressure. It follows from the geometry that 


Um 
also’ 
Um = 
2 Zum + 
To di 
similarly 
2u,, — 
d; 
and 
fu, 
[14] 
hence 
Zum + 2u,, — 
dy d; 
¢—¢/q * .. 
Simplification leads to the following expression for the ratio 
a. 
Em 
[16] 


Equation [16] allows an estimate to be made of the possible ef- 
fects of the use of the outside tangential strain instead of the 
middle surface strain. For example, in the case of d,,/t = 13 and 
n=1 


& 


= 0.15] 

Em 
For purposes of evaluating test results it is necessary to deter- 
mine the tangential strain in the middle surface e,,, in terms of the 
measured outside strains ¢, Rewriting Equation [12] as 


by utilizing Equation [11] and making use of the relation 
(1 + «,)(1 + «,)(1 + ¢,) = 1............[la] 
the term et in Equation [17] may be expressed as 
(18) 
Hence 
t 
= + [19] 


(1+ 


Equation [19] ‘can be written as a quadratic equation in ¢» and 
solved. The radical may be eliminated by letting (1 + a)" ” 
1+ ma (fora < 1) so that 


t+eéd 
dg —— 
l+e 
Em = + [20] 


With this equation the tangential strain at the middle surface . 


€m, can be computed from measured data and the initial dimen- 
sions, Equation [20] was used in evaluating the results from the 
tests described in this paper. 
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I.XPERIMENTAL EVIDENCE ON THE THIRD RULE OF PLastic FLow 


The so-called “third rule of plastic flow” states that Mohr’s 
stress and strain circles are geometrically similar for all stress 
ratios. Ifo; > o2 > o3 represent the principal stresses and « > 
€2 > «; the principal strains, the following expressions may be de- 
fined? 


2 
— G3 
and 
[22] 
The third rule then postulates that 


for all possible stress distributions. While this is closely true for 
mild steel at certain stress ratios, it had been suspected that np # 
vy for other stress ratios, the deviation depending, for example, 
upon the material involved, the magnitude of the strain, and the 
stress ratio. In this paper, » and » were computed from true 
stresses and natural strains. 

Since most experimental work, especially that of Dr. L. Griffis,® 
had considered the behavior of steel at stress ratios of 0, '/2, 1, 2, 
and © only, the tests described herein were performed with tubes 
D1 to D9 at values of n = 3/s, 5/s, and 13/3, so that u could be 
found as a function of » at hitherto uninvestigated points. Fig. 
2 shows a plot of experimental points taken from these tests as 
well as those by Griffis,* both for octahedral strains of 4 per cent 
and 13 per cent. 
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The relation » = v is obviously correct in the elastic range, and 
it was presumed to depart increasingly from equality with increas- 
ing strains. The points in Fig. 2, however, do not bear out this 
presumption very well. While the three groups of three tubes 


8 “Behavior of Steel Under Conditions of Multiaxial Stress and the 
Effect on This Behavior of Metallographie Structure and Chemical 
Composition,” by L. Griffis and G. K. Morikawa, Report on NDRC 
Research Project NRC 77, OSRD No. 6593. 
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Fig. 3 Piotr or Deviation (u — v) Versus OcTAHEDRAL SHEAR STRAIN Yn FOR As-ROLLED MATERIAL AND Stress Ratios n = 0, 
1/2, 3/4, 1, AND © 
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Fic. 4 Piotr or Deviation (u — v) Versus OcTAHEDRAL SHEAR STRAIN Yn FOR aemauae MATERIAL AND Stress Ratios n = !/:, 
1,2, AND © 


each gave fairly consistent results within each group, no definite 
separation of points for 4 and 13 per cent octahedral strains is 
ascertainable. They do show, however, that u # v for values of 
n # 0, 1/2, 1, 2, and o. in order to elucidate the departure 
from equality further, values of u and » were determined as func- 
tions of the octahedral strain 7, and the quantities (u — v) 
plotted as functions thereof. Figs. 3 and 4 show the relation 
between (4 — v) and 7, for stress ratios of n = 0, '/2, 1, 2, and 
©, for both as-rolled and annealed material. The data for 
Figs. 3 and 4 were taken from Griffis. The close adherence to 
» = pv for the entire range of strains is evident, especially in the 
case of annealed and hence presumably more isotropic, material. 
Figs. 5, 6, and 7 show similar graphs for stress ratios of n = 
and 1%/s, respectively. The straight lines passing through 
the points are attempts to relate (u — +) with the strain, and it is 


seen that, in general, increasing strain will cause an increasing 
deviation from 4 = v. The amount of deviation for a given value 
of 7, also depends apparently upon the stress ratio n; it is 
larger for n = 1*/s, for example, than for n = */s or §/s. This 
agrees with the assumed shape of the curve shown in Fig. 2 

The foregoing studies have as yet led merely to qualitative 
“conclusions, as the scatter of experimental points is too great 
to permit the setting up of a quantitative relation between 
(u« — v) and 7a, for instance. The scatter is believed due prin- 
cipally to the inaccuracy of the strain measurements which must, 
for this purpose, apparently be of a much higher accuracy than 
for the determination of stress-strain curves. The values of » 
are relatively little affected by the strains, and therefore vary 
but slightly as a function of 7,. The values of », on the other 
hand, vary enormously in magnitude and even change sig. 
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Fic. 5 Prior or Deviation (u — v) Versus OcTAHEDRAL SHEAR STRAIN Yn, FOR As-RoLLED MATERIAL aT Stress Ratio n = 3/3 
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Fic. 6~ or Deviation (u — v) Versus OcTAHEDRAL SHEAR STRAIN Y, FoR As-RoLtLeED Marertat at Stress Ratio n = 


The quantity » is directly affected by the accuracy of the strain 
measurements and is computed in most cases as the sum of the 
difference between two large numbers and a small number. This 
makes directly for inaccuracy; furthermore, when the strains 
are numerically small, instrumental and reading errors lessen the 
reliability of results even further. The experimental points 
belonging to small strains were therefore disregarded in estab- 
lishing the (u — v) versus 7, relation. 


ENERGY ABSORPTION AS A FUNCTION OF SrREss RaTIo 


The importance of knowing the capacity of a metal for ab- 
sorbing energy can hardly be underestimated. Many times the 
very ability to store energy through plastic deformation means 
the difference between disaster and safety. 

A main diffiulty in comparing the energy storage capacity of a 
given steel under different stress ratios is the selection of a suita- 


ble point on the stress-strain curve to use as a terminal point in 
measuring the energy. The point of maximum load may be 
chosen as being the most significant to the engineer; in a biaxial 
test, however, this point is nearly impossible to catch during the 
loading process. In the study of metals per se, the fracture point 
might be chosen, but the virtual impossibility of (a) measuring the 
fracture strains accurately, and (b) knowing the stress state at 
the instant of fracture, makes that choice not a practical one. 

This paper contains two diagrams, Figs. 9 and 10, in which the 
energy absorbed was computed until one of the principal strains 
first reached 10 and 15 per cent, respectively, and in which this 
energy is plotted as a function of n and 1/n. Fig. 8 shows the 
same variables but with the strain energy computed up to the 
rupture point. 

A study of Figs. 8, 9, and 10 reveals certain interesting facts. 
In Fig. 8 it is noted that apparently a large amount of anisotropy 
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Fic. 8 Torat Strain ENercy Per Unit Vo_umMe ABSORBED BEFORE FRACTURE AS FUNCTION OF STRESS RATIO 


exists. For an isotropic material, no difference in the absorbed 
strain energy should exist for n and 1/n. In other words, the 
curve should be symmetrical about the vertical axis through 
n = 1. One factor contributing to the asymmetry is undoubt- 
edly the fact that the normal stress ratios are seriously disturbed 
after the plastic deformation causes bulging or necking. For 
n = 0, for example, the necking sets up stresses and negative 
strains in the transverse plane which were not included in the 
strain-energy summation, taken in this case simply as the area 
under the axial stress-axial strain curve. 

The same applies to n = @ and, to a lesser degree, to inter- 
mediate values of n. As the maximum distortion occurs for n = 
0, or pure axial tension, the greatest discrepancy may be expected 
for that case, as is, in fact, borne out in Fig. 8. Both the curve 
based upon tests described by Griffis,* and that based upon Davis’ 
work‘ show a peculiar peak near n = 7/3. No definite reason for 
this hump could be determined, although it should be mentioned 


that it occurs at the value of n (~7/s) where the transition from 
circumferential to axial failure occurs. Even in an isotropic 
material, the type of fracture should change at n somewhat below 
unity due to the greater tangential strains at the inside surface 
compared with the middle surface. 

In the material used in these tests anisotropy probably helped 
shift the transition zone to near n = 7/s. This agrees also with 
E. A. Davis’ findings.‘ 

A study of Figs. 9 and 10 shows that nearly perfect symmetry 
prevails where the strain energy is not computed up to fracture 
but up to a point preceding the ultimate load. The values of W 
are equal, or nearly so, for all values of-n and its reciprocal 1 /n, 
and the value of W at n = 1 is about twice that of W at n = 0 
or ©. The effect of annealing on the absorption of energy seems 
to be of little importance. 

The appearance of the curves in Figs. 9 and 10 suggest a para- 
bolic relation between the strain energy per unit volume W, and 
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Since it was felt that for a more general il- 
STRAIN ENERGY W ABSORBED lustration and also to eliminate possible ef- 
ee a UNTIL ONE PRINCIPAL STRAIN fects of anisotropy, a set of orthogonal strains, 
Wee REACHES 10% vs STRESS RATIO. too, should be common to two alternatively 
' loaded specimens, the procedure was altered 
py A | for the test on tube DX. In this case the 
+— 2000 stress ratio n was kept at */s until the axial 
| strain ¢, reached 3'/. per cent. Thereafter 
es | VG, Fem. the pressure was increased, and the axial 
— >— aS load reduced until the strains in both the 
| axial and the tangential strains became equal. 

ae Care was taken to vary the loads so as not to 
— unload the tube in terms of the strain-hard- 
es | ANNEALED, q ening function —- 7,, which was increasing 
| | monotonically throughout the test. When 
| | 2000 | the two strains reached equality, the strain 
see ; | | 7 state was exactly the same as if the specimen 

t — +—,| stant ratio n of unity. 

Fig. 11 shows the stress and strain paths 
+ both for tube DX and for an identical speci- 
men loaded at constant n = 1. Test data 


9 Srrain Enercy per Unit Votume ApsorBep Untit ONE PRINCIPAL STRAIN 
Reacues 10 Per Cent as Function or Stress Ratio 
. 


for the latter case, for an identical specimen, 
were available from experiments described by 


the stress ration, Since the value of W at STRAIN ENERGY W ABSORBED 
n = lis about twice thatat n=O oro,it | | | | UNTIL ONE PRINCIPAL STRAIN 
can be written for maximum strains below — \ | 
TR RATIO. 
14000 = 
= - | | | | | 
| | | 
where W, = strain energy absorbed in a SN 
uniaxial test (e.g., a simple tensile test) up | 3 
to the same maximum strain for which W is 1S 
ls CANNEALED | 
Errect or Para or Loapine S000 
The principle of superposition of strains — 
in the elastic range is of course a generally Ad 
accepted fact. The investigations described 
herein were carri¢ d out for the purpose of de 5 = = . —— 7 
termining if such a principle could be as- | 
sumed for the plastic state. The path of | T 
loading was interpreted as the strain path, | |_STRESS RATIO 


and the experiments were designed to answer 
the question: Does the application of strains 
in different order, but resulting in the same 
final strain state with no residual reversed strains, give rise to dif- 
ferent stresses? Tubes Nos. 1 to 10 and DX were tested in the 
course of this particular part of the investigation. 

The procedure for specimens 1 to 10 can be summarized by 
stating that uniaxial straining up to 7!/2 per cent magnitude, in 
the axial or tangential direction, preceded application of a biaxial 
loading causing biaxial strains. In terms of orthogonal strains, 
i.e., plotting €, against €, the strain paths of oppositely pre- 
Strained specimens did not quite intersect, so that no strain 
state common to both types of specimens existed in terms of 
orthogonal strains. In terms of octahedral strains, however, the 
same strain was approached in these tests by a number of widely 
varying strain paths which invariably resulted in the same octa- 
hedral shearing stress. The octahedral curve of all tubes showed 
but little scatter before the ultimate load was reached, irrespective 
of path and whether the stress ratio was constant or variable. 


Fig. 10 Strain ENERGY PER Unit VoLtuME ABSORBED UNTIL ONE PRINCIPAL STRAIN 
Reacues 15 Per Cent as FuNcTION oF Stress Ratio 


Griffis,* and the associated octahedral shear stresses compared. 
The octahedral shear stress 7, for the former was 24,100 psi and 
for the latter 23,400 psi. Similarly, the varying strain path was 
compared with constant strain paths for n = 5/s and 3/,;. The 
octahedral shear stress for the specimen under variable loading 
was 3 per cent larger than for the case of constant n = 5/s, and 
3 per cent smaller than for constant n = */; The agreement is 
thus seen to be satisfactory. 


CONCLUSIONS 


1 The third rule of plastic flow does not generally apply to 
medium steel. Rather the parameters » and », defined in Equa- 
tions [21] and [22], are of necessity equal to each other only at 
stress ratios of 0, 4/2, 1, 2, and © in isotropic materials and not 
for intermediate values. The amount of deviation from » = v for 
intermediate values increases with increasing octahedral strain, 
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although no reliable quantitative relation has yet been deter- 
mined. The amount of anisotropy present in the medium steel 
used in this investigation did not seem to affect the amount of 
deviation from » = » before the ultimate load was reached, at 
least. For a given octahedral strain, the magnitude of the devi- 
ation depends upon the stress ratio; it is larger for n = 13/s, for 
example, than for n = */sor 5/s. 

A quantitative determination of the deviation from the third 
rule as a function of the strain necessitates much more precise 
strain measurements than have been carried out so far. 

2 Comparisons of amounts of energy absorbed at different 
stress ratios depend largely upon the terminal point up to which 
the energy has been computed. It is not believed instructive or 
reliable to draw quantitative conclusions on the basis of energy 
up to fracture because of the difficulties involved in measuring 
fracture strains and stresses. Total energy absorption to rup- 
ture depends, however, upon freedom of the material to deform 
in shear between ultimate load and fracture as well as on aniso- 
tropy, the fracture stresses being relatively constant over the 
range of stress ratios. 

If the energy absorbed until one principal strain first reaches a 
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given magnitude is compared for different stress ratios, it was 
found that for limiting strains of 10 and 15 per cent, the energy 
is substantially equal for a given stress ratio n and its reciprocal 
1/n. The effect of anisotropy depends upon its extent of course; 
it was of no significance in this instance. For equal: maximum 
strains below the ultimate load, experimental results indicate that 
the absorption of energy under biaxial-stress conditions is re- 
lated to the absorption under uniaxial conditions by a second- 
degree function of the stress ratio n or 1/n. This function was 
tentatively stated in Equation [24]. 

3 The principle of superposition in the plastic range was 
demonstrated for the case of two orthogonal strains up to 3'/, 
per cent magnitude, applied in different sequences. This corre- 
sponded to an octahedral strain of 9'/2 per cent. It can be con- 
cluded then that the octahedral shear stress associated with a 
certain set of orthogonal strains is independent of the order in 
which these strains were applied to the metal, provided the 
metal is not unloaded at any time in terms of the strain-hardening 
function 7, — 7,. It has been known for a long time of course 
that the octahedral shear stress does not depend upon the ortho- 
gonal components of a given octahedral shear strain, and this was 
amply confirmed in the experiments described herein and by Grif- 
fis,* where one octahedral stress-strain curve fits with a scatter 
of 8 to 10 per cent all ratios from zero to infinity, whether the ra- 
tios remained constant during the test or not. 

4 Two types of fractures were observed as follows: 


(a) Ductile failure along planes of maximum shear stress. 

(b) Failure originating on planes of maximum shear but later 
changing to cohesive-cleavage-type failure. 

Apparently no genuinely brittle failure, i.e., one not preceded 
by considerable plastic deformation, can be obtained in the steel 
tested at room temperature with the stress ratios described 
herein. The failure described under (a) occurred with n = '/,, 
and 5/s, and under (b) withn = 1%/s. It appears reasonable 
to conclude that circumferential failures (n 2 7/s ) tend to follow 
(a), whereas longitudinal failures will follow (6). The type of 
fracture is undoubtedly dependent, also, upon the specimen geome- 
try as is probably the amount of plastic flow preceding the 
failure. Therefore an application of the data obtained in these 
experiments to different structures, all other things being equal, 
must be made with caution. 


ACKNOWLEDGMENT 


The author is indebted to the David Taylor Model Basin, U. 8. 
Navy Department for financing this study and permitting 
publication of the results, and especially to the late Dr. D. F. 
Windenburg and Dr. W. R. Osgood of the Model Basin Staff. 
Dr. Osgood kindly reviewed the manuscript before publication as 
did Dr. A. Nadai of the Westinghouse Research Laboratories. 

Dr. L. Griffis is chairman*of the Applied Mechanics Research 
Division of the Armour Research Foundation of the Illinois Insti- 
tute of Technology, where the work was performed. The author 
was assisted by R. Dahl, 8S. J. Dokos, A. A. Hess, and R. Wolf in 
various stages of the investigation and gratefully acknowledges 
their co-operation. 


ad 
~ 
+ 
He 
| 
| 
| 
| 
| 
| 
| 
| 
| 
Ry 


Behavior of Steel Under Biaxial Stress 
as Determined by Tests on Tubes 


By H. E. DAVIS! ano E. R. PARKER,? BERKELEY, CALIF. 


The experimental work is described and results pre- 
sented for tests on twelve 5!/4-in-diam thin-walled tubes 
of low-carbon steel subjected to various conditions of 
biaxial stress. These experiments composed the ‘‘pilot’’ 
series of tests in a larger investigation on the behavior of 
ship-plate steel under multiaxial stress conditions. The 
ductility of the metal under various biaxial stress condi- 
tions and at two temperatures, 70 F and —138F, is reported. 
The evidence indicates that the metal is reasonably duc- 
tile, even at the low temperature, provided it is subjected 
only to a state of plane stress. If a state of triaxial stress 
is induced by restraint or by discontinuities in the mate- 
rial, the ductility may be greatly reduced at the low tem- 
perature. Evidence is presented to indicate that fracture 
may occur either by shear or by cleavage, depending upon 
the stress and temperature conditions. In a majority 
of cases, reasonable prediction of the stress-strain-behavior 
of the metal in the plastic range can be made for various 
biaxial stress conditions from the data of the simple 
tension test, by use of the modified octahedral-shear 
concept. 


INTRODUCTION 


“VHE purpose of the experiments reported in this paper was 
to study the behavior of mild steel under conditions of 
multiaxial stress and to determine the effect of temperature 

on this behavior, particularly in relation to changes in ductility 
and mode of fracture. They composed part of a general investi- 
gation of the causes of brittle behavior of mild ship steels.* 

One way of producing a known, uniform, and controlled state 
of biaxial stress is to subject a tubular specimen of a material to 
a combination of internal pressure and axial load. Tubular 
test specimens have been employed successfully in many 
similar investigations of the behavior of metals under states of 
biaxial tension. Among the specific objectives of the tests re- 
ported herein were (a) the development of techniques of measure- 
ment for use in testing tubular specimens of a mild steel in the 
plastic range, and (b) the collection of experimental data for 
checking recently developed theories of failure for metals under 
conditions of multiaxial stress. 

1 Associate Professor of Civil Engineering, University of California. 

2 Associate Professor of Physical Metallurgy, University of Cali- 
fornia. 

3 Also included in the general program were tests on 20-in-diam 
longitudinally, welded tubes. Detailed results of the tests on the 
large tubes have been reported in another paper (13).4 

‘ Numbers in parentheses refer to the Bibliography at the end of 
the paper. 

Presented as part of a Symposium on Flow and Fracture of 
Metals, at the National Meeting of the Applied Mechanics Divi- 
sion, Chicago, Ill., June 17-19, 1948, of Tae American Society oF 
MECHANICAL ENGINEERS. 

Discussion of this paper should be addressed to the Secretary, 
ASME, 29 West 39th Street, New York, N. Y., and will be accepted 
until October 11, 1948, for publication at a later date. Discussion 
received after the closing date will be returned. 

Nore: Statements and opinions advanced in papers are to be 
understood as individual expressions of their authors and not those 
of the Society. Paper No. 48—APM-20. 


EXPERIMENTAL WoRK 


Program of Tests. The program of tests is given in Table 1. 
Originally it was planned to machine the specimens from solid 
hot-rolled steel bar stock, but defects were found to be present 
in the stock available. It was then decided to use SAE 1020 hot- 
rolled seamless tubing, a special lot of which was obtained from 
the Nationa! Tube Company for specimens 4 to 13, inclusive. 
Pending the delivery of this special tubing, specimens 1, 2, 3, and 
14 were made of an available SAE 1010 seamless tubing and were 
tested to provide information on the minimum ratio of length to 
diameter necessary for dependable results, as well as to develop 
the special techniques necessary for the conduct of this investi- 
gation. 

Materials and Test Specimens. A transcript of the manufac- 
turer’s report giving information on the characteristics of the 
SAE 1020 steel tubing (from which specimens 4 to 13 were 
taken) is presented in Table 2. The material was an aluminum- 
deoxidized steel. Mechanical properties of this steel, as deter- 
mined from coupon tests made at the University of California, 
are summarized in Table 4. 

Mechanical properties of the SAE 1010 steel tubing (from 
which specimens 1, 2, 3, and 14 were taken) as determined by 
coupon tests made at the University of California are also sum- 
marized in Table 4. 

The samples from which were made the coupons for simple 
tension tests reported in Table 4 were annealed at 1650 F before 
being machined. 

All tubular test specimens were stress-relieved by heat-treat- 
ment, after being turned but before being finish-ground. Owing 
to an error on the part of the heat-treating contractor, the maxi- 
mum temperature was 1450 F. Therefore some additional 
coupon tests were made in which the material was heat-treated 
with a maximum temperature of 1450 F, but comparison of these 
results with those of the coupon tests on material annealed at 
1650 F indicated no significant difference in properties (Fig. 5). 

For all specimens the wall thickness was 0.160 in.; for speci- 
mens 1, 2, 3, and 14, the internal diameter was 5.250 in. (¢/D = 
1/s).5); for the other specimens the internal diameter was 5.500 
in. (t/D = 1/3). Specimens 1 to 6 were made with shoulders at 
the ends, but the remaining specimens were of constant wall 
thickness throughout and of over-all length equal to that of the 
reduced section of the corresponding specimens with shoulders, 
as shown in Table 1. After being turned to approximately the 
required dimensions, the outside surface cf each specimen was 
finished by light grinding, and the inside surface by light honing. 
The specified tolerance in the wall thickness of 0.160 in. and in 
the internal diameter of 5.250 or 5.500 in. was +0.005 in.; further, 
it was desired that the variation in wall thickness of any indi- 
vidual specimen should not exceed 0.002 in. The actual varia- 
tions, considering all specimens, were as follows: 


Max + Max — _ Average 
0.018 0.004 0.005 
Variation in wall thickness of any 
individual specimen, in.......... 0.004 0.002 


Some of the specimens were out-of-round in the end 4 in., by 
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amounts up to 0.0025 in.; otherwise the specimens were round 
within the limits of diameter measurement (+0.0005). 

The first several tests (on specimens 1, 2, 3, and 14) showed 
that within the plastic range, the effect of end restraint extended 
about 1 diam from the shoulder or end connection. Allremaining 
specimens (No. 4 to 13) were made with aratio of length to diame- 
ter of 5:1 in order to assure freedom from transverse restraint 
over a length of at least 3 diam. 

For each specimen, except No. 9, a constant ratio of longitu- 
dinal to circumferential stress was employed throughout the load- 
ing range, asshownin Table 1. The three stress ratios used were 
o7/o, = O (axial load only), o7/o, = 1 (tensile axial load and 
internal pressure), and o7/o, = 2 (internal pressure only). A 
representation of the stress-ratio conditions is shown in Fig. 1. 
It was considered that no useful additional information would be 
obtained by using stress ratios in the range 2 to ~; and loading 
in this range would require axial loading in compression with 
attendant difficulties in securing uniform stressing. Specimen 9 
was loaded as indicated in Fig. 2, for reasons discussed under 
“Test Results” hereinafter. 

Most of the tests were made at room temperature, but four 
specimens were tested at —138 F (—94 C), as shown in Table 1. 
This extremely low temperature was required because of indica- 
tions that this was the maximum temperature at which cleavage 
fracture would occur in the aluminum-deoxidized steel under the 
given stress conditions. 

Specimens 11 and 13 were reserved for other studies. 

Method of Loading. Axial load was applied to the specimens 
in a Baldwin-Southwark Tate-Emery precision hydraulic testing 
machine of capacity 200,000 lb. Internal pressure was applied 
by means of a modified two-cylinder Diesel-engine injection pump 
capable of producing pressures up to 7000 psi; the loading fluid 
was Diesel oil at room temperature and ethyl] alcohol at the low 
temperature. As the pump would not handle ethyl alcohol, 
Diesel oil was pumped into the transfer cylinder; this oil forced 
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ethyl alcohol out of the transfer cylinder into the specimen. 

Specially designed end connections were required to transmit 
the axial load from the testing machine to the specimen, to close 
the ends of the tubes against high internal pressure, and to serve 
as passages for the loading fluid. 

Control of Temperature. The temperature of test for speci- 
mens 6, 7, 8, and 10 was —138 F (—94 C). Surrounding the 
specimen was a !/s-in. sheet-metal tubular shield which pre- 
vented the liquid nitrogen, which was used as a cooling medium 
from striking the specimen and served as a guard to prevent 
damage from flying fragments upon rupture. Inside the shield 
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Fic. 1 REPRESENTATION OF STATE OF BIAXIAL Stress IN Tupes 


TABLE 1 PROGRAM OF TESTS 
(All steel annealed at 1450 F; wall thickness of all ns 5 oe in.; six specimens had thicker end sections 
as noted. 
Length 
Speci- Type Inside of test Temp. of Stress 
men a diameter, section, . ratio, Loading 
no. steel in. in. deg F oT/oL conditions 
14 | 0 | Axial load only 
2 
SAE 1010 5.250 70 
(Room) 
20 2 Internal pressure 
| only 
ae ll 70 2 | Internal pressure 
(Room) | only 
12 oO | Axial load only 
5b 1 Axial load and inter- 
| nal pressure 
SAE 1020 5.500 25 ieee only 
9 Various Various combina- 
tions of axial load 
and internal pres- 
sure (see Fig. 2) 
- 1 Axial load and inter- 
nal pressure 
10 1 Axial load and inter- 
—138 nal pressure 
8 1 Axial load and inter- 
nal pressure 
66 2 Internal pressure 
only 


@ gy, = longitudinal stress; oT = circumferential stress. 
» Wall at ends thicker than in test section (0.160 in.); all other specimens of uniform wall thickness 


(0.160 in.) throughout length. 
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TABLE 2. PROPERTIES OF on = STEEL FOR SPECIMENS 4 
a 


Chem ical composition for individual tubes (tubes not identified): 


Cc Mn P Si 
0.22 0.46 0.012 0.026 0.11 
0.22 0.46 0.012 0.026 0.10 
0.21 0.45 0.012 0.025 0.10 
0.20 0.46 0.010 0.026 0.10 
0.18 0.46 0.018 0.023 0.12 
0.21 0.45 0.014 0.025 0.11 

2 Results of tension test: 
Strength, psi —Elongation, per cent— 
Yield Ultimate In 2 in. In Sin. 
39,900 64,600 43 20 


3 Ferritic grain size, or actual structural grain size of material was predomi- 
nantly 5 on ASTM grain-size chart. There were few grains size 4, and 
a few 6 or finer. 

4 Steel in this heat was deoxidized with 1.4 |b of aluminum per ton and 4.7 
lb of 50 per cent ferro-silicon per ton in ladle. 


“ Information furnished by National Tube Company, through Columbia 
Steel Company. 


was a cylindrical wire cage used to support the lead wires. Around 
the shield was placed an insulated square box with double walls. 
Between these walls were inserted thin slabs of dry ice. By means 
of the dry ice alone it was possible to maintain a specimen tem- 
perature as low as —50 F (—45 C). For lower temperatures, 
liquid nitrogen was introduced through four perforated copper 
tubes which extended vertically downward through the spaces 
at the corners of the box, between the shield and the outer 
housing. The liquid nitrogen was forced in by means of com- 
pressed air connected to the Dewar flasks. The rate of flow was 
controlled manually from observations on six thermocouples 
soldered at selected points on the surface of the specimen. 

To bring the specimen temperature down to —50 F (—45 C) 
by means of the dry ice alone required about 6 hr; and to bring 
it to —138 F (-—94 C) by means of the liquid nitrogen required an 
additional 2 hr. The temperature of the lower end of the speci- 
men was generally about 9 F higher than that of the upper 
end. 

Measurement of Strain Up to Rupture. For reasons of safety 
it Was necessary to employ remote-reading strain gages. For the 
detection of the beginning of the plastic range, the SR-4 electric- 
resistance wire strain gage, Type A-1, was used. These gages 
were cemented directly to the surface of a specimen with Duco 
household cement and generally gave strain indications which 
were satisfactory up to about 1 per cent. 


Fic. 2. Loapina DIAGRAM FOR SPECIMEN 9 


For the measurement of strains between 1 and 15 per cent, 
several types of gages were considered. After preliminary trials, 
an adaptation of the SR-4 strain gage was adopted in the form of 
a “clip gage.’”’? These clip gages measure strains in a specimen 
directly by electrical measurement of elastic strains in the metal 
clip as the legs of the frame are separated by plastic elongations 
of the metal at the surface of the specimen. The contact points of 
each clip gage were set in recesses in small brass lugs soldered to 
the specimen. Between each pair of lugs supporting a clip gage, 
an SR-4 gage was cemented to the specimen; thus provision was 
made for strain measurement in both the elastic and the plastic 
range. 

The location of strain gages on the specimens was determined 
from consideration of (a) the direction and nature of the expected 
strains, and (b) the extent to which the strains were to be sur- 
veyed. On the first four specimens tested, fairly complete cover- 
age was obtained in order to estimate the effects of end restraint 
and to determine possible effects of slight nonuniformities. 

As the number of gages on some of the specimens was large 
(up to 51 gages), three Baldwin-Southwark SR-4 strain indicators 
with switch panels were employed to expedite the observations. 
The transfer switches had silver-plated contacts in order to mini- 
mize the contact resistance; check readings showed that the 
variation in contact resistance corresponded to an indicated 
change in strain of not more than 5 millionths. 

Measurement of Strain After Rupture. To provide for the 
measurement of surface strains after rupture, a method was de- 
veloped of photographing a system of grid lines, 20 20 per in., 
on the surface of the specimens before test. A negative was pre- 
pared by photographing a sheet of accurately ruled cross-section 
paper, 10 X 10 per in., with a photographic reduction of one 
half. The negative was then cut so that its edges would just 
make contact when it was wrapped around a tubular specimen. 
An emulsion called ‘‘glue enamel,’’ commonly used for half-tone 
plates by photoengravers, was spread thinly and uniformly on 
the surface of the specimen. This operation was accomplished 
by dipping the specimen in an unusually thin (dilute) emulsion 
and then rotating it slowly about its axis, with axis horizontal, 
under the drying action of moderate heat. After the emulsion 
had dried, a thin coating of white vaseline was applied in order 
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to make the negative stick to the surface of the specimen during 
exposure. In order to control the exposure, the specimen was 
mounted on a shaft in a box which had a slit 1'/; in. wide through 
which the light passed, and was rotated at a uniform speed by 
means of ahand crank. It was necessary to use a longer exposure 
than is customary in commercial photoengraving. 

After rupture of the specimen, the grid, at selected locations, 
was measured by means of dividers and scale. Also, after rup- 
ture of the specimen, the wall thickness at intervals along the 
fracture was measured by means of a micrometer caliper having 
a pointed anvil and pointed spindle. 

Coupons. In order to determine the properties of the tube ma- 
terial in both the longitudinal and transverse directions (and 
diagonally as well), the coupons were necessarily small. They 
were turned to a diameter of '/, in. in the reduced section, and 
had a gage length of lin. The results of coupon tests reported 
herein, in the section entitled ‘‘Mechanical Properties of the 
Steel,” are based upon these '/,-in-diam tensile bars. 

Samples from each piece of stock tubing were also tested in the 
form of flat coupons */s in. X '/: in. in the reduced section and of 
2 in. gage length, with the axis of coupon parallel to the axis of 
tube. The results of the tests on these larger coupons were essen- 
tially the same as the results of the tests on the '/,-in-diam cou- 
pons, and hence are not reported herein. All coupon material 
was annealed at 1650 F before being machined. 


Test RESULTS 


Nature of Results. The test results discussed hereinafter show 
principally the strength and ductility of the tubes under various 
stress ratios, and at normal and low temperatures. The general 
results are presented in the form of tables, diagrams, and photo- 
graphic reproductions, as follows: 


Summary of results of tests on tubes................. Table 3 
Mechanical properties, uniformity, and isotropy of 
steel as determined by coupon tests................ Table 4 
Figs. 3 to 5 
Extension of tubes at various loads up to rupture...... Figs. 6 to 17 


Following the discussion of these results, the observed stresses 
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and strains are presented in the form of diagrams showing the 
relationship between ‘‘effective’’ stress and “effective” strain 
(Figs. 18 to 21) and are discussed with respect to thé behavior 
predicted from theoretical considerations. 

For the purposes of this report, all stress-strain relationships 
are shown either as “‘true” stress versus “natural” strain, or as 
“effective” stress versus “effective” strain. True stress is de- 
fined as the load divided by the actual (not the original) area at 
any load under consideration. 

An increment of natural strain (1, 2) is taken to be the ratio 
of the small change in distance between two points to the average 
of the distances. between these points during the straining in- 
terval. The total natural strain, developed, for example, as a 
result of an increase in stress between given finite limits, is ex- 
pressed as the mathematical summation of the strain increments 
as follows 


L 
dL 
Natural strain = loge = log. (1 + e’) 
4 0 


Lo 


in which Lo is the initial distance between points defining the 
length over which the strains are measured; L is the distance be- 
tween points at any given instant, and e’ is the conventional 
strain. 

In a state of plane stress, even if the strains are nonuniform 
over finite distances, by assuming constancy of volume during 
(plastic) deformation, it can be shown that 


Natural plastic strain = log. “ 


in which Ao is the initial cross-sectional area normal to the direc- 
tion of strain, and A is the cross-sectional area at any given in- 
stant. 

Effective stress and effective strain are stress and strain 
functions used herein to describe the generalized behavior of a 


TABLE 3 SUMMARY OF TEST RESULTS 


— Nominal— 
size, in. 
Len 
Speci- T test Test Stress 
sec- temp., ratio, Loading 
no, steel Tube* ID tion deg F oT/eL conditions 
SAE 
14 1010 B 5.25 22 70 0 Axial Load 
SAE Internal 
1 1010 A 5.25 ,22 70 2 Pressure 
SAE Internal 
2 1010 A 5.25 22 70 2 Pressure 
SAE Internal 
3 1010 A 5.25 ll 70 2 Pressure 
SAE 
12 1020 E 5.50 25 70 0 Axial Load 
SAE Axial Load, 
5 1020 D 5.50 25 70 1 Internal 
Pressure 
SAE Internal 
4 1020 Cc 5.50 25 70 2 Pressure 
SAE Vari- 
4 1020 E 5.50 25 70 ous See Fig. 2) 
SAE xial 
7 1020 Cc 5.50 25 —138 1 Internal 
Pressure 
SAE Axial Load, 
10 1020 Cc 5.50 25 —138 1 Internal 
Pressure 
SAE Axial Load, 
8 1020 D 5.50 25 —138 1 Internal 
Pressure 
SAE Internal 
6 1020 E 5.50 25 —138 2 Pressure 


@ Individual tube in lot of SAE 1010 or SAE 1020 steel. 
6 Nominal 

¢ Fracture started in weld near end connection. 

@ Fracture started in tube adjacent to weld. 


material under 4 state of multiaxial stress (5, 6, 7, 8). They are 
defined mathematically as follows 
Wall 
thick- 
ness 
Maximum re- 
7——Nominal— per cent duc- 
stress,> psi -—True stress at— elongation tion, 
Prop, Uiti- fracture, psi in !/3 in, per Mode of 
limit mate Specimen Coupon Long. Trans. cent fracture 
10500 44500 108000 104000 65 —25 45 Shear 
10000 60000 111000 108000 4 39 45 Shear 
10000 63500 111000 108000 2 40 45 Shear 
10000 63000 109000 108000 2 30 45 Shear 
26000 55500 111000 116000 102 —26 43 Shear 
28000 62500 105000 120000 37 32 50 Shear 
26000 60000 106000 115000 2 30 40 Shear 
28000 61000 107000 116000 10 22 37 Shear 
30000 59000 -63000 132000 2 3 5 Cleavage‘ 
45000 68000 74000 132000 2 2 3 Cleavage? 
50000 72000 «80000 5 10 Cleavage’ 
Shear, then 
50000 76000 138000 133000 0 50 37 cleavage 


stress computed on basis of original wall thickness but with respect to greatest diameter obtaining at designated load condition. 
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Effective stress = ¢ = 92)? + 3)? + (03 — 


in which o;, 2, and ; are the principal stresses; and 


in which «, ¢2, and ¢; are the principal natural strains. 

Strength and Ductility. The strength and ductility of the 
tubular specimens are summarized in Table 3. For either steel 
tested at room temperature there is some variation in the nominal 
strength; but the true strength, regardless of stress ratio, falls 
within rather narrow limits, 108 to 111 ksi for the SAE 1010 steel, 
and 105 to 111 ksi for the SAE 1020 steel. At the low tempera- 
ture of —138 F, the one specimen (No. 6) which did not fracture 
initially in or near the welded end connection had a true stress at 
rupture of 138 ksi. At the stress ratio of 1:1, apparently the 
bending stresses due to restraint at the ends, and possibly due to 
discontinuities at the root of the weld between the specimen and 
the end connection, were critical, and premature failures occurred. 

The ductilities of all tubes tested at 70 F were high, and they 
agreed well with the ductilities indicated by the simple tension 
test on coupons (Table 4). Also, the true strengths were in rea- 
sonable agreement. 


MECHANICAL PROPERTIES OF THE STEEL 


Uniformity. In Table 4 are given the results of tension tests 
on coupons cut from the tubes which were used as stock for the 
specimens. The strength and ductility of the longitudinal cou- 
pons taken from the various tubes of a given steel agree closely 
enough with each other to render unnecessary any corrections for 
purposes of comparisons between specimens. The stress-strain 
relationships for coupons cut from the three tubes of SAE 1020 
steel were also found to be closely similar (Fig. 3). 

Effect of Temperature of Test. The steel was about 15 per cent 
stronger at —138 F (—94 C) than at room temperature; the 
average true strength of coupons from the three tubes.of SAE 
1020 steel at fracture was 133,000 psi. The ductility in simple 
tension, however, was almost the same at the low temperature 
as at room temperature (Table 4). 

Isotropy. The variation in strength and ductility with direc- 
tion of forming the metal was small, as indicated by the agree- 
ment between results for the longitudinal, transverse, and di- 
agonal coupons as shown in Table 4. The stress-strain relation- 
ship also did not vary greatly with direction of forming, as shown 
in Fig. 4, for coupons cut from tube D to check isotropy of the 
metal. In order to determine whether the ductility in the radial 
direction differed from that in the circumferential direction, 
1/,-in-square coupons were cut from tube D, with the axis of the 


TABLE 4 STRENGTH AND DUCTILITY OF COUPONS FROM TUBE STOCK 


Nominal True Reductionin Reduc- 
Yield tensile stress at thickness or tion of Flon- 
Temp, point, strength, fracture, diameter, area, gation, 
Steel Tube Direction deg psi psi psi per cent percent per cent 
A Longitudinal 70 28000 46500 108000 47 72 50 
SAE 1010 Transverse 70 28000 46000 105000 47 70 48 
B Longitudinal 70 28000 46800 104000 47 72 48 
° Transverse 70 28000 46800 108000 47 70 45 
Longitudinal 70 31000 59000 115000 38 63 38 
Cc Transverse 70 29000 58500 115000 36 59 36 
Longitudinal —138 50000 68000 132000 36 62 38 
Longitudinal 70 33000 60000 120000 38 63 37 
SAE 1020 D ansverse 70 33000 60000 120000 38 62 34 
aii 45 deg 70 36000 61500 120000 37 61 37 
Longitudinal —138 55000 71000 134000 36 60 éia 
Longitudinal 70 34000 58000 116000 38 66 40 
E Transverse 70 35000 60500 116000 38 62 38 
Longitudinal —138 52000 68000 133000 38 62 xe 
Nore: 


Dimensions of tube stock as follows: 


For SAE 1010 steel, inside diameter 5 in., wall thickness 5/s 


1 
in.; for SAE 1020 steel, inside diameter 5'/4in., wall thickness !/3 in. 
3 All coupons had diameter of !/«in. and 1 in. gage length. ‘ 
3  Allsamples annealed at 1650 F before being machined. 
4 Each reported value represents average from tests on two or more coupons. 
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coupon parallel to the axis of the tube. In tension tests, the 
cross section at fracture remained symmetrical as nearly as could 
be determined by micrometer measurement. From all of these 
indications it was concluded that for practical purposes the 
material can be considered as isotropic, although there was 
actually some departure from perfect isotropy. 

Effect of Temperature of Heat-Treatment. As previously stated, 
owing to an error in manufacture the tubes were heat-treated at 
1450 F instead of the scheduled 1650 F. The corresponding 
coupons, however, were heat-treated at 1650 F in accordance 
with the original schedule. To investigate whether the actual 
heat-treatment resulted in stress-strain relationships different 
from those which would have obtained under the desired condi- 
tions of heat-treatment, a comparison was made of coupons cut 
from the end portion of specimen 12 (which had been heat-treated 
at 1450 F) and coupons cut from the specimen stock (tube E) and 
then heat-treated at 1650 F. As shown in Fig. 5, the difference 
in strain at any given stress was small; hence it is considered 
that the error in manufacture was, in this instance, of no conse- 
quence with regard to the performance of the specimens in the 
plastic range. 


Relationship of Coupon to Tube. A comparison of the true 
stress at failure for tubes and corresponding coupons is given in 
Table 3. Where the modes of stressing or of failure are com- 
parable, the maximum difference is of the order of 8 per cent. 
Fig. 5 shows that the stress-strain relationship for a small coupon 
cut from the tubing was practically identical in form with that 
for the tube itself when the tube is subjected to axial load only; 
it is thus indicated that tests on coupons can be used to indicate 
the performance of tubes of this type. 


Ductiuity, BRITrLENEss, AND MODE OF FRACTURE 


Before discussing in detail the behavior of metals loaded to 
failure under various multiaxial stress conditions, it is desirable 
to review the meanings of certain terms used in the description of 
the behavior. At times considerable confusion has been caused 
by the inaccurate use of such terms. 

The term ‘‘ductility’’ has to do with the relative amount of 
plastic strain that can take place before rupture occurs. All 
metals appear to be ductile to some degree. Sometimes a special 
meaning of ductility is used to refer to the average plastic strain 
over a specified gage length in the simple tension test. 
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The term “brittle” denotes lack of ductility. A material which 
would rupture without suffering any plastic deformation may be 
said to be absolutely brittle. The term is also used in a relative 
sense, to connote the behavior of a material whose ductility is 
normally low as compared with other commonly used materials, 
or of any material when the conditions are such that little duc- 
tility is evidenced. It may be ultimately desirable to define 
brittleness in a practical way by setting an arbitrary limit on the 
degree of ductility. 

The ideas of brittleness and ductility are thus associated with 
deformation, and a statement regarding ‘‘brittle behavior’ or 
“brittle failure’ should pertain to evident lack of ductility. These 
terms should not be used to describe a fracture, which term is con- 
cerned with the mode of separation of a material under stress. 

Two possible modes of separation of a material are by cleavage 
and by shear or slip. A cleavage fracture is one which occurs 
when the normal forces across the fracture plane exceed the co- 
hesive resistance across that plane. It is exemplified by the sepa- 
ration of a crystal of mica by normal stress across a cleavage 
plane. A fracture may be said to be caused by slip or shear when 
the shearing stresses along the fracture plane have caused a 
sufficiently large detrusion that separation results. While these 
mechanisms of fracture may be postulated as generalities, it has 
been demonstrated that either or both may occur in a given metal 
under appropriate circumstances (11, 12). 

Tests were made in torsion on tubular specimens and in tension 
on some specimens of standard form at temperatures of 20 C 
(room) and —190 C (liquid air) with the following results: 


Tension test — 
-———Torsion test—— True 
Shear tensile 
stress stress at 
Temperature at fracture, fracture, 
DegF Deg C psi Fracture psi Fracture 
68 20 57000 Smooth 114000 —s Silky; partial 
shear 45-deg cone 
—310 —190 75000 Smooth 130000 Square across; 
shear granular 


At room temperature, if 57,000 psi can be taken as the failure 
stress in pure shear, then the failure of the tensile bar at 114,000 
psi was evidently governed by the shear strength. All or most 
of the separation must have been governed by shear, since the 
shear stress in uniaxial tension is one half the axial stress. 

At liquid-air temperature, in the tensile bar failure took place 
by cleavage at 130,000 psi axial stress. At this load the maxi- 
mum shear stress in the tensile bar was only 65,000 psi. In other 
words, at the low temperature the shear strength was so high 
(75,000 psi) that under the given conditions of stress the cleav- 
age strength was reached before there could be developed a shear 
stress equal to the shear strength. 

In the tensile bar, even at —190 C, some permanent extension 
took place, showing that the shear stresses were in excess of the 
yield strength (governed by shear). : 

While, in borderline cases, a detailed examination of con- 
tributing factors and evidence may be necessary, many fractures 
can be classified by visual examination as ‘‘cleavage”’ or ‘‘shear’’ 
fractures. A cleavage fracture may follow considerable ductile 
action; thus under certain states of stress and temperature the 
appearance of the fracture alone cannot be used as the basis for 
classification of the behavior as brittle or ductile. 


FAILURE OF INDIVIDUAL SPECIMENS 


Because of appreciable ductility of the metal of the tubes in 
most of the tests, some explanation is desirable with respect to 
the basis for computing the stresses. In the discussion which 
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follows, the term ‘nominal stress” denotes the average longitu- 
dinal or circumferential stress in the tube wall, computed from 
the internal fluid pressures and axial loads by consideration of 
the actual diameter of tube at any pressure, but on the basis of 
the original wall thickness of the tube. The term true stress 
denotes the average longitudinal or circumferential stress in the 
tube wall, computed from the actual diameter of the tube at any 
internal pressure or axial load, but on the basis of the actual 
wall thickness, as nearly as could be determined. In the plastic 
range prior to rupture, the wall thickness was computed from the 
longitudinal and circumferential strain measurements, on the 
assumption that the volume of the metal remained constant. 
For the failure point, the wall thickness was calipered after 
failure, at the edge of the fracture. The maximum tube diameter 
at failure was determined from a measurement of the circum- 
ferential distance between the fractured edges. 

The specimens were in three groups of four specimens each, as 
follows: 


SAE 1010 steel, tested at room temperature. 
SAE 1020 steel, tested at room temperature. 
SAE 1020 steel, tested at low temperature. 


SAE 1010 Steel; Room Temperature. Specimens 1, 2, 3, and 
14 were tested primarily to develop satisfactory techniques of 
test. All fractures were of the shear type, as expected. The re- 
sults of the strain measurements, shown in Figs. 6, 7, 8, and 17, 
respectively, indicated that the restraint imposed by the end 
connections was operative over the end portions for a distance of 
about 1 diam; hence a length-diameter ratio of 5 was adopted 
for the remaining specimens. Also, as the result of the experi- 
ment with specimen 14, it appeared that for most test conditions 
a machined shoulder would be unnecessary, and a simpler type 
of end connection was adopted. 

SAE 1020 Steel; Room Temperature. Specimens 4, 5, 9, and 
12 were of SAE 1020 steel and were tested at room temperature 
under various stress ratios. 

Specimen 12, under axial load only, failed in a normal manner, 
with a shear fracture. The nominal stress at rupture was 55,500 
psi, and the true stress was 111,000 psi (Table 3). The maxi- 
mum elongation in a !/:-in. gage length was 102 per cent; the 
maximum circumferential reduction in a !/2-in. gage length was 
26 per cent; and the maximum (radial) reduction in wall thick- 
ness of 0.16 in. was 43 per cent. 

Specimen 5, under a biaxial stress ratio of 1, also failed by shear. 
The nominal stress at failure was 62,500 psi, and the true stress 
was 105,000 psi (Table 3). The longitudinal and circumferential 
extensions were approximately equal to each other (Fig. 10 
versus Fig. 11); just prior to fracture the extension in either 
direction was about 17 per cent. The maximum extensions meas- 
ured after fracture were longitudinal extension in !/2 in., 37 per 
cent; circumferential extension in '/: in., 32 per cent; and re- 
duction in wall thickness, 50 per cent (Table 3). 

Specimen 4, loaded by internal pressure only, failed in shear, 
at a nominal circumferential stress of 60,000 psi and a true cir- 
cumferential stress of 106,000 psi. The circumferential extension 
at the last reading prior to rupture was 15 per cent (Fig. 9). 
The maximum extensions measured after fracture were circum- 
ferential extension in !/; in., 30 per cent; longitudinal extension 
in 1/,in., 2 per cent; and reduction in wall thickness, 40 per cent. 

For specimen 9 the stress ratio was varied as shown in Fig. 2. 
The specimen finally ruptured at a nominal stress of 61,000 psi 
and a true stress of 107,000 psi (Table 3); the stress ratio at the 
last reading prior to failure was about o7/o, = 2 (Fig. 2). The 
maximum elongation in a '/; in. gage length was: circumferen- 
tial, 22 per cent; longitudinal, 10 per cent. The maximum re- 
duction in wall thickness was 37 per cent (Table 3). The be- 
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havior of this specimen will be discyssed subsequently in greater 
detail. 

SAE 1020 Steel; Low Temperature. Specimens 6, 7, 8, and 10 
were of SAE 1020 steel and were tested at a low temperature in 
order to produce cleavage fractures under biaxial stress. Since 
the aluminum-deoxidized steel used in the pilot-series tests ap- 
peared to be less susceptible than ordinary semikilled steel to 
cleavage fracture, preliminary bending tests on wide flat strips 
of the steel were made to estimate the necessary temperature of 
test. In such a bending test the biaxial stress ratio is approxi- 
mately 2. It was found that with the aluminum-deoxidized 
steel a shear fracture would probably occur unless the tem- 
perature was about —130 F or lower. Therefore a testing tem- 
perature of —138 F (—94 C) was adopted for the tubular speci- 
mens. 

For specimen 6 the stress ratio o7/o, was 2, as in the case of 
the flat bars; the loading was by internal pressure only. The 
specimen broke at a true stress of 138,000 psi; the nominal stress 
was 76,000 psi. The fracture was mostly of the cleavage type, 
although it started as a shear fracture. The maximum circum- 
ferential extension at the last reading prior to failure was about 
20 per cent (Fig. 12); and the maximum circumferential ex- 
tension measured after fracture was 50 per cent (Table 3). The 
reduction in wall thickness was 37 per cent. The large extensions, 


the mixture of the shear and cleavage types of fracture, and 
the final shattering of the tube show that for the stress ratio used 
the temperature was in the transition zone where plastic strain 
occurs but the final mode of fracture is by cleavage. 

Specimen 8 was tested at a stress ratio of 1, under axial load 
and internal pressure. It broke at a lower load than expected: 
the true stress at the mid-section of the tube was 80,000 psi when 
failure occurred. The origin of the fracture appeared to be in the 
circumferential weld joining the end connection to the specimen. 
The entire fracture was of the cleavage type; in fact, the speci- 
men shattered into many pieces. The maximum extension was 
only 5 per cent (Figs. 15°and 16 and Table 3), and the maximum 
reduction in wall thickness was only 10 per cent. 

Specimen 7 was then tested under the same conditions as speci- 
men 8, because it was thought that the premature failure of 
specimen 8 was due to a defect in the weld. However, the results 
were practically the same as those for specimen 8; the fracture 
was of the cleavage type and its origin was definitely in the weld. 
The true stress at the midsection of the tube when failure oc- 
curred was only 63,000 psi, and the nominal stress 59,000 psi. 
The longitudinal and circumferential extensions to rupture did 
not exceed 3 per cent (Figs. 13 and 14); and the maximum re- 
duction in wall thickness was only 5 per cent (Table 3). 

For specimen 10, a 19-9 stainless-steel electrode was used to 
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weld the end connection to the specimen, in an attempt to elimi- 
nate the fractures originating in the weld. This type of weld metal 
presumably remains ductile under the most severe conditions, 
even at liquid-air temperatures. However, its use did not pro- 
duce the desired result; the fracture started in the heat-affected 
metal of the specimen adjacent to the weld. The specimen failed 
by cleavage when the true stress at the mid-section was 74,000 psi, 


and shattered as specimens 7 and 8 had done, with essentially the 
same extensions (Table 3). 

These experiences with premature failures are significant. 
When the ambient temperature is sufficiently low, the yield and 
shear strength of the metal are high relative to the cleavage 
strength, and the effective ductility is reduced. Any localized 
stress resulting from imposed restraint or from discontinuities, 
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added to the normal stresses developed in a particular member, 
will condition the initiation of fracture. At room temperature 
and under any biaxial stress ratio, or at low temperature and 
under a stress ratio of ¢7/o, = 2, the desired mode of failure was 
induced in the body of a tube; however, at the low temperature 
and under the stress ratio ¢7/o,; = 1, a critical condition was de- 
veloped as the result of the secondary stresses at the ends of the 
tube. 


CoRRELATION OF BEHAVIOR UNDER MULTIAXIAL Stress WITH 
Bexavior UNDER SImpLE TENSION 


Functional Representation of Behavior. A suitable method of 


representing the plastic behavior of metals under multiaxial 
stress is of importance in dealing with the problem in hand. 
Many investigators have studied the relation between multi- 
axial stresses and the resulting strains. The shear-strain energy 
W, as proposed by von Mises, is 


(a; — 02)? + (02 — o3)* + (03 — 01)? 


12G 


in which o, oz, and o; are the principal stresses and G is the shear 
modulus. This criterion is now accepted as the quantity best 
indicating the combined stress conditions necessary to cause 


a 
\ 
4 
/| 
ig 
we 
: 
ig 
Pade 


st 


DAVIS, PARKER—BEHAVIOR OF STEEL UNDER BIAXIAL STRESS 213 


yielding of an isotropic ductile metal. Whenever the shear- 
strain energy reaches a certain critical value, plastic flow will 
begin regardless of the state of stress. 

Nadai (1) has shown that the octahedral shear r, i.e., the shear 
stress acting on these planes inclined equally to all three principal 
directions, is proportional to the square root of the shear-strain 
energy and so may be taken as basically the same criterion for 
the onset of plastic flow. The octahedral shear stress may be ex- 
pressed as follows 


‘= Ve — + (02 — o3)* + (03 — 0)?..... (2] 


Nadai has extended this concept to stresses and strains in the 
plastic range by use of a corresponding strain function, the octa- 
hedral shear strain 


— + (2 — + (a — a)*...... [3] 


in which «, ¢2, and e; are the principal natural strains. Diagrams 
of octahedral shear stress versus octahedral shear strain for a 
given metal are essentially of the same form regardless of the 
condition of multiaxial stress. 

Lode (3) demonstrated experimentally that in the plastic 
range the changes in the natural shear strains of an isotropic 
material are proportional to the shear stresses 


de des des de; + de; de, 


By use of appropriate assumptions and manipulations, Dorn 
and his collaborators (5, 6, 7) have integrated Equation [4] for 
the case of constant ratios of the principal stresses, and obtained 
a pair of functions which they term the effective stress and 
effective strain, respectively, as follows 


— o2)* + — a3)? + (03 — 


\" — + — €3)? + (es — a)? 
€ = - 2 


These functions differ from the octahedral shear stress and strain 
functions only in the values of the numerical coefficients, but 
they have the advantage that (theoretically) their plot is identi- 
cal with the curve of true stress versus natural strain for a given 
material under a simple tension. 

When the ratios of the principal stresses are not constant 
during the loading of a metal, neither the octahedral shear stress- 
strain nor the effective stress-strain equations are strictly ap- 
plicable. Recently Cunningham, Thomsen, and Dorn (8) have 
extended the theoretical work to include more general cases 
involving variable ratios of the principal stresses, although the 
estimation of the strains involves graphical integration of certain 
functions for any proposed stress path. 

Analytic procedures are thus available for estimating the plas- 
tic behavior of tubes under biaxial loading from the data of the 
simple tension test. In the following paragraphs, the data from 
the tube tests, expressed in terms of the effective stress and 
effective strain, are compared with the coupon test data. 

Experimental Results. In the preparation of Figs. 18 and 19, 
the effective strains have been calculated from the observed 
longitudinal and circumferential strains and from values of radial 
strain, computed on the basis of zero volume change in the plastic 
range. The effective stresses have been calculated from the prin- 
cipal stresses, computed on the basis of applied loads and actual 
dimensions or wall thicknesses at given foad levels. Fig. 18 sum- 


marizes these results for specimens 1, 2, 3, and 14; Fig. 19 
summarizes resylts for specimens 4, 5, 9, and 12. 

As shown in Fig. 18, the effective stress versus natural strain 
relationships for specimens 1, 2, and 14 are practically identical. 
Specimen 14 was tested under axial tension only, and as indi- 
cated previously, no appreciable difference was found between 
the true-stress versus natural-strain relationships for a coupon 
tested in simple tension and a tube tested in simple tension (Fig. 
5). The somewhat smaller strains found from specimen 3 are 
attributed to the effect of end restraint because of the shorter 
length of specimen 3. 

In Fig. 19 some scatter in the results is apparent, although, in 
general, it is not much greater than the differences in true-stress 
versus natural-strain relationships exhibited by the coupons taken 
from the tubes (Fig. 3). The true-stress versus natural-strain 
diagrams in Fig. 3 generally fall within the limits of the extreme 
curves in Fig. 19. It is to be noted, however, that for specimens 
5 and 9 the strains at the point of rupture were considerably less 
than those of the coupons. 

The applicability of the generalized theory to the behavior of 
specimen 9 was investigated for the loading cycle involving a vari- 
able stress ratio in the plastic range (cycle 6, Fig. 2). Effec- 
tively, the specimen was loaded in simple tension until the axial 
stress reached 54,000 psi; then this stress was maintained con- 
stant while the circumferential stress was increased until frac- 
ture occurred. A representation of the stress conditions during 
this cycle of loading is given in Fig. 20. First oz, the longitudinal 
stress, was brought up from zero to 54,000 psi (at A) in simple 
tension, through the elastic range, and then in the plastic range. 
Then as or, the circumferential stress, was brought from zero 
(at A) to 54,000 psi (at A’), the material deformed elastically 
only since the stresses were inside the new effective limit of 
elastic action. As the circumferential stress was still further 
increased up to fracture (at B), plastic deformation again took 
place. The relationships between the computed stresses and 
strains in the three principal directions, shown in Fig. 21, exhibit 
reasonable correlation with the test results. 


CONCLUSIONS 


1 The particular steels employed were ductile at 70 F under 
the various biaxial stress conditions imposed, and fractured by 
shear. 

2 The specimen tested at —138 F with internal pressure only 
(er/o, = 2) exhibited considerable plastic extension( up to 50 
per cent) before fracture occurred by cleavage (Table 3). This 
experiment serves to emphasize the fact that a cleavage fracture 
is not necessarily associated with brittle behavior. The tem- 
perature necessary to cause cleavage fracture was successfully 
predicted from bend tests on wide flat bars (in which the stress 
ratio was essentially the same as that used in the test of the tubu- 
lar specimen). 

3 Tubes tested at —138 F with a stress ratio of or/o, = 1 
were, in effect, brittle (Table 3). The fractures started in or 
adjacent to the weld metal, then the tubes fractured into a num- 
ber of small pieces. Maximum elongations were only a few per 
cent. This behavior is attributed to a multiaxial stress condition 
at the ends, however, and is not to be associated with behavior 
under uniform biaxial (plane) stress. The failures seemed to be 
greatly influenced by the bending stresses and discontinuity at the 
welded junction with the end connections. It is considered that 
the potential ductility of the metal under biaxial stresses remains 
high at this temperature. 

4 It appears that the aluminum-deoxidized steel, of which 
the majority of the tubes in these tests were made, was not 
susceptible to cleavage fracture at temperatures as low as —130 
F, so long as the applied loads produced a biaxial state of stress 
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only. Apparently a triaxial state of stress is necessary in order 
to cause cleavage fractures in this steel at about this temperature 
or higher. 

5 For all specimens tested at 70 F, a reasonably good corre- 
lation between observed plastic behavior and that predicted by 
the modified octahedral shear stress-strain concept was found 
(Figs. 18 and 19). In some instances, however, the strains 
at fracture were considerably less than those indicated from 
theoretical considerations; this was notable in the case where a 
variable ratio of principal stresses was employed during loading. 
For the specimen tested with ratios of longitudinal to circumfer- 
ential stress which varied during test, reasonably satisfactory 
agreement between measured and calculated strains was ob- 
tained when the calculations were based upon the generalized 
theory proposed by Dorn (Fig. 21). 
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The Effect of Size and Stored Energy on the 


Fracture of Tubular Specimens 


By E. A. DAVIS,' EAST PITTSBURGH, PA. 


Internal pressure tests on tubular specimens are de- 
scribed in this paper. Tests were run on three sizes of 
specimens. In one half of the tests, a high-pressure 
chamber was used in connection with the specimens to 
store additional energy in the test system. Both pure in- 
ternal pressure and pure circumferential tension tests 
were made. The size effect as shown by the tests was 
negligible. The effect of the stored energy showed up only 
after the fracture actually started. In the high-energy 
tests, the extent of the fracture was much greater than 
in the low-energy tests. 


NOMENCLATURE 
The following nomenclature is used in the paper: 


normal stress 

true normal stress 
shearing stress 

true shearing stress 
ordinary normal strain 
natural strain 

ordinary shearing strain 
true shearing strain 
octahedral shearing stress 
octahedral shearing strain 
pressure 

wall thickness 


maa 


The subscripts a, ¢, and r refer to the axial, tangential, and 
radial directions in the tube, respectively. The octahedral shear- 
ing stresses and strains are defined by the following equations 


/@.—6)? + @,—8,)* + (6, 


ProGraM OF TESTS 


This investigation was planned by Dr. A. Nadai of the West- 
inghouse Research Laboratories and members of the staff of the 
David Taylor Model Basin of Washington, D. C. The program 
included tests on three different sizes of tubular specimens. Each 
size of specimen was to be tested under two different conditions 
of stress and with two different amounts of energy stored in the 
test system. The largest specimens used in this investigation had 
an inside diameter of 3 in., a wall thickness of '/, in., and a cen- 
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tral cylindrical section 19 in. long. These dimensions are the 
same as those used by Griffis and Morikawa? at the Illinois 
Institute of Technology. They were chosen the same so that 
the results of two of the tests which they reported could be used 
as part of this investigation. These two tests.are marked B-1 
and B-6 in Figs. 3 and 4. The intermediate-size specimens were 
one half and the smallest specimens were one fourth of the size 
of the largest specimens. The test portions of each size were 
geometrically similar. 

One half of the specimens were tested under conditions of pure 
internal pressure where the tangential stress was approximately 
twice the axial stress (¢;/¢g = 2). The other specimens were 
tested under pure circumferential tension (o;/¢g = ©). For 
these latter tests the end of the specimen was closed with a lapped 
plug, and the end load due to the pressure on this plug was carried 
through a framework outside the tube, as shown in Fig. 1. 

As a means of storing additional energy in the test system a 
6-ft-length of 3'/:-in-ID tubing was attached at one end of the 
specimen. The lower end of this tube can be seen at the top of 
Fig. 1. For the high-energy tests, this tube was filled with 3 atm 
of nitrogen at the beginning of the test. For the low-energy tests 
the additional tube was disconnected and all the air was bled from 
the system. 

The test program in tabular form is given in the first three 
rows of Table 1. 


MATERIAL 


The material used for these tubular tests was obtained in the 
form of a 4!/,-in-diam bar from the Illinois Institute of Tech- 
nology. It was one of the bars of the lot used by Griffis and 
Morikawa.? The bars were made by the Carnegie Illinois Steel 
Corporation of Pittsburgh, Pa. The following three paragraphs 
are quoted from the foregoing paper.?* 

“The material studied in this investigation is a semikilled 
medium ship steel, rolled into 4!/,-in. round bars on special order 
placed with Carnegie-Illinois Steel Company in Pittsburgh, 
Pennsylvania. Sixteen bars, each 15 feet long, were obtained 
from the same heat of steel as used to furnish */,-in. plates for the 
investigations of NDRC Research Project NRC-75. In the 
present testing program, only six bars are being used. | 

“The following information, has been furnished by representa- 
tives of Carnegie-Illinois Steel Company, concerning the history 
of the heat involved, and must be considered as representing 
plate properties rather than bar properties: 


(1) Heat number: 72L122 
(2) Mechanical Properties: 
Yield point 37,950 psi 
Ultimate strength 59,910 psi 
Elongation, per cent in 2 in. 33.5 
Bend test OK 


(3) Deoxidation practice: 
Semikilled practice using 1'/s lb of silicon per ton in the ladle 
and 1/2 lb of aluminum per ton fed in the molds. 
(4) Finishing temperature: 1900 deg 
2 “Behavior of Steel Conditions of Multiaxial Stress,”’ by LeVan 
Griffis and G. H. Morikawa (NS 307), NDRC Report, OSRD No. 
4793, Serial No. M444, Feb. 22, 1945. 
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TABLE 1 RUPTURE DATA 


| STRESS RATIO 2 | | 
‘ENERGY - HIGH OR LOW HIGH cn | tow | tow | Low | HIGH | LOW | HIGH | HIGH | HIGH 
SIZE [SMALL [SMALL [SMALL | MED. | MED. | MED. | |LaRGE | Lance 
MAX BEFORE RUPT. 18425 | 8840. 8380 | 8230 | 8400 | 6280 | 8250 | 8500 | 8150 
AT RUPTURE 8420 |8840 | 8300 , 8050 | 8000 | 8000 | 8250 | 8250 | 8120 | 8310_ 
0.0. 1.076 | .975 | .990 | 1.037 [2.140 | 2.170 | 2.200 | 2.043 | 3.920 | 4.367 
h AVERAGE 054 054 | .098| 104) 102] 102 | .218 .209 
MIN 080 .051 | | .093| .098| .095| .097/ _.208 | _.202, 
| 15200 | 33400 30600 | 11400 | 37800 |14900 | 16700 | 35200 | 30500/15800 
de [75100 | 75900 | 75000) 9300 ‘80000 | 80700 | 76000 | 67500) 81000 | 
Tn, 4200 | 4400 | 4150 | 4000 | 4000 | 4000 | 4100 | 4100 | 4100 | 4200 | 
047 | +.062 |+.06i |-.044 |+.022 |-.053 |-.046 |+.033 |+.044 |-.062 
Ee #.231 +. +.139 [+190 | +.229 |+.240 | +.256° 
Ew -.184 | -.173 | -.200 |-.146 |-.251 |-.187 |- .210 -|-.174 |- .184 | 
| 9700 |18900 | 17400 | 7700 |20900 |9450 | 10400 | 19700 | 17390 |10000° 
Tar _|42950 | 39750 | 40000 | 39500 | 41650 | 42000/ 42400 | 40100 | 35800/ 42600 
Tra 33250 | 20850 | 22600/ 31800 | 20750| 32550/32000| 20400 | 18500 | 32600 
+137 [4.235 |+.261 [+102 |+.273 |+.134 |+.164 |+.244 [+218 [+122 | 
7 -415 |-.284 |-.339 |-.336 |-.480 |-.427 |-.466 |-.389 |-.304 |-430 | 
¥.278 |+.049 |+ .078 |+.234 |+.207 | +.293 |+ .302 .145 | 4.086 |+.308 | 
| Tocr 36700 | 32500 | 32800 | 34200 | 34000 | 36000 | 36100 | 32800 | 29200! 36400) 
267 | .248 | .290| .281 | .393 | .358 | .387 | .321 | .256 | .363 


“The material furnished was produced to meet the requirements 
of American Bureau of Shipping hull steel specification, ultimate 
strength 58,000 to 70,000 psi. The per cent chemical composition 
determined for Bar #1 and checking closely that given by the 
steel company is as follows 


C, 0.23 Mn, 0.47 P,0.01f S, 0.042 Si, 0.02” 


PREPARATION OF SPECIMENS 


The large and intermediate specimens were machined from the 
4!/,-in-diam bar with the axes of the bar and the tube coinciding. 
For the small specimens the bar was quartered and one tube was 
machined from each quarter. The material was annealed before 
machining to conform with the annealed material of Griffis and 
Morikawa. The treatment consisted of heating to 1650 F, hold- 
ing at temperature for 4 hr, and then furnace-cooling. The an- 
nealing and machining was done at the National Forge & Ord- 
nance Company, Irvine, Pa. 

Before the specimens could be tested it was necessary to meas- 
ure the wall thickness at several positions along the circumfer- 
ence. It was found that the thickness of the walls did not vary 
much along the length of the specimen but that considerable 
variation existed along the circumference. Table 2 shows the 
average wall thickness at 90-deg intervals along the circumference 
of each tube. The values given for the small and intermediate 
tubes are averages of five readings taken along the length of the 
specimen at that position. The values given for the large tubes 
are averages of nine such readings. 

Due to the difficulty of measuring wall thickness of long tubes, 

. there may be some doubt about the last significant figure given in 
Table 2. On individual readings it was always possible by re- 
peating readings to check the third figure and usually it was 
possible to come within 0.0003 in. of checking the fourth figure. 


Test PROcEDURE AND MEASUREMENT OF STRAINS 


™ The pressure for loading the specimens was supplied by an 
Fig. 1 Trst Setup FoR o%/¢q = © Amsler high-pressure pump. Since the stress ratios used in these 
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TABLE 2 WALL THICKNESSES 
Position 
Specimen A B D 
1 0.0625 0.0620 0.0625 0.0630 
2 0.0620 0.0635 0.0640 0.0625 
3 0.0640 0.0610 0.0615 0.0640 
4 0.0605 0.0630 0.0640 0.0620 
5 0.1260 0.1260 0.1265 0.1260 
6 0,1240 12 0.1270 0.1280 
7 0.1245 0.1255 0.1270 0.1265 
8 0.1255 0.1255 0.1260 0.1260 
9 0.2505 0.2510 0.2510 0.2505 
10 0.2510 0.2510 0.2510 0.2500 


Note: Figures given for specimens 1 to 8 are averages of 5 readings taken 
along length of tube. Figures for specimens 9 and 10 are averages of 9 read- 
ings. Positions A, B, C,and D are at 90-deg intervals around circumference. 


tests were ¢,/¢, = 2ando,/o, = ©, there was no need for apply- 
ing an external axial load and consequently no tensile testing 
machine was required. 

For the low-energy tests, the specimens were filled with oil and 
the lines were bled of any entrapped air before the loading started. 
For the high-energy tests, the air was first removed from the 
system by “‘flushing’’ the system with nitrogen. (This was proba- 
bly an unnecessary precaution.) Oil was then pumped into the 
system until the oil level was above all the threaded joints. Two 
more atmospheres of nitrogen were then forced into the tube 
above the specimen. The pressure was then built up by pumping 
oil into the system as in the low-energy tests. 

The magnitude of the strains was obtained by measuring the 
changes in the length and the outside diameter as the pressure 
was increased. To observe the change in length, two gage marks 
were put on the cylindrical part of the specimen. The gage 
marks were made by covering the tube with a colored wax which 
had been dissolvedin benzol. Evaporation of the benzol left a thin 
layer of colored wax on the surface of the specimen. The gage 
markings were then scribed in the wax and were later covered with 
transparent tape. The tape protected the markings while meas- 
urements were made with dividers and a scale. The diameters 
were measured with ordinary micrometers. 

These measurements coupled with the assumption of constant 
volume are enough to determine the strains as long as the gage 
section remains cylindrical. The strains at rupture were deter- 
mined by measuring the circumference and wall thickness after 
failure. The rupture strains thus determined are average strains 
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for a complete circumferential section and are somewhat smaller 
than the actual strains at the point where the fracture started. 


Test REsuLtTs 


Typical stress-strain diagrams are shown in Fig. 2. For the 
pure internal-pressure test (¢,/o, = 2) only the tangential 
stress-strain diagram is plotted. The axial strain under these 
conditions is zero and the radial strain is equal and opposite in 
sign to the tangential strain. For the pure circumferential- 
tension test (¢,/¢, = ©) the axial strains are negative but they 
have been plotted as though they were positive. In this test 
the axial stress should be zero, but an axial load develops due to 
the increase in the inside diameter of the tube. 

The stress-strain diagrams of all the tests were very similar in 
shape, and, for comparison purposes only, the tangential stress- 
strain diagram will be used. The stresses and strains at rupture 
are shown in Table 1. 

In Fig. 3 the stress-strain diagrams are grouped to show the 
effect of size of specimen. In each group of three curves all con- 
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ditions are the same except the size of the specimen. The curves 
are marked with the letter L, J, or S to denote whether the test 
was on a large, intermediate, or small specimen. The curves are 
nearly all of the same shape with the exceptions of specimens 
Nos. 2 and 3, which have smaller strains at rupture than any of the 
others. Specimens Nos. 2 and 3 are both small specimens and 
were both tested with a stress ratio o;/¢, = 2. Specimen No. 9, 
which is a large specimen, broke at an apparent flaw or scratch 
in the surface of the tube. This may be the reason for the early 
fracture of this specimen. The high values of stress and strain 
at rupture in the two curves, taken from the investigation of 
Griffis (specimens B-1 and B-6), are due mostly to the photogrid 
method of determining local strains at rupture. In general, it 
appears that the size effect is negligible in so far as the stress-strain 
diagrams are concerned. 

The stress-strain diagrams are grouped in Fig. 4 to show the 
effect of the amount of energy stored in the system upon the 
strength of the tubes. Each group represents a high- and a low- 
energy test on a certain combination of the other two variables, 
size and stress ratio. Here again the stress-strain diagrams do 
not reveal any great effect of the condition which is being investi- 
gated. 

Since the stress-strain diagrams do not bring out the real differ- 
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ences in the fractures which occurred, it may be well to degcribe 
some of the fractures in detail. The small specimens after rupture 
are shown in Fig. 5. Specimens Nos. 1 and 2 show the results of 
the additional stored energy. As might be expected, the effect 
of the additional stored energy shows up after the specimen 
starts to fail. The stored energy tries to maintain the pressure 
at the fracture while the tube is bursting. This causes much 
larger or longer fractures than would occur where there is very 
little energy stored in the system. 

The fractures all started as shear-type fractures on planes in- 
clined at about 45 deg to the radius. In the small specimens the 
length of this shear failure varied from about */, in. to lin. The 
crack then became a brittle-type fracture. In general, the tend- 
ency was for this crack to “fork” as in specimen No.3. In speci- 
mens Nos. 1 and 2 only one leg of the fork developed. Specimen 
No. 4 was the only one of the entire group which did not fork. 
The ends of the crack in specimen No. 4, however, were brittle 
fractures. In specimens Nos. 1 and 2, the fracture started as a 
shear fracture. It then changed to a brittle fracture and later 
changed back into a shear fracture. This would indicate that the 
type of fracture is influenced by the speed at which the material 
is torn apart. As the fractured material is pushed away from 
the initial position*’at rupture the load is gradually reduced, and 
the speed of tearing is correspondingly reduced to some value 
where the fracture returns to a shear deformation. This same 
behavior was observed in the other high-energy tests. 

The fractures of the intermediate tubes are shown in Fig. 6. 
Specimens Nos. 5 and 7 are the low-energy tests and Nos. 6 and 8 
are high-energy tests. Specimen No. 6 would have opened to a 
greater extent if it had not been restrained by the ring similar to 
that shown in Fig. 1. In general, the fractures of these speci- 
mens were quite like those of the small specimens. All started 
as shear fractures, all developed into brittle fractures, and in the 
high-energy tests both returned to shear fractures. 

The fractures of the large specimens are shown in Fig. 7. The 
opening of specimen No. 10 was restrained by the test frame- 
work just as was specimen No. 6. The fracture surfaces of these 
large specimens are marked with the familiar “herringbone”’ 
pattern. The central portion of the fracture of specimen No. 9 
is shown in Fig. 8. The lower view (R-4926) shows the fracture 
lighted from the right. Another exposure (R-4925) was made 
with the same camera setting but with the light coming from 
the left. The top view in Fig. 8 shows the favorably lighted 
halves of the two exposures. 


Fie. 5 Fracrurep Specimens; SMALL 


E il 
. 
. 


220 JOURNAL OF APPLIED MECHANICS SEPTEMBER, 1948 


Fig. 6 FRracrurep Specimens; INTERMEDIATE 


Discussion oF Test RESULTS 


The object of this section of the paper is to compare the present 
tests with a group of somewhat similar tests made in a previous 
investigation for the David Taylor Model Basin.* 

The specimens in the previous investigation were better ma- 
chined. One of the chief difficulties of the present series of tests 
was the nonuniform wall thicknesses as shown in Table 2. It is 
felt that these initial differences in the thickness of the walls were 
the cause of the large differences at rupture. The minimum 
and the average wall thickness at ruptureare giveninTablel. In 
the previous tests, the thickness of the walls was fairly uniform 
after fracture. The large differences in wall thickness in the 
present investigation cause the average tangential strain at rup- 
ture to be considerably less than the actual tangential strain in 
the neighborhood of the fracture. It would probably have been 
better to have used the photogrid method of obtaining rupture 
strains in the nonuniform tubes of the present investigation. 

The tests revealed very little in so far as size effect was concerned. 
If there was any tendency it was toward a greater amount of 
brittle fracture in the larger tubes. In connection with any dis- 
cussion of size effect, however, it should be recalled that the size 


3 “Yielding and Fracture of Medium Carbon Steel Under Com- 
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of the energy-storage chamber was the same for all tests. Also, 
it should be mentioned that the opening between the energy 
chamber and the specimen had to be slightly smaller than the 
inside diameter of the tube. This may have acted as a greater 
restriction in the case of the smaller tubes. 

As has already been stated, the effect of the stored energy was 
noticeable only after fracture had started. In this investigation 
the additional energy had the greatest effect on the small speci- 
mens. Specimen No. 2 was completely torn into two parts. 
Intermediate specimen No. 8 was ‘“‘opened”’ to a greater extent 
than the large specimen No. 9. 

For purposes of comparison the actual amount of additional 
stored energy was calculated. Rather crude calculations showed 
the energy at a pressure of 8500 psi to be distributed as follows: 


Ft-lb 

(1) Energy stored in steel of extra chamber................. 400 
(2) Energy stored in oil in extrachamber......... lata 6700 
(3) Energy stored in nitrogen... . 13200 
Total additional 14300 

(4) Energy stored in steel in large test specimen............. 200 
(5) Energy stored in oil in large test specimen............... 2300 
Total energy in large specimen....................-. 2500 


The energy stored in the intermediate specimen would be !/, 
of that in the large specimen, while in the small specimens, it 
would be reduced to '/s of the value for the large specimens. 

It has been stated earlier that in the high-energy tests the 
brittle-type fractures changed over to shear fractures during 
the late stages of fracturing. Some idea of how this change takes 
place may be gained from Fig. 9. This is a view of part of the 
fracture of specimen No. 10. The inner part of the ruptured sur- 
face is a brittle-type fracture, while the outer part is a shear-type 
fracture. It appears primarily that the fracture progresses at 
this stage by cracking in a brittle manner at the inside surface of 
the tube. The crack thus formed changes over to a shear defor- 
mation as it reaches the outer portions of the tube wall. 

This interpretation of Fig. 9 suggests an explanation of the 
herringbone fracture. If, in Fig. 9, the specimen cracked first 
on the inside, it is reasonable to think that where the fracture 
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is completely brittle the specimen may crack from both surfaces 
toward the central part of the tube wall. If this would occur at 
the same time as the crack progresses along the tube, the front 
of the traveling crack would be V-shaped and this could easily 
produce the herringbone markings. 

In the previous investigation,* the fractures were completely of 
the shear type. These tests were quite similar to the low-energy 
tests on the intermediate specimens of the present investigation 
in so far as size and test conditions were concerned. The differ- 
ence in the type of fracture obtained in the two series must be 
due to the difference in the material. The chemical compositions 
of the two steels are given here for comparison, as follows: 


Cc Si Mn 8 
Former...... 0.23 0.10 0.62 0.010 0.030 
Present......0.23 0.02 0.47 0.011 0.042 


The former steel had more silicon and less sulphur than the 
present, but whether the composition or some other factors such 
as microstructure or grain size made the difference in the fracture 
properties is not known. 
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Some Properties of a Mechanical Model 
of Plasticity 


By H. F. BOHNENBLUST! ano POL DUWEZ,? PASADENA, CALIF. 


Various mechanical models explaining the plastic de- 
formation of metals have been proposed. One of the pre- 
sent authors’ has shown that in some cases an analytical 
expression for the stress-strain curve and the hysteresis 
curve of a metal in the plastic range can be deduced from 
such a model. The present investigation is a further 
analysis of the model leading to the computation of the 
change in potential energy of the metal due to work-hard- 
ening. 


REVIOUS work by one of the authors? on mechanical 
Prroia demonstrating the plastic deformation of metals is 

extended in the present paper to include the computation of 
change in potential energy of the metal resulting from work- 
hardening. 


DEVELOPMENT 


General Equations for Model. The cold-working of a longi- 
tudinal specimen which is-subjected to a maximal strain z and 
subsequently released until the strain is reduced by the amount 
y is investigated. The reduction y is assumed to be less than x 
throughout the paper. The specimen is replaced by a model con- 
sisting of a large number of individual elements. The behavior 
of each of these elements is characterized by two critical values of 
the strain, « and e«. If the strain, after reaching the value z, 
is subsequently reduced by the amount y, the final stress is as- 
sumed to be given by 


E(x — y) 
o=SE(a—y) if rt>aandy<ate 
—Ee 


The potential energy e stored in the element is 


1 
5 — 
e= Ela—y)? 
€) y 
1 


for the cases just described. 
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The first of the three cases corresponds to small values of x and 
y. The element behaves like a spring with spring constant EF. 
In the second case, slipping occurs after the strain passes the 
critical value «, but the element behaves elastically in the process 
of the contraction. Finally, in the third case, slipping occurs 
both in the elongation and in the subsequent contraction. The 
last possibility, slipping only in the contraction, does not occur 
since y < 2. 

The analytical’ description of o and e given previously can be 
grasped more readily geometrically. For given values of z and y, 
the first quadrant of the (¢:, ¢2) plane is divided into three regions 
I, II, and III, Fig. 1. 


1 
InregionI: o = E(x—y); e = 5 Ble — y)? 
In region II: o = e = — y)? 


1 
—Ee; = Ee? 


I ion III: = 
n region II 3 


The elements which form the specimen have values ¢;, €2 which 


Ee 


> 


y x €, 
Fig. 1 


may vary from element to element. The composition and the 
behavior of the specimen are determined if the distribution of the 
values ¢, and ¢: is known. Let p(e,5) be their density distribu- 
tion, i.e., let p(e, 5)dedé be the percentage of the elements whose 
critical values lie in e, e + de ‘and 5,5 + dé, respectively. The 
function p(e, 5) is > 0, and its integral over the first quadrant is 


equal to 1 
vlc adeds = 1 
The function p(e, 5) is assumed to be symmetrical, i.e. 
ple, 6) = 


Physically, this assumption means that in their totality the ele- 
ments do not distinguish between elongation and contraction; 
although any particular element may show a preference for one 
direction. 

It will be convenient to introduce the function P(e) defined by 
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Obviously 
P() >0 and = 1 


For given values z, y the final stress and the potential energy 
are given by 


c= + firle— ve — fin 
e=1/2 E{(x—y)? ftp + fi (« — y)*p + fin 


The integrals are double integrals extended over the regions I, 
IT, and III as indicated in Fig. 1. 

Discussion of Stress. The expression for the stress can be re- 
duced to 


¢= P(e)de + (e — y)P(6)de 
— fi p} 


and finally to 
P(de + fy Pode} — Efy 

+ Su (6+e—y)p} 
The first part depends on z alone, the second one on y alone 


= — o2(y) 
where 


o1(2) 


Plde + fy? P(ode} | 
Ely + fi (6 +«—wp} 

The stress function o; is the stress-strain relation of the mate- 
rial measured for increasing strain; the second function describes 


the hysteresis curve. Since o2(y) is independent of z, all the 
hysteresis curves are congruent to each other, see Fig. 2. By 


o2(y) 


Fig. 2 


differentiating the relations defining o; and o¢ it is seen that 


= Bf,” > 0,00) = E 
o,"(r) = —EP(z), <0 
and 
ay) = E{1— fir}, 20, = 
= —E p(y — 4, = —E ft" ple, y— ede; $0 
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Both functions are increasing and concave downward. 


Discussion of Potential Energy. The expression for the energy 
e, Equation [1] can also be written in the form 


e= P(e)de + (e — y)*P(e)de 


By symmetry (the region III and the function p are symmetrical 
with respect to the line e = 6) 


Siu = fin and Sir = Siu 
and thus the expression for e can be reduced to 
1 


The last integral can be expressed in terms of o2 by Equation 


[2] 


1 
+y E ox(y) — 


The first two integrals can finally be evaluated in terms of o:(z) 
by substituting EP = —o,” and integrating by parts. The first 
result is 


1 
2 


= xo;(x) — £ oi(e)de — you(x) + yo2(y) 


In the equilibrium position o; is equal to o2 and hence 


= — oi(€)de — ; yo, (x) 


This last expression has a simple geometrical interpretation. 
Let ¢ = o:(e) be the stress-strain curve of the specimen, and let 
x be the maximal strain to which the specimen is subjected, and 
x — y be the permanent strain after unloading. The potential 
energy stored up in the elements of the model is represented jby 
the difference in the areas A and B, Fig. 3 


e=A—B 

A 
a-% 
A 
+B 
& 
ney 
Fie. 3 


: # 
Path 
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Discussion of Relation Between o; and o:. Unless further 
assumptions are made on the distribution p(e, 5), the hysteresis 
curve oz is not determined by the stress-strain curve o;. It is, 
however, restricted to lie between two extreme positions, This 
will be shown following a preliminary discussion of these two 
extreme cases, 


Case 1 
ple, 6) = O,ife +i Sa 


where a isa strain larger than z. In this case 


Jin («+ — wp =0 


since over the region III, p = 0. Hence oz: = Fy, and the hyster- 
esis curve is linear. 

Case 2: For every element « = ¢:, i.e., each element slips in 
either direction for the same value of the strain. In this case, 
the only contribution to the double integrals comes from the 
elements along the main diagonal « = 4, and in particular 


E +é—y)p= E f (2e— y)p 
= — y)P(ode 
The integral on the left is equal to o2(y) — Ey. The last integral 


ean be evaluated in terms of 0; it is equal to 20,(y/2) — Ey. 
Hence in this case 


o2x(y) = 20;(y/2) 
General Case. Consider in the (e, 5) plane the regions A, B, C in 
Fig. 4. In A the function (y — 2¢) is negative, but both in B and 


Fig. 4 
in C it is positive; hence 


Sian 2p < fo —20p 


The region A + B is the region III, symmetrical with respect to 
e=6 


Ey — oly) = S Ep, 
=E — (y — 2e)p = Ey — 2oi(y /2) 
201(y/2) < o2(y) 

Since o2’(y) < E, we have also 


oxy) < Ey 


These last two inequalities applied to the computation of 
the energy e = A — B, Fig. 3, give a lower and an upper bound 
for the value of e 


Ai— B, Se < Az 
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where A;, Bi, Az are the areas corresponding to the extreme 
eases. They are indicated in Figs. 5 and 6. 


g4 


Fig. 5 
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CorRELATION WITH ENERGY MEASUREMENTS 


The change in energy accompanying the cold-working of metals 
has been measured by Taylor and his associates.4;5 The 
method consists in measuring the work done during deformation 
and the amount of heat evolved, the difference between the two 
quantities being the plastic strain energy stored in the specimen. 
In the model it is interpreted as the potential energy e. A high de- 
gree of accuracy is difficult to obtain because the unknown energy 
is the difference between two relatively large measured quantities. 

It is interesting, however, to consider the order of magnitude 
of the energy of cold-hardening and compare it with the results of 
the present analysis. For an annealed copper specimen subjected 
to a strain of about 20 per cent in tension, the energy reported 
by one of the authors® is approximately 10 per cent of the me- 
chanical work performed on the specimen (measured from the 
area under the stress-strain curve). The present analysis has been 
applied to a typical stress-strain curve of annealed copper, given 
in Fig. 7. The computation of the strain energy stored in the 
specimen has been carried for the two extreme cases referred to 
as 1 and 2 in the foregoing discussion of the potential energy in 
the model. In case 1, the unloading curve is straight (curve |, 
Fig. 7); in case 2, it is such that 


ox(y) = 20,(y/2) 
as shown in Fig. 3. 


4“The Heat Developed During Plastic Deformation of Metals,” 
by W.S. Farren and G. I. Taylor, Proceedings of the Royal Society 
of London, England, series A, vol. 107, 1925, p. 422. 

5 “The Latent Energy Remaining in a Metal After Cold Working,” 
by G. I. Taylor and H. Quinney, Proceedings of the Royal Society 
of London England, series A, vol. 134, 1934, p. 307. 

6 “The Emission of the Latent Energy Due to Previous Cold Work- 
irig When a Metal Is Heated,” by G. I. Taylor and H. Quinney, 
Proceedings of the Royal Society of London, England, series A, vol. 
163, 1937, p. 157. 
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Fic. 7 Srress-Srrain Curve FoR ANNEALED CopPpeR SPECIMEN 


The results of the computation are shown in Fig. 8 in which 
curve (1) is the energy of deformation computed from the area 
under the stress-strain curve, and curves (2) and (3) are the 
energy of cold-hardening corresponding to the two extreme pos- 
sibilities which can happen in the model. The limiting values for 
the energy of cold-hardening for a strain of 20 per cent are 0.07 
cal per g and 0.25 cal per g. Expressed as a percentage of the 
energy of deformation, these values are 9.5 and 34 per cent, 
respectively. Since the measured value is of the order of magni- 
tude of 10 per cent, it may be assumed that during unloading the 
stress-strain relation is of the type indicated by curve 2 in Fig. 
7, and deviates considerably from Hooke’s law. 
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Energy (col/gr) 


Strain (per cent) 


Fic. 8 VARIATION OF ENerRGY WITH STRAIN 


(1, Energy of deformation; 2 and 3, energy of cold-hardening computed 
for model under two different assumptions.) 


Unfortunately, the measurements given are the only ones 
available in the literature. They are too scanty to provide more 
than a little evidence of the value of the mechanical model as a 
means of computing the energy of cold-hardening. It is hoped 
that more accurate measurements of the heat of cold-hardening 
will be possible in the future, in which case the comparison of the 
results with the computations based upon the model should be of 
interest in the understanding of the mechanism of cold-working. 
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The Stress-Strain Laws of the Mathematical 
Theory of Plasticity—a Survey 


of Recent Progress 


By WILLIAM PRAGER,? PROVIDENCE, R. I. 


Typical stress-strain laws of flow and deformation types 
are discussed with particular reference to the conditions of 
continuity and uniqueness which these laws must fulfill 
if they are to make sense physically. Alternative forms 
of some of these laws are presented, and conditions are 
discussed under which different laws yield identical results. 
It is shown how these laws may be generalized so as to fit 
test data more readily. Methods of integration are indi- 
cated and the use of variational principles is stressed. 


INTRODUCTION 


HE “physical” theory of plasticity interprets the plastic 

behavior of materials in terms of general concepts concern- 

ing the structure of matter. On account of the many 
difficulties inherent in this undertaking, the discussion must be 
limited to conditions which are far less complex than those en- 
countered in most machine parts or structural elements. The 
‘‘mathematical’’ theory of plasticity, on the other hand, discusses 
the plastic behavior of materials on a purely phenomenological 
basis. The plastic material is treated as a continuous medium, 
and the relations between stress, strain, rate of stress, velocity 
strain, and the like, are assumed to be known for homogeneous 
states of stress and strain. The typical problem of the mathe- 
matical theory of plasticity consists, then, of the prediction of 
the mechanical behavior at interior points of a plastic body, when 
the conditions of stressing or straining are known on the sur- 
face. The solution of this problem is based on the (often tacit) 
assumption that the relations between stress, strain, rate of 
stress, velocity strain, etc., for homogeneous states of stress and 
strain apply to the ‘“‘local’’ values when the states of stress 
and strain are not homogeneous. 

Both theories are bound to make valuable contributions to 
engineering. The physical theory of plasticity provides a better 
understanding of the mechanism of plastic flow and hence the 
basis for the proper choice and the improvement of engineering 
materials. The mathematical theory of plasticity, on the other 
hand, makes possible the analysis of stresses and strains beyond 
the elastic range. Therefore it forms the basis for the realistic 
evaluation of the load-carrying capacity of machine parts or 
structural elements and for the control of technological forming 
processes like drawing, rolling, or extruding. 


1 The survey presented in this paper was prepared in the course 
of research conducted under Contract N7onr-358 sponsored jointly 
by the Office of Naval Research and the Bureau of Ships. 

2 Professor, Applied Mechanics, Brown University. Mem. ASME. 

Presented as part of a Symposium on Flow and Fracture 
of Metals, at the National Meeting of the Applied Mechanics Divi- 
sion, Chicago, IIll., June 17-19, 1948, of THz AMERICAN SOCIETY OF 
MECHANICAL ENGINEERS. 

Discussion of this paper should be addressed to the Secretary, 
ASME, 29 West 39th Street, New York, N. Y., and will be accepted 
until October 11, 1948, for publication at a later date. Discussion 
received after the closing date will be returned. 

Nore: Statements and opinions advanced in papers are to be 
understood as individual expressions of their authors and not those 
of the Society. Paper No. 48—APM-14. 


The present paper is concerned exclusively with the mathe- 
matical theory of plasticity (1).** Progress in this field may be 
achieved by (a) the critical discussion of stress-strain laws and 
their general consequences for the mechanical behavior of plastic 
materials obeying these laws, and (b) the solution of concrete 
problems concerning the analysis of stress and strain in the plas- 
tic range. The relative importance attributed to these two kinds 
of progress depends on what point of view is taken. There is no 
doubt that from the short-term point of view of immediate use- 
fulness to the designer, the second type of progress is most de- 
sirable. It seems equally obvious to the author, however, that 
the first type of progress contributes more to the long-term de- 
velopment of the mathematical theory of plasticity. 


Basic CoNcEpTs 


A survey of the kind attempted in this paper is greatly facili- 
tated by the use of an adequate terminology. Unfortunately, 
no consistent system of classifying stress-strain laws has as yet 
found universal acceptance in the mathematical theory of plas- 
ticity. To avoid ambiguity, certain basic concepts and terms 
used in the following must therefore be clearly defined. 

Limitation of space makes it necessary to simplify the stress- 
strain laws as much as is possible without losing essential features. 
Accordingly, the discussion will be restricted to ‘‘small’’ (infini- 
tesimal) displacements and strains whenever the stress-strain 
law of a material involves the (displacement) strain and not 
only the velocity strain. Moreover, the plastic materials con- 
sidered in the following will be assumed to be “‘isotropic,”’ “‘in- 
viscid,” and “incompressible.” 

The importance of the first restriction is most readily under- 
stood by reference to the theories of elastic solids and viscous 
fluids. The well-known “linear” theory of elasticity assumes 
‘fnfinitesimal’’ displacements and strains. Its extension to 
‘finite’ displacements and strains leads to nonlinear differential 
equations which defy integration in all but the most simple cases, 
see, for instance, reference (2). No difficulty of this kind is 
encountered in the theory of viscous fluids, in spite of the fact 
that this theory does not impose any restrictions on the magni- 
tudes of the displacements of strains to which a fluid element may 
be subjected. This remarkable difference between the two 
theories springs from the following difference between their stress- 
strain laws: In the theory of elasticity, the stress is related to the 
“strain,” in the theory of viscous fluids to the ‘velocity strain.” 

A stress-strain law is said to be of the ‘“‘deformation” type 
or “flow” type, according to whether, in addition to the stress or 
the rate of stress, it contains the strain or the velocity strain. 
Stress-strain laws of the deformation type do not lend themselves 
as well to the treatment of problems involving finite displace- 
ments or strains as do stress-strain laws of the flow type. 


3 For a discussion of recent developments in the physical theory 
of plasticity from the engineering point of view, the reader is referred 
to a paper by Koehler and Seitz. 

4 Numbers in parentheses refer to the Bibliography at the end of 
the paper. 
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In this paper the term isotropic is used in the restricted 
sense, referring to the virgin state of the material and implying 
the absence of privileged directions in this state. Once a state of 
stress is impressed on the material, however, its principal axes 
may well play the role of axes of orthotropy. The concept of 
isotropy used here therefore does not exclude what is often 
called ‘anisotropy due to stress,’’ but “anisotropy due to strain” 
is ruled out by the restriction to infinitesimal strains. 

The restriction of the discussion to inviscid materials is 
suggested by the fact that for moderate strain rates and tem- 
peratures, the mechanical behavior of structural metals is prac- 
tically independent of the speed with which a test is conducted. 
A stress-strain law, purporting to describe the mechanical be- 
havior of an inviscid material, must contain the rates of stress 
and strain in a homogeneous fashion (or not at all), so that the 
mechanical behavior represented by this law is not affected by an 
arbitrary distortion of the time scale. 

The assumption of incompressibility, finally, is suggested by the 
fact that, for moderate pressures, quasi-isotropic structural 
metals are not found to exhibit appreciable ‘‘permanent’”’ changes 
in volume. Accordingly, it is customary to assume that the 
permanent strain involves only a change in shape but no change 
in volume, while the reversible elastic strain is connected to the 
stress by Hooke’s law. Applied to simple tension, for instance, 
this assumption furnishes a ratio of lateral contraction to longi- 
tudinal extension which increases with the strain starting from 
the value of Poisson’s ratio in the elastic range and tending 
asymptotically to the value '/: For the sake of mathematical 
simplicity, this quite realistic assumption is sometimes replaced 
by a less realistic one according to which Poisson’s ratio has the 
constant value '/, throughout the plastic range, and a differ- 
ent constant value in the elastic range. In problems involving 
elastic and plastic regions, this assumption leads to certain dis- 
continuities of the stress or strain components at the boundaries 
between the elastic and plastic regions, and therefore is not very 
satisfactory. Wherever mathematical simplicity is desirable, for 
instance, for the sake of brevity as in this paper, the assumption 
of incompressibility must be made for the elastic as well as for 
the plastic range, if discontinuities of this kind are to be avoided. 
This assumption is the least important one discussed so far; it 
can be avoided at the price of a comparatively small increase in 
the complexity of the mathematical formulas. 

With reference to rectangular co-ordinates 2, y, z, the state of 
stress at a point is defined by the normal stresses ¢,, ¢,, ¢,, and 
the shearing stresses 7,,, 7,., 7:2. It is often found useful to con- 
sider the state of stress as resulting from the superposition of a 


state of hydrostatic pressure of the intensity p = —(o, + o, + 
7,)/3 and the “stress deviation,’ which has the normal com- 
ponents® 
1 
o,, =o, +p= 3 (20, —o,—<¢,), (2, y, 2)....-. 


and the same shearing components as the state of stress itself. 

An incompressible isotropic material is not deformed at all by 
mere hydrostatic pressure. In generalization of this fact it is 
usually assumed that under any state of stress the deformation of 
an incompressible isotropic material depends only upon the stress 
deviation and not on the hydrostatic pressure p. 

An alternative way of defining the state of stress at a point 
consists in giving the principal stresses o1, 2, ¢3, and the orienta- 
tion of the principal axes (e.g., by means of three Eulerian 


° See, for instance, reference (3), chapt. iv, sec. 5. 

* The symbols (z, y, z) or (1, 2, 3) following an equation indicate 
that two further equations are to be obtained by cyclic permuta- 
tion of the subscripts z, y,2 or 1, 2,3. 
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angles). In many problems concerning isotropic materials the 
orientation of the principal axes is irrelevant. In such cases 


‘the state of stress is adequately defined by the three principal 


stresses. The stress deviation has the same principal axes as the 
state of stress and the principal components 


When the stress deviation is referred to arbitrary axes, its 
principal components o;’, a2’, 03’ are obtained as the roots of the 
cubic equation 


where 
1 
Try Ter 
Js = [5] 
Ter Tye 


The quantities J: and J; are “invariants” of the stress deviation, 
i.e., the right-hand sides of Equations [4] and [5] are independent 
of the co-ordinate system to which the stress deviation is referred. 

The principal components of the stress deviation satisfy the 
equation 


Accordingly, the stress deviation can be described by two quan- 
tities in cases where the orientation of its principal axes is im- 
material. The invariants Jz and J; are particularly suitable for 
this purpose, because they are easily evaluated even if the stress 
deviation is referred to arbitrary axes, and they furnish the prin- 
cipal components of the stress deviation as the roots of the cubic 
Equation [3]. 

The invariant J2 is related to the octahedral shearing stress,’ 


7 by means of 
2 
T= 


The fact that J: admits this “physical interpretation” (and an 
alternative one in terms of elastic energy associated with the 
change of shape) whereas no equally simple interpretation seems 
possible for J;, has caused the invariant J; to be overlooked com- 
pletely in most stress-strain laws proposed for plastic materials. 
Actually, J; is indispensable if certain,experimentally observed 
effects are to be represented by the stress-strain law, e.g., in the 
case of a material which exhibits different behavior in tension 
and compression. Indeed, the invariant J2 is of even order in the 
stress components, and thus does not change sign when the signs 
of all stress components are reversed; the invariant J3, on the 
other hand, is odd in the stress components. 

The state of strain is defined by the normal strains e,, ¢,, «, and 
the shear strains y,,, Or, alternatively, by the principal 
strains €, €2, ¢; and the orientation of the principal axes of strain. 
On account of the assumed incompressibility of the material 


In terms of the (infinitesimal) displacement components u,, u,, 
y,, the (infinitesimal) strain components are defined as follows 


ou, ou, Ou, 
ox ox oy 
7 The octahedral shearing stress is the shearing stress transmitted 
across a surface element which has the same orientation with respect 
to the principal axes of stress as has a face of an octahedron with 
respect to its axes. 
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When the state of strain is referred to arbitrary axes, the prin- 
cipal strains may be found as the roots of the cubic equation® 


where the “strain invariants” J; and J; are defined as follows 


1 1 
I, = 2 + e,* + 4 (Yay* Yye > {11] 
1 1 

€, 2 2 Yer 
1 1 

1 1 


The invariant J, is related to the octahedral shear strain y by 
means of 


In the stress-strain laws discussed in the following, the ‘‘rates,’’® 
of the stress-deviation components do,’/dt,..., dr,,/dt,... and 
the components of the velocity strain will be used in addition 
to the components of stress and strain. In terms of the velocity 
components v,, v,, v,, the components of the velocity strain are 
defined as follows" 


e 
oz 


ov, ov, 
Ixy = + Oy" 


On account of the incompressibility of the material 


The symbols K: and K; will be used to denote invariants which 
are formed with the components of the velocity strain in pre- 
cisely the same manner as J; and J; are formed with the strain 
components. 


Typicat StrREss-STRAIN Laws 


Under the assumption of incompressibility adopted here, the 
stress-strain law of an elastic solid (Hooke’s law) reduces to 


2Gee, = Gorey = Tey [16] 


where Gy is the shear modulus. While the stress determines the 
strain uniquely, the strain determines the stress only to within 
an arbitrary hydrostatic pressure. This is natural in the case of 
an incompressible material which is not deformed at all by hydro- 
static pressure. 

On account of the smallness of elastic strains, Hooke’s law is 
equivalent to the following relation between the velocity strain 
and the rate of stress 


2Gee, = do,'/dt, Geg,, = dr,,/dt.......... [17] 


8 It should be noted that this statement presupposes the incom- 
pressibility of the material. 

* When a stress-strain law of the flow type is used, it is convenient 
to adopt the Eulerian manner of describing the flow. The “material” 
rate do,’/dt, for instance, is then given by 


do,’ de,’ de,’ de,’ 


where vz, vy, %, are the velocity components. 

” It should be noted that the components of the velocity strain are 
identical with the rates of the strain components only under the as- 
sumption of infinitesimal strain. In the case of finite strain, the 
velocity strain is identical with the rate of ‘‘natural strain.” 
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The strain in a plastic material may be considered as the sum of 
the recoverable elastic strain with the components o’,/(2G),..., 
r,,/Ge, .. . and the permanent plastic strain, the components of 
which will be denoted by ¢,*,..., For small strains, 
this decomposition is equivalent to that of the velocity strain 
into elastic components (1/3 do,’/dt, .. , (1/Ge)dr,,/dt,... and 
plastic components e,*,..., 92)*,---.+ For finite strains, the 
latter decomposition may be interpreted as affecting the rate of 
natural strain. 

A plastic material is said to be perfectly plastic if it can flow 
under constant stress. If, on the other hand, any change of strain 
presupposes a change of stress, the material is said to exhibit 
work-hardening. 

The mechanical behavior of an elastic material is expressed by 
the set of six Equations [16]. The description of the more com- 
plex behavior of plastic materials requires at least two such sets. 
Indeed, the occurrence of permanent strains means that different 
stress-strain laws must be used for “loading” and ‘“‘unloading,”’ 
i.e., for changes of stress which produce changes of permanent 
strain or affect only the elastic strain. Moreover, for a plastic 
material with a well-defined yield limit, Hooke’s law may be 
used up to this limit, and an entirely different law thereafter. 
For perfectly plastic materials such a sharp distinction between 
the elastic and plastic ranges can hardly be avoided; for work- 
hardening materials, however, stress-strain laws may be used 
which, for the first loading at least, represent a gradual transi- 
tion from elastic to plastic state. 

Equation [17] constitutes the most convenient stress-strain law 
for unloading because it does not contain the stress or strain 
at which unloading began. If separate stress-strain laws are 
used for the elastic and plastic ranges, Equations [16] or [17] will 
be used for the elastic range, according to whether a stress-strain 
law of the deformation or flow type is used in the plastic range. 
In the plastic range, finally, the formulation of a stress-strain 
law requires only the establishment of equations for the ‘‘plastic” 
strain or velocity strain, since the “elastic” strain or veloc- 
ity strain is assumed to be given by Equations [16] or [17]. The 
stress-strain law for the plastic range must be supplemented by 
the “yield condition” and the “criterion for unloading;’’ these 
establish the conditions under which the development of the 
permanent strain begins and ends, and thus furnish the limits 
between which the plastic stress-strain law applies. 

For an isotropic material, the yield condition must have the 
form 


if hydrostatic.pressure is not to affect the yielding. The most 
frequently used yield conditions are those of Tresca (4) and Mises 
(5). The latter yield condition is 


where k denotes the yield stress in pure shear, while the first re- 
quires the maximum shearing stress to have the value k. Ex- 
pressed in terms of the invariants J; and J;, Tresca’s yield condi- 
tion takes the form 


4J — 27J3* — 36k*J2? + 96k‘, — = 0..... [20] 


Even under the most unfavorable circumstances, the value of 
Vv. J2 furnished by Tresca’s yield condition differs from the value 
k furnished by the Mises condition only by about 15 per cent. 
Since the two yield conditions thus do not differ very much in 
their predictions, the Mises condition is preferable on account of 
its greater simplicity. 

For perfectly plastic materials, the yield condition also plays 
the role of “flow condition,” i.e., it is satisfied not only at the 
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instant when permanent strain begins to develop but throughout 
the plastic range. 

The yield condition involves only the instantaneous state of 
stress. The criterion for unloading, on the other hand, may con- 
tain the instantaneous states of stress or strain and their rates 
of change. When a stress-strain law has been tentatively as- 
sumed for the plastic range, the criterion for unloading can be 
obtained from the condition that the specific power of plastic 
deformation P* must be positive 


P* = a,’e,* + o,'¢,* + 0,'€," + 


Any change of stress which would lead to a plastic velocity 
strain violating Equation [21] therefore must constitute un- 
loading. 

The first stress-strain law proposed for the plastic range was 
formulated by Saint Venant (6) for the two-dimensional case, 
extended by Lévy (7) to the three-dimensional case, and finally 
somewhat modified by Mises (5) so as to assume a simpler 
mathematical form. This law is of the flow type and is meant 
to describe the mechanical behavior of a perfectly plastic material 
which is rigid up to the yield limit. The principal axes of stress 
and velocity strain are assumed to coincide, and the principal 
values of the stress deviation to have the same ratios to each 
other as the principal values of the velocity strain. Saint Venant 
and Lévy used Tresca’s condition, Equation [20], as the flow 
condition; Mises replaced this by the simpler Equation [19]. 

In the case of “plane” plastic flow which has been studied in 
greater detail than other cases, the theories of Saint Venant- 
Lévy and Mises become identical. In the general three-dimen- 
sional case, Mises’ law can be written in the form 


on’ = ke,/WKa tay = Kx, (2, y, [22] 


Since the invariant AK, has the same dimension as the com- 
ponents of the velocity strain, the stress-strain relation Equation 
[22] is independent of the speed of deformation. 

Substitution of Equation [22] into Equation [4] leads to Mises’ 
yield condition, Equation [19]. The stress-strain relations, 
Equations [22] imply therefore that J; = k*. Under a state 
of stress for which J: < k*, the material is not supposed to de- 
form at all, i.e., the components of the velocity strain are sup- 
posed to vanish. This assumption of rigidity below the yield 
limit makes a rigorous stress’ analysis impossible in all cases in 
which plastic and not yet plastic regions exist side by side; Equa- 
tions [22] furnish an adequate basis for stress analysis only when 
the plastic region extends throughout the body under considera- 
tion, 

Prandtl (8) and Reuss (9) generalized the stress-strain law of 
Mises by taking account of the elastic strain. The stress-strain 
law of Prandtl and Reuss is based on the assumptions that the 
principal axes of stress and plastic velocity strain coincide, and 
that the principal values of the stress deviation have the same 
ratios to each other as the principal values of the plastic velocity 
strain. These assumptions lead to the following relations 


do,'/dt = 2Gele, — (P/2k*)o,'] 
dr,,/dt = Golda, — (P/k*) tay) 


where the stresses are supposed to satisfy the Mises yield con- 
dition, Equation [19], and 


[23] 


P= + o,'e, +- TayGey + yz [24] 


denotes the specific power of deformation. 

The relations, Equation [23], furnish the rate of stress when 
stress and velocity strain are given. During the plastic flow of 
this perfectly plastic material J; = k* or 


Substitution of Equations [4] and [23] into Equation [25] gives 
J, = 

Comparison of Equation [23] with Hooke’s law as represented 
by Equation [17] shows that Prandt] and Reuss assume the 
components of the plastic velocity strain to have the values 


Substitution of Equations [26] into [21] and use of Equations 
[4], [19], and [24] yields 


as the condition of loading. When the given stress and velocity 
strain are such as to yield a negative value of P, unloading takes 
place and the stress-strain law, Equations [23], must be replaced 
by Hooke’s law in the form Equation [17]; this law must also be 
applied during loading as long as J; < k*. Equation [27] shows 
that during plastic flow the specific power P goes entirely into 
the production of permanent deformations and that, if elastic 
deformations occur at all during plastic flow, they do not absorb 
any power. 

A stress-strain law of the deformation type which describes 
perfectly plastic behavior has been formulated by Hencky (10). 
It is based upon the following assumptions: (a) The principal 
axes of stress and plastic strain (not velocity strain) coincide; 
(b) the principal values of the stress deviation have the same ratios 
to each other as the principal values of the plastic strain; and 
(c) during plastic deformation J; = k. The stress-strain relations 
derived from these assumptions are 


= tay = (2, 2). (28 
and the criterion for loading is found to be , 
dI,/dt > 0...., [29] 


When the strains vary in such a manner that Relation [29] is 
not satisfied, unloading takes place, and Equations [28] must be 
replaced by Hooke’s law in the form of Equations [16]; this law 
must also be used during loading as long as J; < k?. 

What is probably the most frequently used stress-strain law 
for plastic materials has been formulated by Nadai (11); it repre- 
sents the mechanical behavior of a work-hardening material with 
continuous transition from elastic to plastic state and is of the 
deformation type. The stress-strain relations strongly resemble 
Hooke’s law, Equations [16]; they have the form 


[30] 


where the “‘secant shear modulus” G is supposed to be a function 
of the stress invariant J: (or, what amounts to the same thing, 
a function of the octahedral shearing stress). The condition 
that the specific plastic work must be positive requires that 


o,' = 2G¢,, 


Cay 


for loading. For most materials the secant shear modulus is a 
monotonically decreasing function of J2; the bracketed expres- 
sion in [31] is then positive and the loading criterion becomes 


Prager (12) and Laning formulated stress-strain laws of the 
flow type for work-hardening materials with continuous transi- 
tion from elastic to plastic state. H. J. Laning’s stress-strain 


25 
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law (suggested in 1942, in an unpublished manuscript) has the 
form 


1/Go ) 
2Gee, = do,'/dt + — —1] — dJ;/dt | 
2 \G* Je 
“Se (x, y, z).. [33] 
0 Tr 
GoG zy = dr,,/dt (ss dJ2/dt 


where the ‘‘tangent shear modulus”’ G*, is supposed to be a func- 
tion of Je. Here, too, the criterion for loading is found to have 
the form Equation [32]. 


CoNDITIONS OF CONTINUITY AND UNIQUENESS 


It has already been pointed out that any theory of plasticity 
uses different analytic expressions to describe the mechanical 
behavior for loading and unloading. Even for loading alone, 
many theories use different laws for the elastic and plastic 
ranges. Obviously, certain conditions of ‘‘continuity’’ must be 
imposed so that the predictions of different analytical expressions 
match at the boundary between two domains of mechanical be- 
havior. 

In so far as materials with distinct elastic and plastic ranges 
are concerned, the condition of continuity at the boundary be- 
tween these ranges is of too obvious importance to have been 
overlooked. The necessity of matching the stress-strain laws for 
loading and unloading, however, seems to have been recognized 
only very recently when Handelman, Lin, and Prager (13) drew 
attention to this condition of continuity and proved that no 
stress-strain law of the deformation type will satisfy it. On ac- 
count of limitations of space the condition of continuity will here 
be applied only to the stress-strain laws of Nadai, Equations 
[30], and Laning, Equations [33]. According to both laws, load- 
ing is characterized by dJ2/dt > 0 (see Relation [32]) and un- 
loading by dJ2/dt < 0. 

In simple tension or pure shear, any change of stress consti- 
tutes either loading 8r unloading. For more general states of 
stress, however, this is no longer true. Indeed, the stress com- 
ponents may be varied in such a manner that J: (or, what 
amounts to the same thing, the octahedral shearing stress) re- 
mains constant. According to the criteria for loading and un- 
loading which go with the stress-strain laws of Nadai and Laning, 
a change of stress which leaves J2 constant represents neither 
loading nor unloading. In the following, such changes of stress 
will be called “‘neutral.’’ Prager (14) and Drucker (15, 16) dis- 
cussed means of obtaining experimental information concerning 
the effects of small and large neutral changes of stress, respec- 
tively. 

Any given neutral change of stress differs arbitrarily little 
from changes which constitute loading and changes which con- 
stitute unloading. Continuity requires therefore that the 
stress-strain laws for loading and unloading agree when applied 
to neutral changes. Unfortunately, the stress-strain law, Equa- 
tions [30], does not satisfy this condition of continuity. Indeed, 
differentiation of this law with respect to time yields 


do,! adh 
dt dt 


For a neutral change of stress, dJ:/di = 0, and Relation [32] 
reduces to 


= 2Ge, + 2 
(x, y, 2).... [84] 


da, /dt = 2Ge,, Atgy/dt = [35] 


This would agree with the stress-strain law for unloading, Equa- 
tions [17], only if the secant shear modulus G were to equal the 
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elastic shear modulus Gg; in the plastic range G < Go, however. 
The stress-strain law, Equations [30], thus fails to give continuity 
between loading and unloading. As Handelman, Lin, and Prager 
(13) have shown, all stress-strain laws of the deformation type 
have the same defect,!! while stress-strain laws of the flow 
type can easily be so constructed as to give continuity between 
loading and unloading. Laning’s stress-strain law, Equations 
[33], for instance, reduces to the stress-strain law for unload- 
ing, Equations [17], when dJ;/dt = 0, i.e., for neutral changes of 
stress. 

Another important condition which a stress-strain law must 
fulfill if it is to make sense physically, is the condition of “unique- 
ness.” To a certain extent, the form of this condition depends 
upon the stress-strain law under consideration. For instance, 
Laning’s law, Equations [33], gives the strain velocity when 
the stress and the rate of stress are known. Accordingly, the 
following would be a reasonable boundary-value problem for a 
body made of a material which obeys Laning’s law: Given an 
equilibrium state of stress throughout the body, and given the 
rates of the stresses exerted on its surface, to find the strain 
velocity throughout the body. : 

Nadai’s law, Equations [30], on the other hand, gives the 
strain attained during the first loading when the stress (and 
hence the secant shear modulus G which depends on the stress) 
is known, A reasonable boundary-value problem for a body 
made of a material which obeys Nadai’s law therefore might 
be formulated as follows: Given the stresses transmitted across 
the surface of a body at a certain instant during the first loading, 
to find the instantaneous strains throughout the body. 

These boundary-value problems must admit “‘unique’’ solu- 
tions if the stress-strain laws are to make sense physically. In- 
deed, since only the surface conditions can be controlled during 
an experiment, this uniqueness is a prerequisite for any experi- 
mental verification of the theory. The importance of the con- 
dition of uniqueness was first stressed by Melan (18). 

To establish that a given stress-strain law fulfills the condition 
of uniqueness is not a simple task, as a rule. To date, unique- 
ness in the sense used here has been established only for two of 
the stress-strain laws discussed in the foregoing. For Mises’ law, 
Equations [22], Markov (19) recently proved uniqueness if the 
boundary conditions are such as to assure that the entire body is 
in the plastic state. Hodge and Prager (20) proved uniqueness 
for a stress-strain law of the flow type which contains Laning’s 
law as a special case. : 


ALTERNATIVE ForMs OF STRESS-STRAIN LAWS—PARTIAL AGREE- 
MENT BETWEEN DIFFERENT STRESS-STRAIN LAWS 


A stress-strain law can frequently be written in different forms 
which are not readily identified with each other. For instance, 
Mises’ law, Equations [22], is often written in the form 


J, = k? 
Indeed, the first of these equations implies that 
[37] 


where \ denotes a factor of proportionality. Substitution of 
Equations [37] into the second Equation [36], and use of the 
definitions of J: and K; yield 


With this value of \, Equations [37] reduce to Equations [22]. 


11 This remark applies also to Swainger’s stress-strain law (17). 
which is much more complex than the laws discussed here. 
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A less obvious case of an alternative form of a stress-strain law 
has been brought to the author’s attention by Prof. D. C. Drucker. 
The following stress-strain law for the plastic range occurs in a 
recent paper by Cunningham, Thomsen, and Dorn (21) !? 


where the invariant K2* is formed with the components of the 
plastic velocity strain (e,*,..., 92,*,-..) in precisely the same 
manner as 7; is formed with the components of strain (Equa- 
tions [11]). The expression VK" has the dimension of a ve- 
locity strain and may be considered as a scalar measure for the 
intensity of the plastic velocity strain. The integral S V/ K*dt 
is to be extended from the instant where plastic deformation 
begins to the instant under consideration; it represents a scalar 
measure for the intensity of the (natural) permanent strein. 
According to Equation [40], the invariant J2 is a function of this 
integral.'* If this function is monotonic, it has a unique inverse 


Differentiation of Equation [41] with respect to time furnishes 


where ¢ = d/dJ;. Substitution of Equation [42] into Equa- 
tions [39] yields expressions for the components of the plastic 
velocity strain which are identical with those obtained from 
Laning’s law, if the tangent shear modulus is chosen as 


Gs 
1 + Gee(J2) VJs 


G* = 


[43] 


In spite of its seemingly different form, Dorn’s law is therefore 
identical with Laning’s. 

{t should be noted that in both cases just considered, an alter- 
native form of a stress-strain law was obtained by splitting the 
original law into two statements, the first establishing propor- 
tionality between the components of the stress deviation and the 
components of the plastic velocity strain,’* and the second having 
the nature of a flow condition. These confusing alternative forms 
of stress-strain laws therefore may be avoided by condensing 
the stress-strain law for each domain of mechanical behavior into 
two equations, one for normal and one for shearing components, 
followed by the symbol (z, y, z); these equations should be free 
from factors of proportionality which have yet to be evaluated 
from a flow condition, and should contain only the total strains 
or velocity strains but not the plastic strains or velocity strains. 

Even genuinely different stress-strain laws may lead to iden- 
tical predictions when applied to a specific problem. For torsion 
of prismatic or cylindrical bars, for instance, Geiringer and 
Prager (23) established the fact that the laws of Hencky and 
Prandtl-Reuss give the same stresses and strains [see also refer- 
ence (24)]. A general condition for agreement between stress- 
strain laws of flow and deformation types was formulated by 
Ilyushin (25). According to this condition, the laws of Nadai 


and Laning, for instance, will give identical results in all cases 
where 


*? The notation is changed to the one used here. 

'S Odquist (22) suggested a stress-strain law for strain-hardening 
materials, according to which J: would be a function of S VE: dt. 

‘A material obeying Mises’ law is rigid until the yield limit is 
reached; plastic velocity strain and total velocity strain are there- 
fore identical. 
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d a,” d Tey 
° St 0, (z,y,2).-..-. [44] 


throughout the plastic body under consideration. Equations 
[44] require the principal axes of stress for any particle to preserve 
their directions throughout the loading process, and the prin- 
cipal values of the stress deviation to preserve their ratios. 
Ilyushin (26) showed that this condition will be generally ful- 
filled if (a) the shear modulus varies in direct proportion with a 
power of the invariant J2; and (6) all loads increase at the same 
relative rate (e.g., in direct proportion with the time ¢). In cer- 
tain special cases the first of these two conditions can be disre- 
garded. For instance, in a state of plane strain, with rotational 
symmetry, the principal directions of stress are axial, radial, 
and circumferential and hence remain fixed for any particle. 
Moreover, the axial strain (or velocity strain) vanishes for plane 
strain, and the radial and circumferential strains (or velocity 
strains) are equal in magnitude and opposite in sign for an in- 
compressible material. The ratios of the principal strains (or 
velocity strains) thus remain constant throughout the loading 
process. ‘Under these circumstances, Equations [44] can be 
shown to be fulfilled, regardless of how the shear modulus de- 
pends upon J2, provided that all loads increase at the same rela- 
tive rate. 


GENERALIZATIONS 


The stress-strain laws discussed in the foregoing are compara- 
tively simple in structure in so far as they involve only the quad- 
ratic invariants J2, J2, and Kz. More elaborate laws have been 
suggested which involve also the cubic invariants J;, J3, and K3. 
The use of such laws may be dictated by empirical data which 
cannot be fitted by one of the simpler laws. For instance, when 
the stress-deviation components furnished by Nadai’s law, Equa- 
tions [30], are substituted into the definition of J2, Equation [4], 
use of the definition of J2, Equation [11], leads to the following 
relation 


where the secant shear modulus G is a function of J2. Thus Na- 
dai’s law predicts that during loading J; is a function of J2 (i.e., 
the octahedral shear strain a function of the octahedral shearing 
stress), which does not depend on the manner of testing. The 
curves of J, versus J2 obtained by testing a given material in, 
say, simple tension and pure shear, may be found to differ 
markedly, see, for instance, reference (27). To fit data of this 
kind, Nadai’s law must be slightly generalized by letting the 
secant shear modulus depend on J; as wellas J2. 

Nadai’s law stipulates that (a) the principal axes of stress and 
strain coincide, and (b) the principal values of the stress devia- 
tion have the same ratios to each other as the principal strains. 
According to Ilyushin (25), Laning’s law expresses the same 
stipulations if the material is loaded so as to preserve the prin- 
cipal directions of stress and the ratios between the principal 
values of the stress deviation during any one test. Lode (28) 
and Taylor and Quinney (29) verified the mechanical behavior 
stipulated under item (a), but found systematic deviations from 
that stipulated under item (b). Prager (30) established a general 
stress-strain law of the deformation type which can be made to 
fit the test results of these authors. As presented in reference 
(20), this law would give identical stress-strain diagrams in 
tension and compression. If this unnecessary restriction is re- 
moved, the law assumes the following form 


= + FIs, Ja) (Pa, Sidon’ + 
Gorey = Tey + F(S2, Ja) (PSs, + 


. 
> 
Soe 
: 
- 


232 


Here, s,’,..., tey,...+, the components of the deviation of the 
square of the stress deviation are defined as follows 


Sa,’ = 2e,'* — «,"*—@,"* + + — 


ty = ez Try 


(x, y, 2). . [47] 
In Equations [46] the functions P and Q must be homogeneous 
in the stress components, the degree of Q being less by 1 than that 
of P. Equations [46] can be shown to contain, as special cases, 
stress-strain laws which Bailey (31) used to fit creep-test data.'® 

A law of the flow type similar to Equations [46] was formu- 
lated by Handelman, Lin, and Prager (13). In slightly modified 
form, their stress-strain law for loading can be written as follows 


Jy) Ez + 


d 
= + F(da, Ja) | 


2Gre, = 


(x, y, 2) [48] 


Here F and f are positive definite functions of J; and J;; more- 
over, f must be homogeneous in the stress components. The 
criterion for loading is 


df/dt >0......... [49] 


MetTuHops OF INTEGRATION—VARIATIONAL PRINCIPLES 


Although the integration theory of the fundamental equations 
of elasticity is well developed, many practically important prob- 
lems of stress analysis in the elastic range can be treated only 
by approximate methods. In view of this fact, it is hardly sur- 
prising that the mathematically much more complex problem of 
stress analysis in the plastic range has been solved only in a small 
number of special cases, and that really general methods of 
integrating the fundamental equations of the various theories of 
plasticity have not yet been developed. 

Materials obeying the stress-strain laws of Saint Venant or 
Mises have been discussed most extensively. An excellent ac- 
count of the present stand of this field is contained in Sokolov- 
sky’s (32) recent book. If such a material is engaged in plane 
plastic flow, the stress distribution becomes statically determin- 
ate, if the boundary conditions are formulated in terms of 
stresses, and if the entire body under consideration is in the 
plastic state. In this case, the net of shear lines'® is easily con- 
structed graphically, see, for instance, reference (33). Even 
in this relatively well-explored field of statically determinate 
stress distributions there exist unsolved problems of a general 
nature. The boundary stresses may be such that the shear lines 
possess an envelope beyond which the solution cannot be con- 
tinued. Conditions for the existence of these ‘‘limiting lines’’ were 
discussed by Christianovich (34), and Prager (35) pointed out 
that discontinuous stress distributions will occur under these 
conditions. So far, only plane discontinuity surfaces separating 
regions of homogeneous stress have been discussed (36). 

For materials obeying Nadai’s law, Ilyushin (37) has indicated 
an integration method which reduces the plastic problem to a 
sequence of elastic problems. 

Laning’s law is linear in the rate of stress and the velocity 
strain. When the stress distribution in a body obeying this law 
is known, the problem of determining the velocities in the interior 
from, say, the rates of the stresses transmitted across the surface 
is a linear one. The plastic deformations produced by a certain 
manner of loading therefore can be studied by solving a se- 
quence of linear problems. The solution of a single linear prob- 


18 Reference (30), p. 840. 
1¢ The shear lines form two families of curves, the tangents of which 
bisect the angles between the principal axes of stress. 
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lem is sufficient for the discussion of structural stability in the 
plastic range since this requires only the study of states indefi- 
nitely close to a given state of stress and strain, see, for in- 
stance, reference (38). 

For materials with distinct elastic and plastic ranges, the de- 
termination of the surface separating the elastic from the plastic 
zone constitutes an extremely difficult problem. Except for the 
trivial cases of spherical or cylindrical symmetry, analytical 
solutions have been found only in two cases, references (39), and 
(40). Other cases have been treated numerically by relaxation 
methods, references (41) and (42). 

In elasticity the principles of minimum potential energy 
and minimum complementary energy have been widely used as 
bases for approximate methods. It is only natural therefore that 
the variational principles of plasticity have been studied ex- 
tensively. 

For the theory of Mises, such principles have been discussed by 
Sadowsky (43), Handelman (44), Hill (45), and Markov (19), 
for the theory of Prandti-Reuss by Greenberg (46), for the theo- 
ries of Hencky and Nadai by Haar and von Karman (47), Kacha- 
nov (48) and Locatelli (49), and for the theory of Laning by 
Prager (50). Although these variational principles have not yet 
found wide application, they are likely to provide the most con- 
venient basis for the development of approximate methods of 
stress analysis in the plastic range. 
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Stress-Strain Relations for Finite 
Elastoplastic Deformations 


By J. E. DORN! ano A. J. LATTER,? BERKELEY, CALIF. 


The strains accompanying elastoplastic deformations 
are frequently so large that the simplified equations of the 
small-strain theory are invalid. Although several ways 
of describing finite strains are known (1),* they are not 
readily adaptable to stress-strain analyses in elastoplastic 
materials. One of the difficulties arises from the failure of 
the laws of addition when the strains are defined in the 
conventional way. Another difficulty arises from the ob- 
servations that the infinitesimal plastic strains, and not 
the finite strains, are related to the stresses. The accom- 
panying analysis, which attempts to surmount these dif- 
ficulties, is an extension of methods originally described 
in a paper on plastic flow in metals (2), to include elastic 
as well as plastic deformations. 


FINITE STRAINS 


finite deformation will be described by a Lagrangian 
transformation containing three equations of the form 


{1] 


which asserts that a particle initially at point (xo, yo, zo) assumes 
point (x,y,z) att. Two alternate interpretations will be ascribed 
to t, dependent upon the physical conditions which prevail; when 
strain rates are significant, ¢ will be identified as time, but in all 
other examples ¢ will be merely the extent of the deformation. 
For example, when the torque for twisting a cylindrical torsion 
bar depends upon the rate of deformation, ¢ will be defined as the 
time; but when the torque is practically independent of the rate 
of twisting, t will be defined as the twist per unit length of the bar. 

When the particle at point Po(zo, yp, zo) is transformed to posi- 
tion P(z, y, z), an adjacent particle at Qo(zo + dxo, yo + dyo, 20 + 
dz), initially dre from Po, is transformed to Q(x + dz, y + dy, 
z + dz), a distance drfrom P. The finite strain on fiber dro will 
be defined by 


in accordance with the suggestion by Ludwik (3), so that the 
ordinary rules of addition, and therefore also integration, are 
valid for strains (4). After deformation the direction cosines of 
fiber dre are 
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dx dx ox le + ox 
= Ce‘ 
dy dy dre oy oy oy 
= 
dz dre dz oz oz 
dr drodr = + m+ 
= Ee-* 


where lo, me, and mo are the original direction cosines. Then the 
finite strain on any fiber becomes evaluable in terms of the trans- 
formations of Equations [1] by squaring and adding Equations 
[3], to give 


when C, D, and E are expanded 
= lg? + mg? + Mo? + lyme + 


etc., foré, and é, .. [6] 
dz dx Oy Dy dz 


etc., for and 

The physical significance of the terms éz0, etc., and Vzoy, etc. 
can be established by taking special cases. Consider, for ex- 
ample, the fiber dro along the z-axis where lp = 1 and mo = n = 0. 
Introducing these direction cosines into Equation [5] reveals 
that é.» is the finite strain on the fiber which was originally 
oriented in the z-direction. , 

Consider now two orthogonal fibers at the same point, say, one 
in the z and the other in the y-co-ordinate directions. Their 
initial direction cosines are lo = 1, mo = mo = 0, and m’ = 1, 
n'y = ly’ = 0, where the second fiber is identified by primes. 
After deformation, according to Equations [3] 


re) 
l= —e*n, m= n= ‘ze 
and re 
ox 


Then the cosine of the angle between the fibers after deformation 
is 
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Cos a = ll’ + mm’ + nn’ 
O79 Ovo 


and therefore 7,,,, is defined asa finite shear strain. This defi- 
nition is in agreement with the conventional definition of a small 
shear strain. 


Os 
+ dr 2), | [ ] 


INFINITESIMAL STRAINS 


In his fundamental investigations on plastic deformation of 
work-hardenable metals, Lode (5) demonstrated that the incre- 
ments of p)astic strains are related to the stress. Other investi- 
gators have attempted to relate the finite plastic strains with 
the stresses. Under the usual conditions of test, where the ratios 
and the directions of principal stresses are constant throughout 
the deformations, the two formulations are indistinguishable 
and serve equally well for correlating stresses and strains. There 
are very few investigations which permit a clear identity of the 
facts, but those which allow distinction (6), verify Lode’s formu- 
lation. Whereas Hooke’s law asserts that the elastic strains are 
linear functions of the stresses, an analogous law of plasticity 
assumes that the strain increments are linear functions of the 
stresses, 

Assume that the deformation has reached state ¢, and consider 
now an additional infinitesimal deformation. By application of 
Equation [5], the infinitesimal strain on the fiber having in- 
stantaneous direction cosines 1, m, nis 


de = dé,l? + + dé,n* + dy,,lm + dz,,mn 


where the subscripts z, y, and z now refer to the instantaneous 
directions of the fibers in the Eulerian sense. But, from Equa- 
tion [4] 


de 12 
dé = — dt = - —(C* + D? + Ete 
dt = (Ch + Dt + dt....... [10] 


Therefore Equations [9], [10], and [3] give 
de, + de,D* + dé, E* + dy,,CD + dyz,, DE + 


10 
=, = 
EC (C? + D? + EX) dt = 0..... [11] 


If then C, D, and E are expanded in Equation [11] and the coef- 
ficients of 3, etc., mo, etc., are each placed equal to zero, simul- 
taneous solution of the six equations obtained will give the six 
components of infinitesimal strains attending any deformation 
dtin terms of the assumed transformation. 


Stress-STRAIN 


Up to the present, the analysis has been purely geometrical 
and therefore applicable to all types of continuous media. Nu- 
merous physical specializations and simplifications appropriate 
for elastoplastic media will now be introduced. In general, the 
infinitesimal strain is composed of three parts, an elastic strain 
which completely recovers with the speed of sound when the 
stresses are removed; a permanent plastic strain; and a slowly 
recoverable viscous type of strain. Little is known concerning the 
effect of previous stress-strain history on the viscous type of strain 
but its presence is verified by creep recovery, the Bauschinger 
effect, and other related phenomena. The elastoplastic media 
will be idealized by neglecting the viscous type of strain, and 
therefore analogously to Nadai’s (7) formulation for small elasto- 
plastic strains 
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de, = + 


ete., and 
Wey d®5,, > 


and so forth, where the superscripts E and P refer to the elastic 
and plastic strain components, respectively. 

Although it is possible to extend the stress-strain relations to 
include general conditions of anisotropy, in the following ele- 
mentary analysis it will be assumed that the material under con- 
sideration is and remains isotropic. Accordingly, the elastic 
stress-strain relations become expressible in terms of the six equa- 
tions of Hooke’s law 


= — (de, + de) = ( — ot) 
+ (* *:) do, --[13] 
where 
o, t+o,+¢, 


= 3 
But generalizing Lode’s relations for plastic flow in isotropic 
media, the six equations . 


dé, = dAc, + dB(o, + + dC(tzy + Te) 
+ dDr,,, ete. 


a? 5,, = dA'(a, + + dB’ o, + dC’r,, 
+ dD’ (r,, + ete. 


are obtained where dA, etc., are the plastic moduli expressed in 
terms of an infinitesimal strain divided by a stress. Although the 
stress-plastic strain relations may contain quadratic (8), cubic, 
and higher powers of the stress (9), the linear formulation will be 
assumed here, for a first approximation, a procedure which is 
justified by good agreement of the final equations with physical 
facts. Equations [14] can be simplified by procedures analogous 
to those used in the theory of elasticity (1), by applying the con- 
ditions that the stress-strain relations are independent of the 
orientation of axes in isotropic media. Additional simplification 
results when it is assumed that volume changes attending plastic 
deformations are relatively small. Actually, the volume changes 
slightly (10, 11) during plastic deformation and the eventual for- 
mulation of an appropriate elastoplastic theory will have to 
consider this change for frequently it becomes as large as the 
change in volume due to elastic strains. But to date, knowledge 
on this effect is too incompletely known to permit its introduction 
into the theory. Adopting the simplification of no volume 
change, gives 


[14] 


3 

> 2 a1), ete. | 

3d? an 

where 


From Equations [15] 


= 
a 
+ dy,.nl [9] 


JOURNAL OF APPLIED MECHANICS 


SEPTEMBER, 1948 


2 
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3 
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a[16] 


on (o, a+ (oy + 
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Then d’é,; is identified as the dividend and o1: as the divisor of 
the right-hand part of Equation [16]. Thus o1: is equivalent to 
Nadai’s octahedral shear stress (12), or the. quadratic invariant 
of the deviator stress. Analogously dé is equivalent to the 
infinitesimal octahedral shear strain or the quadratic invariant 
of the infinitesimal deviator strain. 


The plastic strain energy is 
W = + + + 
[17] 
which becomes 
[18] 


when Equations [15] are introduced into Equation [17]. If then 
the octahedral shear stress is exclusively a function of the shear 
strain energy 


ou = ey) where Pay = fotPan. 


This dependence is in close but not exact agreement with physi- 
cal experience. It has been suggested that cubic, etc., (9) and 
quadratic (8) terms of the stresses in the stress-strain equations 
may be responsible for some of the deviations from facts. Bridg- 
man (13) has demonstrated that o11 increases slightly under high 
hydrostatic compression and Nadai and Manjoine (14) have 
demonstrated that log o1: increases almost linearly with the log 
(0”:;) /(dt). Although the dependence of o1: on the physical 
factors is not yet completely known, under the assumptions of 
linear stress-strain relations at least. 


= o11 (Pen, ol, 


where in the work-hardening range ’é; is the most important 
variable. 


ELASTOPLASTIC EQUATIONS 


The elastoplastic equations for the total infinitesimal strains 
are obtained by adding the infinitesimal elastic and plastic com- 
ponents of strains given by Equations [13] and [15]. It is some- 
what disconcerting to note that the composite equations do not 
preserve the simplicity of either the elastic or plastic parts, for 
the principal directions of the infinitesimal elastic strains coin- 
cide with the principal directions of the ‘change in stress,” 
whereas the principal directions of the infinitesimal strains coin- 
cide with the principal directions of the stress. Consequently 
the elastoplastic behavior of isotropic metals becomes in a sense 
anisotropic, except for conditions where the stress ratios are held 
constant throughout the deformation. 

The elastoplastic equations as formulated here contain the 
term d?%,; which is not directly evaluable from either a trans- 
formation or strain measurements. This difficulty is readily sur- 
mounted by defining the quadratic invariant of the deviator 
infinitesimal strains as 


2 
+ Tye" + 


= + = 3 doit + (21) 
or upon integration 
21+» q 


CONCLUSIONS 


Stress-strain relations for elastoplastic deformations have been 
described, the following assumptions being made. 


(a) The material is continuous, homogeneous, and isotropic. 

(b) The infinitesimal plastic strains are linear functions of the 
stresses and the elastic strains obey Hooke’s law. 

(c) The octahedral shear stress is a function of the integral 
of the infinitesimal octahedral plastic shear strain, the hydro- 
static tension, and the rate of change of the octahedral shear 
strain. 

(d) Viscous strains were neglected. The principal directions 
of the infinitesimal elastic strains coincide with the principal 
directions of the change in stresses, whereas the principal direc- 
tions of the infinitesimal] plastic strains coincide with the prin- 
cipal directions of the stresses. 
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A Generalized Deformation Law 


By E. A. DAVIS,’ EAST PITTSBURGH, PA. 


According to Hooke’s law the magnitude of infinitesimal 
elastic strains depends upon two independent constants. 
In this paper equations are developed which express the 
magnitude and the distribution of the strains in terms of 
two independent functions of the stresses. One function 
is related to the stress-strain diagram while the other is 
concerned with the distribution of the strains in a state of 
combined stress. The equations are easily adaptable to 
the relations between the strain rates and the stresses in 
combined stress-creep tests. It is the opinion of the 
author that two independent functions are necessary and 
that the behavior under a state of combined stress cannot 
be predicted from data obtained in pure-tension tests. 


NOMENCLATURE 
The following nomenclature is used in the paper: 


61, 02, 0; = principal normal stresses 
1, €, €: = principal normal strains 
T1, T2, T3 = principal shearing stresses 
v1 Y2, Y3 = principal shearing strains 
U1, Us, Us = principal normal strain rates 
E = modulus of elasticity 
v = Poisson’s ratio 
nu = stress-distribution variable 
v’ = strain-distribution variable 
w = strain rate-distribution variable 
f = strain-distribution function 
¥ = strain-hardening function 
f* = strain rate-distribution function 
= speed-iaw function 
Toct = octahedral shearing stress 
Yoo. = octahedral shearing strain 


The normal strains « and the shearing strains y considered in 
this paper may be infinitesimal elastic strains, smal] conventional 
plastic strains, or natural plastic strains of finite magnitude. 
Conventional strains are those where the change in dimension 
is compared with the undeformed dimensions. In natural strains 
the increment of strain is compared with the actual dimensions 
at the time the increment is measured. No attempt has been 
made to include finite elastic strains such as may be observed in 
rubber or similar materials. 

Similar restrictions must also be imposed upon the strain rates 
u and (dy/dt). In practice, their use is chiefly in the range of 
‘very slow creep rates, but they may be used for greater strain rates 
and even for impact speeds if the dynamic forces are properly 
taken into account. 
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INTRODUCTION 


The object of this paper is the development of generalized ex- 
pressions which will show the relation between the state of stress 
and the components of strain for strains of finite magnitude. 
Such expressions should reduce to Hooke’s law for infinitesimal 
strains in the elastic range. It is the hope of the author that these 
expressions will be general enough to include as special cases the 
previous work of several investigators such as Lode (1),? Taylor 
and Quinney (2), Ros and Eichinger (3), Nadai (4), Prager (5), 
and Gleyzal (6). 

There is sufficient similarity between the distribution of the 
strains in the deformation of a ductile material and the distribu- 
tion of the strain rates in a combined stress-creep test to make this 
general development applicable to the problem of creep under 
combined stress and hence the work of Bailey (7) should also 
be included as a special case. 


FUNDAMENTAL EQUATIONS 


The following equations are to be considered as definitions of 
the quantities involved; most of them are well known and widely 
used 


o2— o3 — 
T2 — 
72 
an 
dt dt 2u2z — uz — Wy 
dt 
2 
You = V1? + 722 + [8] 


In this paper the shearing strains are defined solely by Equa- 
tions [3]. For finite natural strains, the shearing strains so ob- 
tained may not correspond exactly with the geometrical coneept 
of a shear deformation. They may be used, however, as long as 
the results obtained from them can be checked by experiments. 


DEVELOPMENT OF STRAIN EQuaTIONS 


In the elastic state the magnitude and distribution of the in- 
finitesimal strains depend upon two independent constants, the 
modulus of elasticity Z, and Poisson’s ratio ». In the develop- 
ment presented in this paper the distribution of the strains is 
given by a strain-distribution function f, and the magnitude of the 


2? Numbers in parentheses refer to the Bibliography at the end of 
the paper. 
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Strains is given by a combination of a strain-hardening function 
§ and the strain-distribution function f. 

The factor which most affects the distribution of the strains 
appears to be the relative magnitude of the intermediate normal 
stress gz. This factor has been conveniently expressed by Lode 
(1) as the relation given in Equation [4], and this relationship 
has been used in this paper although a simple ratio of any two 
of the principal shearing stresses could probably be used equally 
as well. Equations [5] and [6] are corresponding expressions for 
the strains and the strain rates. The prime in Equation [4] has 
been added to avoid confusion with the symbol used for Pois- 
son’s ratio and to distinguish it from similar expressions which 
have been used by other investigators where the application has 
been limited to small strains. 

In this development it will be presupposed that during any test 
or example the ratios of the principal shearing stresses are main- 
tained at a fixed value. This is equivalent to stating that strain- 
hardening must be carried out under the condition that np = 
const. Just how essential it is to observe this rule is not known, 
but the only test data available to the author have been obtained 
under this condition and therefore the theory will deal solely 
with this case. Furthermore, where large strains are involved, 
only those cases where the principal directions of the stresses and 
the strains coincide and where the directions of the principal 
strains remain fixed in the material will be considered. This will 
prohibit the application of this theory to the torsion test where 
large strains are obtained, but, it will permit the consideration of 
the strain rates in creep tests in pure torsion or combined tension- 
torsion where the strains remain small. 

In an elastic material or in a viscous body there is a proportion- 
ality between the principal shearing stresses and the principal 
shearing strains or strain rates which leads to the equality of 
uw and »’ of Equations [4] and [5]. In order to generalize this 
condition, the first rule of the present development expresses a 
functional relationship between y and v’ 


The second rule assumes the existence of a strain-hardening 
function $, which will have the same value regardless of the 
state of stress. Nadai (4) has suggested the relation between the 


octahedral shearing stress roct, and the octahedral shearing strain « 


‘Yoct, #8 & Suitable expression for this purpose, and this has been 
checked with some success by the author (8, 9). If this rela- 
tion is adopted as the strain-hardening function, the second rule 
of this development can be written as follows 


Yort = F (Toct) = 


In order to obtain expressions which will be applicable to 
elastic as well as plastic strains, the sum of the three principal 
strains must be written as 


If this is combined with Equations [2], the expressions for the 
principal strains become 


1 
a=3(n—2 


| 


The sum of the principal shearing strains is zero by the defi- 
nition given in Equation [3], and, if this is combined with Equa- 
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tions [5] and [9], the two following expressions are obtained 


) 


| 
n=— | 


By squaring these expressions and substituting them in Equa- 
tion [8], the octahedral shearing strain in terms of f and y2 is 
obtained 


Yoct --¥3 nV3 + f? 


The negative sign is used because 72 is negative, while yoct is con- 
sidered as positive. Expressions for the principal shearing strains 
are found by combining Equations [10], [13], and [14] 


3F(1+f)_ 
2V2V3+h 


3 


F 
. 

When these expressions are substituted in Equations [12] the 


principal normal strains are given in terms of the two functions, 
fand §, and the sum of the strains e. 


3 
§ (2f) e 
3 [16] 
4% 


3) 

These expressions represent the present development in the 

most general manner. They may be thought of as a generalized 

“‘Hooke’s law.” For the elastic case of infinitesimal strain where 

f =v = wand F = You = (1/G@)roct they reduce to the well- 
known elastic equations 


[17] 


E 


1 
= 5 (oa — — 


For plastic strains where there is no change in volume during 
deformation, the sum of the three principal natural strains is 
zero. This is also true for small conventional strains. For 
either case Equations [16] become somewhat simplified. 


 — 3 


Equations [18] represent the aim or object of this paper in its 
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usable form since there is no need of revising the equations deal- 
ing with elastic strains. 

For combined elastic and plastic strains it is probably better 
to separate the total strain e, into an elastic part e’, and a plastic 
part e”, (« = e’ + e”) rather than to try to evaluate the distribu- 
tion function f, so that the elastic state will blend into the plastic 
as was done by Gleyzal (6). If the two parts of the strain are 
separated, Equations [17] can be used for the elastic part, and 
Equations [18] for the plastic part. The elastic strains, however, 
can usually be neglected if the plastic strains are large. 

In order to adapt this generalized viewpoint to the distribution 
of the strain rates in a combined stress-creep test, it is necessary 
to substitute a strain-rate distribution function f*, for the strain- 
distribution function f, and a speed-law function $*, for the 
strain-hardening function §. The strain-rate distribution func- 
tion f*, is given by the relation 


and the speed-law function $*, by the relation 


d 


The principal normal strain rates are then given by the follow- 
ing expressions 


[21] 
dt | 
dt 2V2V3 +s" 
Discussion 


Along with the presentation of generalized expressions such as 
those given in Equations [18] and [21], it seems necessary to make 
some inquiries into their merits and demerits. The first question 
which usually arises in any discussion of large strains is the an- 
isotropy which may develop due to the strain. In the equations 
developed here, isotropy has been assumed. It is this assump- 
tion which leads to the two independent functions f and , which 
reduce to two constants for infinitesimal elastic strains. If an- 
isotropy develops in the material, this independence will be 
affected and the value of the strain-distribution function f = »v’, 
will change during a test where u is held constant. It is not easy 
to check by experiment whether or not the two functions as taken 
in this paper are truly independent, for it is difficult to maintain 
a constant value for the stress distribution variable u, while the 
specimen undergoes large deformations. Any change which 
occurs in the value of »’ may be due to the inability to maintain 
a constant value of u or it may be due to anisotropy which de- 
velops in the material. All that the author can say at the present 
time is that in the tests reported in references (8) and (9) the 
change in »’ during any test was small and hence it seems justi- 
fiable to assume that the function f is independent of the function 
§. 

The fact that the functions f and §, are assumed to be inde- 
pendent precludes the hope of obtaining combined stress data 
from a pure-tension test. This may have been the objective of 
some of the investigators already mentioned and, indeed, it is 
a very attractive objective, but again, in the light of available 
test results it appears to be an overoptimistic one. However, 
further experimental studies may show whether or not a mutual 
dependence between the two functions exists, and, if a relation 
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connecting them can be found, one of them can be eliminated 
from Equations [18]. It would then be possible to obtain com- 
bined stress data from a pure-tension test. 

Another topic which might be considered in connection with 
large strains is the proper measurement of finite strains. The 
problem of large extensions has been fairly well taken care of by 
the introduction of natural strains. Natural shearing strains 
and, in particular, natural octahedral shearing strains have never 
been objectively determined in relation to the strain-hardening 
of a body. There is a strong probability that further progress 
will be made in this respect, and the way must be left open to 
introduce improvements in the strain-hardening function into 
the general equations. In the present development this should 
always be possible as long as both functions f and § are deter- 
mined by using the same fundamental units of strain. 

It has been stated that the distribution functions f and f*, 
must be obtained from combined stress test data, and, in gen- 
eral, it will be sufficient to plot a curve (»’ or w versus u) through 
the experimental points. This test curve may be approximated 
by some odd function such as a hyperbolic-sine or a power-func- 
tion relation. The constants of such a relation must be adjusted 
so that both f and f* will be equal to u at uw = —1, 0, and +1. 
The strain-hardening function $, which has the shape of the 
stress-strain diagram may be approximated by a power function. 
The speed-law function $*, is preferably expressed as a hyper- 
bolic-sine relation, although some investigators use a power- 
function relation between stress and minimum creep rate. 

Probably the greatest weakness or demerit that this develop- 
ment has is that at present it must be limited to applications 
where the ratios of the principal shearing stresses do not change. 
Thus with the present knowledge it would be presuming too 
much to attempt to work out a specific case where there would 
be a redistribution of the stresses during plastic deformation. 
But here again there is a probability of future progress. Tests 
can be made where the value of uv is changed deliberately and the 
change in v’ can be observed. Probably there will be greater 
success in finding the change in the strain-rate variable w, as 
the stress variable yu, is varied. This weakness or demerit, it 
should be stated, is not limited to the present development, 
but it is inherent in any theory which deals with actual strain- 
hardening materials. 

In the Introduction, it was stated that the work of previous 
investigators should be included as special .cases of the present 
development. Since the distribution functions, f and f*, are 
independent functions in this development it is necessary to take 
only the strain expressions of any of the previous investigators 
and determine from them the relationship between »’ and yu or 
between w and yu, and to use these as the distribution function, 
for f*. In the case of Lode’s work where he assumed that »’ was 
equal to yu, it is necessary to replace f by u. In Bailey’s theory, 
as was shown in reference (8), it is possible to express both u and 
» in terms of the principal shearing stresses. It should be pos- 
sible to express w explicitly in terms of yu, but it will probably be 
more convenient to use the parametric expressions where the 
shearing stresses are the parameters. In any event an w versus 
u curve can be drawn, and this can be used graphically to repre- 
sent f*. 

As a concluding remark the author would like to explain his 
reasons for introducing this generalized deformation law. In 
a material subjected to, a state of combined stress, the three 
principal shearing strains are related in some way to the 
three principal shearing stresses. If there were no constraints 
whatsoever imposed upon the distribution of the strains, it would 
seem reasonable to assume that each shearing strain would be 
connected to the corresponding shearing stress by the same 


‘relationship. This would be expressed mathematically as 


a 
19 
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Unfortunately, the plastic strains are not free from constraints, 
for the two smaller principal shearing strains (as defined in this 
paper) must divide between themselves an amount of strain equal 
to the absolute value of the maximum shearing strain 


vi t+ vs = |yal...... [23] 


Both of these conditions, Equations |22] and [23], can be satis- 
fied only if the strains are proportional to the stresses as in the 
elastic case. In a substance which strain-hardens according to a 
nonlinear stress-strain law, the material is caught between a de- 
sire to follow Equation |22] and the necessity of complying with 
Equation [23]. The results of such an internal struggle will de- 
pend upon the relative size of the two smaller shearing stresses, 
7, and 73, and this is precisely what is measured by the strain- 
distribution function, f. This, then, is the reason for selecting 
the strain-distribution function f, as one of the independent func- 
tions. The idea that a strain-hardening function §, exists and is 
independent of the relative size of the principal stresses is not 
new, and it has been used here because of the experimental data 
which support it. 
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The General Proof of the Principle of 


Maximum Plastic Resistance 


By A. H. PHILIPPIDIS,? STANFORD UNIVERSITY, CALIF. 


In this paper the general proof of the principle of maxi- 
mum plastic resistance of M. Sadowsky is given. 


INTRODUCTION 


OME years ago M. Sadowsky (1)* proposed a variational 
S principle for the ideal plastic body. This principle af- 

firms that among all statically possible stress distribu- 
tions, the actual stress distribution in plastic flow requires a 
maximum value of the external effort necessary to maintain 
the flow. 

M. Sadowsky has tested this principle by solving the prob- 
lem of combined torsion and tension of a beam, and he has found 
the same results which Nadai (2) has given in his book by using 
other methods. 

Some time after the publication of the paper by Sadowsky, G. 
Handelman (3) applied this principle to the problem of combined 
torsion and bending of a beam with good results. 

As a general proof of this principle has not been given until 
now, we shall give it in this paper. 


Basic ASSUMPTIONS 


The conception of an ideal plastic body is based upon the fol- 
lowing assumptions (2): 


1 The relationships 


om _ — _ 


Em €y €m €, Em Yry/- Vy: 2 


are always satisfied, where \ is a proportionality factor, ¢,, = 
(eg te, + «,)/3, ando,, = + o, + 4,)/3. 
2 The incompressibility condition ¢,, = 0, is always satisfied. 
3 The plasticity condition 


fulfills the following relation‘ 


dBy G2 — Om _ — 


In the same manner, we find 


OB, OB, OBy 

ar. = Yyz 


yz 
(GENERAL PROOF OF THE PRINCIPLE 


Let o,, Try» Ter DE the true stress components and 
50,, 50,, 5r,,, small variations of these components 
such that the new stress components 


satisfy the same equations of equilibrium. Then from the equa- 
tions of equilibrium we find 


or oy | 
| 
Ox oy oz 
ox oy az ] 


Corresponding to this variation of the stress components 
there will be some variation in the surface forces. If 8X,, 5Y,, 
5Z, are these small changes in the surface forces we find from the 
boundary conditions 


do,n, + d7,,n, + = 5X, 


+ + = EY, ...... [5] 
5r,,n, + + = 


Te = V (0, — om)? + — + (6, — + + + = const. . [2] 


is always satisfied. 
By means of these assumptions we find that the expression 


By = T 
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Let us consider now the integral 
B= f, BaV 


Taking the variation of this integral we have 


oB oB 


Using the Equations [3], we find 


= + 4,80, +... + 
4 We note that from the basic assumptions we get 


= const/ Ves? + ey? + 1/2 (Ysy? + + Yer’) 
As in elasticity so in plasticity also we assume that, during the vari- 
ation of the stress components, the strain components remain un- 
changed. Hence \ remains unchanged too. Bo is the quotient of 


a function of T'g?/2 of the stress components divided by this constant 
factor v. 
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Introducing the displacement components we get 


ou ow ov 
—+—]é —+—]5 dV 
Integrating by parts, we find 
4 ox oy dz 


O60,  Obr,, (= mes) | 
+ ox + oy oz ox oy oz 


+ [u(do.n, + dr,,n, + + v Nz + doyny 
+ + + + 50,n,)]dS...... [8] 


in which the second integral is valid for the boundary. 

The stress variations have been chosen in such a way that 
the equations of equilibrium are always satisfied. Therefore 
on account of the Equations [4] the first integral in Equation [8] 
is equal to zero. ' 

Let us consider now the second integral. In the part of the 
boundary where the external forces are given this second integral 
vanishes. This is so because in the Equations [5] we have now 


sX,=0, s8Y,=0, 6Z,=0 


The second integral is different from zero in that part of the 
boundary where the displacements are given. Hence we have 


6B = [wo(do,.n, + + 57,,n,) 
+ + + + + + 50,n,)]dS 


where Up, Up, Wo are the given displacements in the boundary. 
Using the Equations [5], we can write 


6B = fy (wbX, + + wobZ,) dS ....... [9] 
But uo, vo, Wo are given; hence 
= 8 fy (woX, + + ........ [10] 
On the other hand, from Equation [2] we get 
6B = fy sBaV = =0....... [11] 
Therefore Equation [10] becomes 
(woX, + + = [12] 


It should be noted that the integration in this formula is ex- 
tended over the part of the boundary where the displacements 
are given but the external forces are not given. 

The integral 
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is the work of the external forces by the actual displacements. 

Equation [12] represents a variational principle for the ideal 
plastic body which is identical to the principle of Sadowsky, if 
we agree that the “external effort,” mentioned by Sadowsky, is 
the Integral [13], i.e., the work of the external forces by the ac- 
tual displacements. This interpretation is possible because 
Sadowsky did not specify the meaning of the external effort in 
the general case. 

In the case of combined torsion and tension of a beam, Sadow- 
sky put the principle in the form 

where M, is the torque and 7 is the axial force. 

In the case of combined torsion and bending of a beam, Handel- 
man put the principle in the form 


[15] 


where M, is the bending moment. Therefore it is necessary to 
prove that, for these two special cases, Equation [12] is identical 
with Equations [14] and [15]. 

Indeed, for combined torsion and tension of a beam we have 


+ + woZ,) dS = tT + 


where ¢ is the axial displacement and ¢ is the angle of twist. 
Therefore Equation [12] can be expressed with 


6M, = 0, 6T = 0, 


For the case of combined torsion and bending of a beam we 
have 


T = const, or M, = const 


+ + woZ,)dS = + 


where ¢ is the angle of twist and y the angle of bending. There- 
fore Equation [12] reduces to 


6M, = 0, M, = const, or 5M, = 0, M, = const 
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Discussion of the Forces Acting in Tension 
Impact Tests of Materials 


By D. S. CLARK' anp P. E. DUWEZ,? PASADENA, CALIF. 


A method of measuring the forces acting on a specimen 
during a tension impact test is described briefly in this 
paper. 'n this method a dynamometer is used in tests 
made in a rotary impact testing machine in which impact 
velocities up to approximately 200 fps can be attained. 
The method of computing force-time relations prevailing 
in a specimen subjected to tension impact is described 
from the standpoint of the theory of the propagation of 
elastic and ‘plastic strain. The method is applied to a 
specific material to illustrate the computing procedure. 
A theoretical stress-time diagram has been computed for 
a specimen of SAE 1020 cold-rolled steel 0.300 in. diam and 
8 in. long for an impact velocity of 150 fps. This computa- 
tion has been made (a) on the basis that the dynamometer 
is rigid, and (6) on the basis of a dynamometer mounted in 
a manner approximately equivalent to that in the actual 
equipment. The diagrams are for the stress-time rela- 
tions at the fixed end of the specimen. The computed 
curves are compared with an experimental force-time 
diagram obtained on the same material. The general 
shape of the experimental diagram is quite similar to the 
theoretical diagram computed on the basis of a nonrigid 
dynamometer. 


INTRODUCTION 


N the study of the dynamic properties of metals and alloys 
I over the last ten or twelve years, effort has been expended on 
the investigation of the influence of impact velocity on the 
tensile properties of metals and alloys. In some cases, only the 
total energy required to rupture a specimen in tension has been 
determined as a function of velocity (1, 2). On the other hand, 
some investigators have employed various means of determining 
the forces acting on a specimen as a function of time (3, 4, 5). 
Over a period of years investigators at the California Institute 
of Technology have concerned themselves in part with the de- 
termination of the forces acting on a specimen during an impact 
test. The method consists of recording an effective force-time 
diagram derived from a resistance-sensitive strain gage attached 
to an elastic member which is referred to as a “dynamometer.” 
The dynamometer, to which the specimen is attached, is fixed as 
rigidly as possible to a heavy base of the testing machine. The 
dynamometer is said to be at the fixed end of the specimen. 
The investigations conducted under contract with the National 
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Defense Research Committee of the Office of Scientific Research 
and Development were largely concerned with the study of 
strain propagation. These studies have developed new informa- 
tion concerning the forces acting in a specimen subjected to an 
impact load. The theory of the propagation of strain (7, 8, 9, 
10) permits an analysis of the forces acting during an impact 
test, making it possible properly to interpret force-time diagrams 
obtained from a dynamometer. It is the purpose of this paper 
to discuss the forces acting during the conduct of impact tests, 
and the response of a dynamometer used in determining those 
forces in the light of propagation theory. 


MEASUREMENT OF FORCES 


Tension impact tests at the California Institute of Technology 
have been made with a machine consisting of a 750-hp hydraulic 
impulse turbine with an exciter generator. The water-wheel 
buckets have been removed arid the machine, with suitable elec- 
tric wiring for operation as either a variable-speed motor or a 
generator, is installed in a pit below the floor level. To the wheel, 
which is 44 in. diam, is attached a pair of striking jaws and coun- 
terweights. The wheel turns on a horizontal shaft and together 
with the shaft and motor weighs approximately 2000 lb. In 
operation, the wheel is brought up to the desired speed and at 
the proper instant a yoke is moved up into the path of the jaws 
by means of a strong spring which is released by a solenoid- 
operated trigger. The jaws engage the yoke which in turn 
strikes a tup fastened to the specimen, thus producing the im- 
pact. Fig. 1 shows the specimen, tup, yoke, and jaws in position 


ti 


Fie. 1 Specimen Mount Accessories, Rotary Impact Test- 
ING MACHINE 

before impact. The impact velocity is obtained by determining 

the rotational speed of the wheel with a strobotac, in conjunction 

with appropriate strips of paper fastened to the sides of the ro- 

tating wheel. 

The forces acting on the specimen in a tension test made in the 
machine just described are determined by means of a dynamome- 
ter. The dynamometer to which one end of the tension impact 
specimen is attached consists of a cylindrical bar of heat-treated 
SAE 4130 steel. A typical dynamometer is shown in Fig. 2(a). 
The dynamometer is fastened as rigidly as possible to the anvil of 
the machine. A resistance-sensitive strain gage is cemented onto 
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a section of the dynamometer bar. The strain-gage winding is 
laid along the outer cylindrical surface of the dynamometer. 
The circuit is so arranged that a change of resistance produced 
by a force acting on the dynamometer causes a change of voltage 
in the circuit. This voltage change is amplified and produces a 


i SA f \\ 
~~ 
\ 
3 
' 
Rectangular bor 
i 
ry 
+30" 
8" 
hig 


Fie. 2. DyNaAMOMETER MouNTING 
[(a) Actual; (6) mechanical system almost equivalent to actual. ] 


vertical deflection on a cathode-ray oscilloscope. The scale of 
the vertical deflection of the cathode-ray beam in terms of resist- 
ance change is determined by suddenly changing the resistance of 
the strain-gage circuit by a known amount, corresponding to a 
known force acting upon the strain gage, as determined by a static 
calibration. The circuit of the oscilloscope is arranged so that a 
single horizontal sweep of the electron beam can be obtained at 
any desired speed within limits. The traces of calibration, tim- 
ing line, and force-time curve on the screen of the oscilloscope are 
recorded photographically on 35-mm film with a Zeiss biotar f:1.4 
lens. 


GENERAL THEORETICAL CONSIDERATIONS 


Before presenting a discussion of the response of the dyna- 
mometer used in the determination of force-time relations as just 
described, the method of computing such relations will be sum- 
marized briefly. The principles used in the analysis are those 
presented by Bohnenblust, Charyk, and Hyers (11). Two simple 
cases will be presented: Case 1, impact at one end of a specimen 
extending to infinity; Case 2, impact at one end of a specimen of 
finite length, having the other end rigidly fixed. 

Case 1. Specimen Extending to Infinity. If the extremity of 
a specimen, extending from 0 to infinity in the z-direction, is put 
into uniform motion with a velocity v;, an elastic strain starts 
from the origin and travels along the specimen with a velocity co. 
If the velocity of impact v, is less than the product of the velocity 
of propagation of the elastic wave co, and the strain ¢, at the 
elastic limit, only an elastic wave will propagate. When v; > 
€Ce, & series of plastic strains move along the specimen with 
velocities smaller than co. A disturbance producing a strain ¢, will 
travel with a velocity c, such that 


where p is the mass per unit volume of specimen. 
The velocity v of an element of a specimen undergoing a 
strain is given by the relation 


v= cde 


From this expression and from the relations between velocity of 
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propagation, stress, and strain, it is possible to calculate the rela- 
tion between velocity v, and stress ¢. The process of propagation 
can be represented conveniently in an (z, t)-plane in which z is 
the distance along the specimen from the impacted end, and ¢ 
is the time. The construction of an (z, t)-diagram can be ac- 
complished graphically with the aid of the (v, «)-diagram. In 
practice, the slope of the stress-strain diagram is determined at 
conveniently located points and the quantity 


is plotted for each of the corresponding strains «. This curve is 
then integrated to obtain the (v, «)-curve. The (v, o)-curve can 
be obtained by using the stress-strain diagram. It is important 
to note that the tangent (dv)/(do) at any point of the (v, o)- 
diagram is proportional to the velocity of propagation of the 
strain e corresponding to o since 


As an example, consider a heat-treated SAE 1040 steel 
quenched from 1550 F into oil, tempered at 1050 F for 35 min to a 
hardness of 19 Rockwell C for which the stress-strain diagram is 
given in Fig. 3. The (v, o)-diagram for this material is given in 


| 


4 5 
Strain (per cent) 


Fic. 3 Srress-Strrain DiaGram FoR Heat-Treatep SAE 1040 
STEEL, 19 C 


Fig. 4(a). Supposing the impact velocity is », the magnitude 
of the stress propagated into the specimen will be o;. The stress 
o; propagates with a velocity inversely proportional to the slope 
of the (v, «)-curve at point 7, corresponding to o,, and this process 
of propagation is represented in the (x, t)-diagram by a line 0-7 
having the sanie slope in the (z, ¢)-plane. All stresses between 
o, and go (elastic limit) propagate at increasing speed, and for 
arbitrarily chosen values of « between o; and oo, a series of 
straight lines may be traced on the (z, t)-diagram, Fig. 4(b), 
each parallel to the slope at each point 6n the (¢, v)-diagram. 
These lines, called “‘characteristics,’”’ may be thought of physi- 
cally as wave fronts. Along each of these lines the quantities 
c, ¢, and o are constant. 

To obtain a stress (or strain) distribution after the elapse of an 
interval of time t; from the beginning of impact, a horizontal 
line t = ¢t, is traced in the (z, t)-diagram, and the value of @ (or 
€) corresponding to the points 1, 2, 3, 4, 5, 6, and 7 are plotted 
against z, as shown in Fig. 4(c). A stress-time diagram at a given 
point z, involves the construction of a vertical line at z = z, in the 
(x, t)-diagram in place of the horizontal line t = t,. 

Case 2. Specimen of Finite Length Having a Fixed End. When 
the extremity z = 0 of a specimen of length z = | is subjected 
to an impact of constant velocity v,, the strains propagating along 
the specimen are reflected at the fixed end. An interaction takes 
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Fig. 4 GRAPHICAL REPRESENTATION OF PROPAGATION IN A SPECIMEN EXTENDING 
To INFINITY 
(SAE 1040, 19 Rockwell C, impact velocity 70 fps.) 


3 | | / 
| | 
| | / 
/ 
4 | 
| 
| | | \ x hy 
20 40 60 80 ver vee 


Stress (10> 


Fie. 5 Srress Versus Particte VeLocity ror SAE 1040, 19 
RockKwELt C 


place between the incident and reflected waves. In this analysis 
it is assumed that the base to which the specimen is attached is 
perfectly rigid. 

Consider, as an example, a specimen 8 in. long of the same mate- 
rial as referred to in Case 1, subjected to an impact velocity of 
75 fps. The (¢, v)-diagram is presented in Fig. 5. The initial 
construction of the (x, t)-diagram, Fig. 6, up to a time to = I/cois 
similar to Case 1, since there is no interaction with reflected waves 
up to the time t. When reflection occurs at the fixed end, the 
incident elastic strain returns as a series of plastic strains with 
velocities smaller than co. The conditions at the fixed end are 
similar to those encountered at the moving end at time ¢ = 0. 
A series of characteristics is traced from point Z of the (z, t)- 
diagram with slopes equal to —1/c. Graphically, this leads to 
the tracing of a network of characteristics representing the inci- 
dent and the reflected wave fronts. Simultaneously to the con- 
struction of this network, the (v, ¢)-diagram, Fig. 5, which is 
used to determine the slopes of the characteristics, is also trans- 
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formed into a network from which the values of the stress (and 
consequently the strain) at any point or in any region of the 
(z, t)-diagram, Fig. 6, can be determined. 
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To obtain a stress-time relationship at the fixed end of the 
specimen a tabulation is made of the values of ¢, read from the 
(o, v)-diagram, Fig. 5, corresponding to the various characteristics 
of the (z, t)-diagram, Fig. 6, along the vertical line x = 1 (8 in.). 
The stress-time diagram is shown in Fig. 7. Its shape is typical 
of a metal having a high elastic limit compared with the ultimate 
strength. 
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At the time t at which the elastic wave reaches the fixed end of 
the specimen, the stress increases suddenly to a value correspond- 
ing to the sum of the elastic and the reflected plastic strain. 
Since this value is already close to the ultimate strength, the 

stress-time diagram is rather flat. For a metal like annealed 
' copper, for which the elastic limit is very small compared with 
the ultimate strength, the successive reflections of the plastic 
strains are more pronounced than for a cold-rolled or a heat- 
treated steel (10). 

The ending of the computed stress-time diagram is conditioned 
by the time at which the ultimate strength is reached at any 
point along the specimen. In the example considered in this 
discussion, the ultimate strength was reached at the moving end 
of the specimen 0.374 millisec after the beginning of impact. 
When this condition is reached, necking occurs in the specimen 
and the theory of wave propagation in its present state cannot 
be applied to the computation of the unloading portion of the 
stress-time diagram. 


RESPONSE OF THE DYNAMOMETER 


In the preceding section the force acting at the fixed end of a 
specimen was computed on the assumption that the base to which 
the specimen is attached is perfectly rigid. Practically, this con- 
dition cannot be satisfied, and the lack of rigidity at the fixed end 
is particularly serious when a dynamometer is used to record the 
force as a function of time. Hence a correct interpretation of the 
force measurements made at the fixed end of the specimen re- 
quires an analysis of the wave propagation in the specimen- 
dynamometer system. The solution of such a problem, although 
theoretically possible by means of the graphical analysis pre- 
viously summarized, is obviously very complicated. By simpli- 
fying assumptions, however, it is possible to carry out an analy- 
sis which, in spite of being only approximate, leads to a clear 
explanation of some special features of a recorded force-time 
diagram. 

For the analysis of the force-measuring system, the dynamome- 
ter used in the high-speed impact testing machine described 
may be replaced by an almost equivalent mechanical system, as 
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shown in Fig. 2(b). The dynamometer member on which the 
strain gage is attached is replaced by a cylinder of equivalent 
cross-sectional area and equal length. Since the block to which 
the dynamometer is fastened is very long compared with the 
length of the dynamometer proper, it may be replaced by a bar 
of infinite length. 

The computations of the theoretical stress-time diagrams have 
been made for specimens of SAE 1020 cold-rolled steel 0.300 in. 
diam and 8 in. long, for an impact velocity of 150 fps. Curve 1 
in Fig. 8 is the static stress-strain curve of such a specimen. The 
plastic range of this curve has been approximated in curve 2, Fig. 
8, by two straight lines. Two different stress-time diagrams 
have been computed. The first one, curve 1, Fig. 9, is the stress- 
time relation that an ideal infinitely rigid dynamometer would 
record at the fixed end of the specimen. This diagram consists of 
two horizontal steps which are due to the shape of the approxi- 
mate stress-strain curve taken for the computation. 
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The second stress-time diagram, curve 2, Fig. 9, has been com- 
puted on the basis of a dynamometer mounted as represented 
in Fig. 2(b). The ordinate of curve 2, Fig. 9, is the force on the 
dynamometer expressed in terms of the apparent stress in the 
specimen. The force is zero from time ¢ = 0 up to the time at 
which the elastic wave reaches the front end of the dynamometer 
(point A). From this time on, the force increases proportionately 
up to the time it takes for the elastic wave to travel the length of 
the dynamometer (portion AB of the curve). At B the elastic 
wave is partially reflected by the block to which the dynamometer 
is attached, and the load increases to point C, where an unloading | 
wave originates at the front end of the dynamometer, thus de- 
creasing the load to point D. This process is repeated and pro- 
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duces a vibration which is progressively damped by the successive 
imperfect reflections of waves. 

The oscillation finally disappears, and the stress during the 
time from E to F on the diagram is theoretically slightly lower 
than the true value that would be indicated by an ideal dyna- 
mometer, curve 1, Fig. 9. This difference is not apparent in Fig. 
9 because of the scale of the figure. After a time, the plastic 
wave reaches the fixed end of the dynamometer, and the force 
on the dynamometer oscillates again as in the previous case. 

An actual experimental force-time diagram as represented in 
Fig. 10 does not have exactly the shape of the theoretical diagram 
of Fig. 9. In comparing the actual diagram with the computed 
one, it should be borne in mind that the stress-strain curve has 
been approximated by straight lines. The general shape of the 
experimental diagram bears some similarity to the theoretical 
diagram, curve 2, Fig. 9. The peak in stress recorded at the 
beginning of the diagram is obviously due to the reflection of the 
elastic wave in the dynamometer. Therefore the stress computed 
from this peak will not be a measure of the dynamic proportional 
limit or yield point of the metal. After the first peak, the ampli- 
tude of the oscillation on the diagram, Fig. 10, decreases for a 
time and then increases again. This increase in amplitude is 
due to a plastic wave reaching the front end of the dynamometer. 

The ultimate stress reached in the experimental diagram is 
higher than that in the computed diagram. This might be at- 
tributed to one of two causes, namely, that the dynamic stress- 
strain diagram is higher than the static stress-strain diagram on 
which the computations are based, or that the dynamic-force 
calibration of the dynamometer differs from the static calibra- 
tion. The dynamometer operates within the elastic limit, and 
there is no reason to believe that the modulus of elasticity is af- 
fected by the rate of strain. Furthermore, experimental results 
with two metals having approximately the same ultimate 
strength, such as SAE 1020 annealed steel and 17S-T aluminum 
alloy, do not show the same proportional increase of ultimate 
strength. Therefore it appears that the difference between the 
maximum stress in the experimental and theoretical stress-time 
diagrams is due to a rise of the stress-strain diagram under 
dynamic conditions. 

This discussion shows that the shape of the dynamic stress- 
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time diagram recorded by the dynamometer used is explained on 
theoretical grounds. The value of the ultimate stress is signifi- 
cant, but not the value at the first peak. 


CONCLUSIONS 


The principles of the propagation of plastic strain provide a 
clear interpretation of the force measurements obtained with a 
dynamometer in tension impact testing. The incorrectness of 
converting a force-time diagram into a stress-strain curve is made 
obvious by this discussion. Furthermore, it has been shown that 
force-time diagrams, when properly interpreted, give a true 
picture of the behavior of the specimen under test. It is impor- 
tant to realize that the analysis given here applies to the specific 
dynamometer employed. Before comparing the results of impact 
tests obtained with different equipment, a similar analysis should 
be made. 
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A Method of Making High-Speed Compres- 
sion Tests on Small Copper Cylinders 


By E. T. HABIB,! WASHINGTON, D. C. 


In mechanical gages used to measure the pressure from 
an underwater explosion, small copper cylinders are com- 
pressed at high speeds. This paper describes the test ap- 
paratus designed for the dynamic calibration of these 
cylinders, presents the results obtained with this appara- 
tus, and compares these results with those obtained by 
other experimenters. 


INTRODUCTION 


HE pressure in the water originating from an underwater 
explosion (1)? can be measured by a mechanical gage (2) 
in which small copper cylinders are compressed at high 
speeds. The experimental arrangement described in this paper 
was designed to provide a dynamic calibration for these cylinders. 
At the time of the conception of these tests (1943), very few 
experiments dealing with the effect of increasing the speed of 
straining of a specimen had been performed. Nadai and Man- 
joine (3) had done some work on high-speed extension of metals 
at constant strain rates; they also gave an excellent summary of 
the literature existing on the subject at that time. F. Seitz (4), 
who had built a constant-strain-rate compression machine 
similar to that of Nadai and Manjoine, was beginning tests on 
small copper specimens. However, no machine existed for de- 
forming small copper cylinders in the same manner and at the 
same speed as they are deformed in mechanical underwater 
pressure gages. Accordingly the David Taylor Model Basin 
was requested by the Bureau of Ordnance to obtain curves of 
energy absorption against deformation for small copper cylinders 
at the speeds which were of importance. 
This paper describes a machine built for the purpose stated, 
presents the results obtained with the machine, and compares 
these results with those obtained by other experimenters. 


Test APPARATUS 


The test equipment consisted of an air gun for blowing a 
hardened-steel piston against a copper cylinder located on a 
heavy anvil at the end of the gun barrel, and auxiliary equipment 
for measuring the energy of the piston, Figs. 1 and 2. Two gun 
barrels were used. The first was a cylindrical steel tube 55 in. 
long with an outside diameter of '/j. in. and an inner diameter of 
1/,in. At the muzzle end of the barrel, 180 holes '/, in. diam 
with '/s in. clearance between holes, arranged in four rows around 


1 Physicist, David Taylor Model Basin, Navy Department. 

2 Numbers in parentheses refer to the Bibliography at the end of 
the paper. 

3 Strain rate is the time rate of change of strain (de)/(dt), where € 
denotes the strain. 

Presented as part of a Symposium on Flow and Fracture 
of Metals at the National Meeting of the Applied Mechanics Divi- 
sion, Chicago, Ill., June 17-19, 1948, of Taz AmurRican Society oF 
MECHANICAL ENGINEERS. 

Discussion of this paper should be addressed to the Secretary, 
ASME, 29 West 39th Street, New York, N. Y., and will be accepted 
until October 11, 1948, for publication at a later date. Discussion 
received after the closing date will be returned. 

Nore: Statements and opinions advanced in papers are to be 
understood as individual-expressions of their authors and not those 
of the Society. Paper No. 48—APM-9. 


the circumference, were drilled in the barrel, The purpose of the 
holes was to get rid of the air pressure acting on the piston before 
the piston velocity was measured. The second gun barrel was 
similar to the first, except that it had an inner diameter of */, in. 
and an outer diameter of 1 in. Using two barrels of different 
bores enabled the range of piston masses used to be extended. 

The gun barrel was laid in a V-shaped groove cut into a set 
of steel supports. Both the bed of the barrel and the barrel itself 
were held to a tolerance of 0.001 in. in straightness along the entire 
length. Similarly grooved hold-down plates, bolted to the sup- 
ports, clamped the barrel in position. These supports were in 
turn bolted to a 6-in. I-beam about 63 in. long. At the muzzle 
end of the barrel a steel anvil, 7 in. long, 3'/, in. wide, and 4 in. 
high was bolted to the I-beam. The front end of the anvil was 
cut away and a hardened-steel face plate, 1 in. thick, was fitted 
closely to and bolted to the anvil. The anvil in turn was 
fitted closely to and bolted to a steel block 15 in. high, 10 in. wide, 
and 6 in. thick. The reason for the large mass was to keep the 
energy imparted to the anvil at a negligible level. The face 
of the hardened-steel plate was carefully made perpendicular 
to the center line of the gun barrel. This helped insure that 
the faces of the copper cylinder remained parallel after they 
were compressed. 


STRIKING PIsTONsS 


Four striking pistons were used. Their approximate weights 
were 8, 25, 75, and 335 g. These weights correspond, respectively 
to 0.0176, 0.055, 0.165, and 0.737 lb. The lightest piston was 1 
in. long but hollow, the second was 1 in. long and solid, the third 
3 in. long and solid. These three were all '/: in. diam and were 
used with the first gun barrel. The fourth and heaviest piston, 
which was 6 in. long and */, in. diam, was used in the second gun 
barrel. All pistons were made of tool steel, hardened to Rockwell 
C45. 


PROPULSIVE SYSTEM 


The propulsive force for the piston was supplied by a com- 
pressed-air system. Air from a compressed-air tank at high 
pressure was led into a smaller tank through a regulating valve. 
This regulator permitted filling the small tank to any pressure 
up to 400 psi, although 100 psi was the maximum used. A three- 
way quick-acting solenoid valve controlled the flow of air from 
the small reservoir to the gun barrel. The solenoid valve was 
coupled to the gun barrel through a '/:-in. pipe union. The time 
between opening and closing the valve was determined by a time- 
delay relay. The sequence of events was as follows: 

A double-pole single-throw switch was closed. One blade of the 
switch closed a circuit, allowing a 220-volt alternating current to 
flow through the solenoid. Thus energized, the solenoid opened 
the intake valve and allowed air to blow against the piston. The 
piston then moved along the barrel, struck the specimen, and re- 
bounded. Simultaneously with the closure of the switch, the 
second blade closed a circuit in the time-delay unit. After a 
predetermined time delay, a relay was thrown which opened the 
solenoid circuit. The air pressure then closed the intake valve 
and at the same time opened the exhaust valve, allowing the 
rebounding piston to compress and force air out through the 
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Fig. 2 APPARATUS FOR MBASURING VELOCITY OF PISTON 


exhaust; in so doing, the piston was brought to rest. The pur- 
pose in opening the valve for only a short time was to keep the 
excess of air flowing through the barrel to a minimum. 


Copper CYLINDERS 


The test specimens were made from oxygen-free high-conduc- 
tivity copper rod. Each specimen was made so that the final 
length was 0.5000 in. + 0.0005 in. and the diameter was 0.3255 
in. + 0,0005 in. They were then annealed in an electrically 


heated furnace in an atmosphere of hydrogen at a temperature 
of 950 F. The temperature was maintained for 2'/; to 3 hr and 
the pellets were allowed to cool in the furnace. The flow of hy- 
drogen was maintained until the temperature dropped below 250 
F. 


Test PRocEDURE 


The test procedure was as follows: A copper cylinder was 


placed in a slot in the soft wooden block and against the hard- 
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ened-steel face plate of the anvil. A check on the centering of the 
copper cylinder with respect to the piston face was made before 
and after each cylinder was deformed. Adjustments were made 
when necessary. A steel piston was placed in the gun, accelerated 
by means of compressed air, and allowed to strike the copper 
cylinder. The length of the cylinder was measured before and 
after compression. The velocity of the piston was measured im- 
mediately before impact and immediately after impact. The 
change in energy of the piston was taken as the energy absorbed 
by the copper cylinder. A new copper cylinder then replaced 
the old one and the procedure was repeated at a different ve- 
locity. A new copper cylinder was used each time because that is 
the way the copper cylinders are used in the gages. By using one 
piston, accelerated to various striking velocities, a curve of 
energy-absorption versus deformation may be plotted. By 
using several pistons of different masses, several energy-deforma- 
tion curves may be obtained, Fig. 4. 

The velocity of the piston was measured by noting the time 
interval between the breaking and making of a narrow beam of 
light which was incident upon a photocell, see Figs. 2 and 3. 
As the piston interrupted the first of the two light beams shown 
in Fig. 2, a voltage change was induced in the first photocell cir- 
cuit. This voltage was then amplified and used to trip a sweep 
generator. Thesweep generator controlled thehorizontalsweep of 
an electron beam across the face of a cathode-ray oscillograph. 
When the electron spot had completed about a third of its jour- 
ney, the front end of the piston interrupted the second beam of 
light, producing a voltage impulse in the vertical amplifier of 
the oscillograph. The spot then deflected upward, A in Fig. 3. 
When the back end of the piston had passed the light beam, the 
spot deflected back, B in Fig. 3. After striking the copper cylin- 
der the piston rebounded and its velocity was determined in the 
same way on the return trace of the electron beam, C and D in 
Fig. 3. The distance between deflections was related to time by 
comparing it with a sine wave of known frequency. This sine 
wave was taken from a Hewlett-Packard model 200B audio- 
frequency oscillator. 

To insure accurate time measurements, the output frequency 
of the oscillator was checked by comparison with that of a 1000- 
cycle-per-sec General Radio Type 723 tuning-fork oscillator 
before the timing oscillogram was made. Since the length of 
the piston and its time to pass by the light beam were known, 
the velocity of the piston could be calculated. The energy of 
deformation was then computed from the relation, EH = '/2 m 
(v,2 — v2") where m is the mass of the piston, »; is its velocity 
before striking the copper cylinder, and v- is its velocity of re- 
bound. The oscilloscope tracings were photographed on 35 mm 
Super XX film in an Eastman Kodak Ektra camera equipped 
with an f/1.9 lens. 


RESULTs IN TERMS OF ENERGY ABSORPTION 


In Fig. 4 are shown four curves for which energy absorbed 
by the copper cylinders is plotted against deformation. All 
the copper cylinders used in obtaining these curves came from the 
same lot. Each curve was obtained with a single piston. The 
range of deformations was achieved by varying the velocity with 
which the piston was projected at the specimen. The piston 
velocity in turn depended on the compressed-air pressure. The 
smooth curves faired through the points were drawn in such a 
manner that as many points lay above the line as below it. One 
copper specimen was used for each point and about 100 points 
were obtained for each curve. The close fit of the data to the 
faired-in curve is a measure of the smallness of the random errors. 

The faired curves in Fig. 4 are plotted in Fig. 5, all with the 
same origin and with the same axes. A fifth curve, the “static’’ 
curve has been added; it was obtained by integrating, with re- 
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was used for each point, 


spect to deformation, a force-deformation curve, obtained by 
compressing copper cylinders between smooth steel surfaces in & 
30,000-lb Baldwin-Southwark hydraulic testing machine at an 
estimated velocity of 0.002 ips. This machine measures loads 
accurately to within 1 per cent. Each point for the curve of 
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Fic. 5 EnerGy ABsORPTION PLOTTED AGAINST DEFORMATION 
(Faired curves in Fig. 4 are shown here. The ‘‘static” curve is also shown.) 


static force against deformation was obtained by compressing a 
copper cylinder slowly to a predetermined load, removing the 
load, and measuring the length of the copper cylinder. A new 
copper cylinder was then placed in the machine and the procedure 
repeated. About 100 copper cylinders, each eompressed only 
once, were used in obtaining the static curve. 

Fig. 6 is a plot of energy absorption against the average strain 
rate. Strain rate is dealt with more fully in the Appendix. As 
explained there, the average strain rate for cylinders '/2 in. long is 
numerically equal to the striking velocity of the piston when the 
velocity is given in inches per second. Points plotted in Fig. 6 
were taken from the curves in Fig. 5 at deformation values 0.01 
in. apart. Faired-in lines connect points of equal deformation. 

In Fig. 7 energy is plotted against deformation for various 
average strain rates. The points plotted in Fig. 7 were taken 
from Fig. 6 at deformations 0.01 in. apart with the same average 
strain rate. For each curve in Fig. 7 the average strain rate is 
constant. 

The data obtained with the lightest of the striking pistons, the 
hollow 1-in-long piston, showed a marked increase in energy ab- 
sorption; much greater than the increase one might expect on 
the basis of the increase in strain rate. This increase is much 
more marked at the higher strain rates as shown in Fig. 6. The 
shape of the deformed copper cylinders also changed for these 
tests. In the static tests and in the tests with the heavier pistons, 
the copper cylinders remained cylindrical after being com- 
pressed, or at most there was a very slight tendency toward 
“barreling,”’ i.e., the bases of the copper cylinders seemed to be 
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(In order to plot curves in this figure, the average strain rate was computed 

for various values of deformation along each of the curves in Fig. 5. Faired- 

in¥lines in the horizontal direction connect points of equal deformation. 

Faired-in lines in the vertical direction _— points obtained with same 
piston 


subject to a slight restraint and did not expand quite as much 
as the other portions of the specimen. This barreling* has been 
noted by other laboratories (4). The cylinders subjected to im- 
pact from the light piston, however, showed a different char- 
acter of deformation. Instead of barreling, the cylinders flared 
out at the ends, as shown in Fig. 8. This difference in shape was 
always associated with the abnormal increase in energy absorp- 
tion of the copper cylinders. At the lower deformations, where 
the increased energy absorption was not very large, the shape of 
the deformed specimens was much the same for all pistons used. 
At the higher strain rates, where the increase in energy absorption 
was most marked, the shape of the cylinders compressed by the 
hollow piston was noticeably different from that produced by the 
other pistons. A possible explanation of this phenomenon lies 
in the theory of propagation of plastic strain advanced sepa- 
rately by von Kérmén (5) and Taylor (6). According to this 
theory, the velocity of propagation of a strain wave in tension or 
compression is given by 
p 


‘ Barreling is probably due to friction between the surfaces of 
the copper cylinder and the surfaces of the compressing machine. 
When both surfaces are smooth barreling is much reduced. 
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Fig. 7 ENerey ABsoRPTION PLOTTED AGAINST DEFORMATION 


FOR Various AVERAGE STRAIN RATES 


Average strain rate indicated on each curve is constant along each of these 
curves. 


Flared End- Struck Ends 


Anvil Ends 


Fic. 8 or THE CoppeR CYLINDERS AFTER DEFORMALION 


(The cylinders deformed by static testing and by the three heavier pistons 
remained cylinders after deformation except that the bases of the ouqger 
cylinder did not expand quite as much as the rest of the cylinder. The 
right-hand cylinder which is an example of this type, was deformed by the 
impact of the 1-in. solid piston; the left-hand cylinder displays the flared 
ends which are characteristic of those ae struck by the 1-in. hollow 


piston. 
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where o, is the engineering stress, ¢, is the conventional strain, 
and p is the mass density. The value of (0c,)/(,) is usually 
taken from a static stress-strain curve only because a dynamic 
curve is usually not available. The theory also predicts the mag- 
nitude of the uniform strain ‘in a tensile specimen stretched by a. 
mass moving with constant velocity V» 


(1] 


where V, is the impact velocity of the hammer and « is the uni- 
form strain produced. At the strain where the slope of the 
tensile stress-strain curve is zero, the velocity of propagation of 
the strain wave is zero. Hence the integral of Equation [1] has 
amaximum. This impact velocity is called the “critical” velocity 
for the material. Any impact velocity greater than this may be 
expected to produce an instantaneous breakdown of the speci- 
men. Physically this means that the moving end of the specimen 
is traveling so fast that the plastic strain wave does not have time 
to move along the specimen, and hence the strain in the specimen 
is confined to a portion near the moving end. Here the strain is 
so large that (d0,) /(0e,) is zero and consequently c is zero. 

In compression, the specimen cannot rupture and the slope of 
the stress-strain curve is never zero. However, a critical velocity 
may be thought of as the impact velocity of the hammer which 
makes the moving end of the specimen move faster than the plas- 
tic strain wave propagates. When this happens the material in 
front of the hammer cannot compress fast enough to accommo- 
date the motion of the hammer; it therefore flows sidewise. 
The amount of material flowing laterally increases with increas- 
ing impact velocity, and hence the energy absorbed by the 
specimen is abnormally high. 

In Fig. 9 values of c have been plotted against e, for the '/r 
in-long copper cylinders in compression. The stress-strain 
curves from which c was derived are the static curve and the 
dynamic curve obtained with the l-in. solid piston, Fig. 5. A 
curve for c, derived from the other dynamic curves, would be 
very close to these two curves which are already close together. 
It is seen that for strains of 2 per cent to 24 per cent, the velocity 
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of propagation of the strain waves is nearly constant. The wave 
due to dynamic compression travels slightly faster than that due 
to static compression. With an average value of c for dynamic 
load of 17 X 10* ips, the time for the strain wave to travel up and 
down the specimen is 


2 X 0.500 


The time of deformation for wile amounts of deformation and 
for the different pistons is given in Table 1. 


TABLE 1 TIME TO PRODUCE DEFORMATION WITH 
DIFFERENT PISTONS 


Time of deformation, sec X 10** 


Deformation, 1-40. hollow 
in... piston l-in. piston 3-in. piston 6-in. piston 
0.03 35 64 lll 244 
0.06 41 73 127 275 
0.09 43 78 137 293 


* This is the time for the striking piston to come to rest. 


The times were computed by dividing the deformation by the 
average velocity of the piston during compression. The average 
velocity was taken as */,¢ striking velocity. Comparing the 
travel time of the strain wave with the times of deformation, it 
is seen that for all except the hollow piston, the strain wave travels 
up and down the specimen at least once. Apparently, an appre- 
ciable portion of the deformation produced by the hollow piston 
is completed before the anvil end of the specimen has even felt 
the strain wave. Although the critical velocity, as just defined, 
was not reached, still the impact velocities were close enough to 
it to show its effects on energy absorption and stress. 


ReEsutts TERMS OF STRESS 


Most tests dealing with the strength of metals at high strain 
rates are tension tests, and the results are usually reported as 
stress-strain curves. For this reason the data of this experiment 
have also been placed in that form. Curves of conventional 
stress versus conventional strain were derived from the curves 
in Fig. 5 by numerical differentiation.’ The resulting curves were 
then replotted to show conventional stress versus average 
strain rate. Points from the latter curves were then used to 
plot curves of the conventional stress against conventional strain 
where the average strain rate was the same for all points on each 
individual curve. In order to compare these compressive stresses 
with stresses obtained in tension, these latter curves were revised 
by plotting the true stress 


against the natural strain 


in Fig. 10. 

It is useful to compare “the stresses given here with those ob- 
tained by other investigators. Nadai and Manjoine tested pure 
copper in a constant-velocity tension machine and obtained stress- 
strain curves at high strain rates (3). Their specimens were 
made of commercially pure copper, 0.200 in. in diam and | in. 
long. After being machined, the specimens were annealed by 
heating them in dry regenerated gas to 500 C. They were then 
cooled to room temperature in 12 hr. In Table 2 the true 


‘E=  e F dz or F = (dE/dx) which is the slope of the curve of 


energy absorption against deformation. The conventional stress 
and strain, o¢ and €,, were obtained in the usual manner, i.e., o¢ = 
F/Agand € = (Al)/lo. 
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Fie. 10 Trus Stress PLotrrep AGAInst NATURAL STRAIN 


ane [2] and [3] were seotied to curves derived from Fig. 5, to obtain 
curves shown here. ata shown nore, although obtained in compression, 
may now be compared with data obtained in tension.) 


stress at the ultimate strength in tension taken from Table 1 of 
reference (3) is compared with the true stress from Taylor Model 
Basin compressive tests at equal natural strains. If the com- 
parison is made for approximately equal strain rates and natural 
strains, it is seen that the percentage increase of the dynamic 
true stress is much the same whether the load is applied in tension 
or compression. 


TABLE 2 TRUE STRESS IN TENSION AND + eee FOR 
VARIOUS STRAIN RATE 


Tension 
Increase Increase 
over Average over 
Strain True static strain True static 
rate, Natural stress, stress, rate, Natural stress, stress, 
sec ~! strain psi per cent sec ~! strain psi per cent 
Static 0.284 40300 Static 0.284 41700 
135 0.255 48000 19.1 115 0.255 49600 18.9 
4 0.256 50000 24.1 460 0.256 52100 24.9 
900 0.276 51700 3 920 0.276 52700 26.4 


In Fig. 11 speed effect, defined in this instance as the percent- 
age increase of the dynamic conventional stress with respect to 
the static conventional stress, is plotted against conventional 
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(Speed effect here is ratio of dynamic conventional stress to static conven- 
tional stress. Average strain rate is constant along each curve.) 


strain. In this form, these results are readily compared with the 
work done on copper cylinders at the Carnegie Institute of 
Technology by a group headed by F. Seitz (7). They compressed 
their copper specimens at constant velocity, using apparatus 
fashioned after that of Nadai and Manjoine. They found for 
specimens 0.400 in. long and 0.226 in. diam, made from annealed 
commercially pure copper, the speed effect varied with both the 
strain rate and the strain. 

In Fig. 12 speed effect is plotted as a function of strain rate for 
a given strain. The Carnegie data were taken from Table 2 of 
reference (7). The Taylor Model Basin data used are taken at 
26 per cent strain because these data did not extend to 30 per cent 


‘ 
253 
we 
Be 
| _ | 400 ae 
| 40a 
| | 
| | 
| 
| 
0.28 032 
S 
} IN 
= 
1 
= loge ( —— BI 
l 
‘ 
2 
. ; 


254 


strain. However, from Fig. 11 it may be seen that the speed 
effect leveled off and remained nearly constant for strains greater 
than 23 per cent. Hence the speed effect at 26 per cent strain is 
probably close to that at 30 per cent strain. 
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Fic. 12 Comparison oF CARNEGIE ReEsuLTS WiTH TayLor MopeEL 
Bastn RESULTS; VARIATION OF SPEED Errect WITH STRAIN RATE 
(Speed effect is ordinate and strain rate is abscissa. Strains which apply to 
each curve are approximately the same, 26 per cent strain fof TM ata 
and 30 per cent strain for Carnegie data.) 
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Fic. 13 Comparison OF CARNEGIE RESULTS WiTH TAYLOR MopEL 
Basin Resutts; VARIATION OF SPEED Errect WITH STRAIN 
(Average strain rate for both curves i 720. Agreement is thought to be 
good. 


As shown in Fig. 12, the agreement between the two sets of re- 
sults seems quite good. In Fig. 13 the variation of speed effect 
with strain for a strain rate of 720 per sec, as obtained by the 
Carnegie group and by the Taylor Model Basin, is plotted. 
The Carnegie curve is reproduced from Fig. 17(6) of reference (7). 
If a line is faired through the center of the vibrations of the Car- 
negie curve, the agreement between the two curves is remarkably 
good. Since the Taylor Model Basin curve was obtained by 
numerical differentiation of energy-deformation curves, it is to 
be expected that any high-frequency vibrations present would be 
obscured. 

The agreement of these two sets of curves, as shown by Figs. 
12 and 13, seems particularly remarkable in view of the difference 
in the method of deforming the specimens. In the Carnegie 
tests, specimens were compressed at a constant strain rate; in 
Taylor Model Basin tests, strain rate ranged from twice the aver- 
age strain rate to zero for any one compression of a specimen. 
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Yet the results in both tests are much the same. This would seem 
to indicate that the average strain rate is a satisfactory criterion 
in determining the effect of strain rate on the stress-strain curve. 
This is less remarkable when we note that in the Taylor Model 
Basin tests about 90 per cent of the deformation of a specimen 
took place while the instantaneous strain rate was within 75 per 
cent of the average strain rate. As we have seen, changing the 
strain rate by a factor of */, changes the stress by only a small 
amount. 

Considerable work on high-speed testing of annealed copper 
in tension has been done at the California Institute of Tech- 
nology by a group headed by P. Duwez. Most of that work, 
however, was devoted to verifying the theory of the propagation 
of plastic strains in tension advanced by von Kérmdn (5). In 
order to emphasize this point, the test specimens were necessarily 
long; usually wire about 80 in. in length; but some test specimens 
were 8 in. long and 0.300 in. diam. With both sizes of specimen, 
the tests were designed to bring out the effects of the propagation 
of strain; the effects of changing the strain rate were relatively 
unimportant. In general, however, their tests showed a marked 
increase of the dynamic ultimate strength, specific energy, and 
percentage elongation over the corresponding quantities measured 
statically (8). No increase was noted when the velocity of im- 
pact was increased within the dynamic range. This is not sur- 
prising since the impact velocities used ranged from 25 to 200 
fps, a ratio of less than 10. As we have seen, increasing the strain 
rate by a factor of 10 increases the stress by about 5 per cent. 
Since the experimental error in the California Institute of Tech- 
nology work was about 5 per cent, no increase could be noted. 


PRECISION OF MEASUREMENTS 


The random errors inherent to the experiment have been dis- 
cussed in a previous paper (9). The maximum error in measuring 
deformations of the copper specimens was found to be about 1 
per cent. Errors in the measurement of the energy absorbed by 
the copper cylinders were found to be less than 3 per cent. The 
maximum departure of any one point from the faired-in energy- 
deformation curves in Fig. 5 should be less than 4 per cent. 

Systematic errors due to continuing air pressure acting on the 
piston after its velocity was measured and due to friction were 
found to be negligible. 

ConcLusIoNs 


The energy absorbed by a specimen in acquiring a given defor- 
mation at a given strain rate is always greater than that required 
to produce the same deformation at a slower strain rate. In par- 
ticular, more energy is always required for dynamic deformation 
than for static deformation. The difference between the energy 
required to produce a given deformation dynamically and the 
energy required to produce the same deformation statically, in- 
creases steadily with both in@reasing strain rate and increasing 
deformation. 

When the critical velocity in compression is approached, the 
energy absorption by the specimen is abnormally increased. 

The p&rcentage increase of dynamic true stress with respect 
to the static true stress is much the same whether the load is 
applied in tension or compression. 

Good agreement is found between the results obtained in this 
investigation and those obtained by another investigator on 
similar copper cylinders in compression but at constant strain 
rates. This indicates that the average strain rate is a satisfactory 
criterion in determining the effects of strain rate. 
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Appendix 


STRAIN RATE 


Instantaneous rate of strain is defined as the time rate of change 
of strain (de) /(dt) where ¢ is the natural strain. However, since 
the difference between natural strain and conventional strain is 
less than 15 per cent, and since the dependence of energy abserp- 
tion on strain rate is a very slowly changing function (roughly 
increasing the strain rate by a factor of 10 increases the energy 
absorption about 5 per cent), it was sufficiently accurate to use the 
time rate of change of conventional strain to describe the strain 
rate, 

If one wished to investigate the effect of strain rate on the 
properties of a material, it is obvious that the most desirable 
method would be to hold the strain rate constant throughout any 
given test run and to vary it from run to run. Since the primary 
purpose of these experiments was not an investigation of strain- 
rate effects, no effort was made to achieve constant strain rates. 
Because the strain rate was not constant, the average strain rate 
has been used instead, 

For the '/:-in-long copper cylinders used here, under the as- 
sumption that the average velocity of the piston while it is com- 
pressing the copper cylinder is one half of the initial velocity with 
which it strikes the copper cylinder, i.e., that the deceleration is 
uniform, the average strain rate is numerically equal to the initial 
velocity when that velocity is expressed in inches per second 


MAKING COMPRESSION TESTS ON SMALL COPPER CYLINDERS 


Fic. 14 Srreak From VeELociry oF Piston 
DurinG DerorRMATION OF CopPpER CYLINDER Was COMPUTED 
(Deformation is measured upward, time is measured in the horizontal direc- 
tion. The curved portion of the streak is a plot of motion of piston while it 
is in contact with copper cylinder. Numerical differentiation of this curve 
then yields velocity-time curve of piston.) 


Al Al 1 v Vo inches 1 


¢=—T=— 


& 


sec inches 


where 

€ = average strain rate 
Al = final deformation, 

ly = original length of cylinder ('/2 in.) 
T = time of deformation, sec 

v = average velocity of piston, ips 

Vo = initial velocity of piston, ips 


The assumption of decreasing linear velocity of the piston with 
respect to time, during the compression of the copper cylinder, 
was checked by making several high-speed streak photographs of 
the piston while it was compressing the copper cylinders; see 
Fig. 14. These showed that while the velocity of the striking 
piston was not linear, the assumed average velocity was only 
about 20 per cent less than the true average velocity. Because 
the same assumption with regard to the velocity of the piston is 
made in analyzing the records obtained with the mechanical 
pressure gage (2), the equation just given is considered adequate 
in computing the average strain rate. 
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The Propagation of Plasticity in Uniaxial 
Compression 


By M. P. WHITE! anv LEVAN GRIFFIS? 


A theoretical investigation of the mechanism of uni- 
axial compression impact on elastic-plastic materials is 
described in this paper. The method of analysis is similar 
in some respects to that previously given for tension im- 
pact on such materials. It is concluded that four differ- 
ent kinds of behavior can occur, depending upon the im- 
pact velocity. In the lowest velocity range the behavior 
in compression is similar to that found in tension. In 
this case stress and strain are propagated from the point of 
impact as a zone or wave front of ever-increasing length. 
This type of behavior ends at a velocity corresponding to 
the “‘critical’”’ velocity found in tension impact. Within the 
next higher velocity range, stress and strain are propa- 
gated asa shock-type wave, or wave of very small length in 
which the transition from low to high stress and strain is 
very abrupt. At still higher impact velocities, there occurs 
“flowing deformation” in which the material is too weak 
to maintain coherency. Here there is a steady flow of the 
material toward and against the hammer, after which it 
flows in a thin sheet radially outward over the face of the 
hammer. The final possible state occurs at impact ve- 
locities greater than the speed of an elastic wave, so that no 
disturbance can escape from the hammer into the mie- 
dium. Here the behavior is essentially that of a fluid, 
impact force being independent of strength of material. 


INTRODUCTION 


HE behavior of elastic materials under longitudinal impact 
is well understood. Tension impact in the plastic range 
has been rather extensively studied, both experimentally 
and theoretically. The present paper deals with the theory of 
one-dimensional longitudinal compression impact on elastic- 
plastic materials without well-defined yield points. No experi- 
mental data exist on compression impact, at least in cases where 
the type of behavior is expected to differ fundamentally from 
that observed in tension. The present conclusions are believed 
to be reasonable but are not claimed to be final. It is hoped that 
they will be tested. 
Four regimes or types of behavior are believed possible in com- 
pression impact and are as follows, in order of increasing impact 
velocity. 


1 Low-velocity impact. Here, behavior similar to that ob- 
tained in tension impact is expected (1, 2).* 
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Nore: Statements and opinions advanced in papers are to be 
understood as individual expressions of their authors and not those of 
the Society. Paper No. 48—APM-17. 


2 Shock-wave deformation. In this case plasticity is propa- 
gated with very large stress and strain gradients. 

3 Flowing deformation. The material is in this range too 
weak to acquire the velocity with which it is struck and flows con- 
tinuously toward the face of the striking body and out along this 
face. 

4 Supersonic impact. The phenomena are generally simi- 
lar to those in type 3, but the striking velocity exceeds that of 
any possible disturbance in the medium, which behaves like a 
fluid. 


Fig. 1 shows a typical stress-strain curve for compression. 
It is important to note that the ordinate a is ‘engineering stress,” 
load divided by the initial cross-sectional area of the test piece, 
while the abscissa ¢ is “engineering strain,” change of length 
divided by initial gage length. The form of this curve differs 
greatly from that observed in tension because of the steady in- 
crease in actual cross-sectional area with compression. Par- 
ticularly important is the fact that this curve becomes concave 
upward after a certain amount of strain. 

The analysis that follows is in terms of engineering stress 
and engineering strain, as just defined. The co-ordinate of a 
point is x, its initial distance from the impact end of the member. 
This system of co-ordinates must be thought of as shrinking with 
respect to a fixed system as a result of the compression of the 
member. The speed of a disturbance, measured in the z-co-ordi- 
nate system, is denoted by c, the velocity (absolute) of a point 
of the member by V, the initial cross-sectional area of the member 
by A, and its density or mass per unit volume by p. 

A small, increasing increment of compression stress Ag is associ- 
ated with an increase in compression strain Ae, according to some 
stress-strain relation such as Fig. 1. This wavelet of stress and 
strain moves along the member in accordance with the require- 
ments of continuity and of conservation of momentum. The speed 
of the disturbance c, and the corresponding increment of particle 
velocity AV are found as follows: The speed of a disturbance in 
terms of the z-co-ordinates is c; its actual speed in space depends 
also upon the particle velocity and upon the shrinkage of co-ordi- 
nates, and can be shown to be equal to V + (1 — e)c, when cal- 
culated from conditions in the bar immediately in front of itself, 
and equal to V + AV + (1 —e— Ae)c, when calculated from 
conditions immediately behind. Of course the actual speed must 
be the same no matter how calculated. Thus one obtains the 
first equation of motion 


While a wavelet is traversing an element Az of the member, the 
unbalanced force on the element is equal to AAc. This force 
acts only while the wavelet is within the element, i.e., for a time 
Az/c. The impulse is the product of unbalanced force and 
time, or A Ac Az/c. This must equal the increment of momen- 
tum pAArAV; therefore, AV = Ag/pc. This relation, with 
Equation [1], leads to the second equation of motion 


3 Numbers in parentheses refer to the Bibliography at the end of 
the paper. 
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Low-Vevocity Impact 


Since the stress-strain relation is initially straight or concave 
downward, the analysis described elsewhere in connection with 
tension impact (1, 2) is also valid for compression at low veloci- 
ties. The limit occurs when the impact stress and strain increase 
to a value corresponding to the point of inflection of the stress- 
strain curve, i.e., point p in Fig. 1. Since very complete dis- 
cussions of wave propagation in a medium with a concave down- 
ward stress-strain relation are given in the references mentioned, 
only a very brief review is necessary here. 
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Fig. 1 Sratic Stress-STrRAIN CURVE FOR COPPER IN COMPRESSION 


When impact with constant or increasing stress occurs, the 
resulting stress-strain propagation can be thought of as a large 
number of small but finite increments or wavelets. Each wavelet 
occupies a definite position in the concave downward stress- 
strain relation and has a definite speed of propagation, given 
by Equation [2] and by the slope E of the corresponding part of 
the stress-strain curve. Since the higher stresses are associated 
with smaller slopes, they have lower speeds, and the stress-strain 
wave front becomes steadily longer as the higher stresses fall 
farther and farther behind the low stresses. Each wavelet gives 
an increment of particle velocity AV, Equation [1], to each ele- 
ment of the member that it passes. Since all velocity increments 
are in the same direction (the direction of wave travel in the case 
of compression), they are added cumulatively. The transition 
from the stepped front to the actual continuous front is obvious. 
For the continuous front that suffers no decrease, the summation 
becomes an integral relating the particle velocity and the stress 
or strain in the wave front 


1 d 
ve foe! [3] 
0 p 0 c 


Since this equation gives the particle velocity at any point after 
the arrival of a unidirectional nondecreasing stress-strain wave, 
it applies also to the point of impact and hence gives the relation 
between impact velocity and the resulting stress and strain. 
Integration must be performed numerically or graphically after 
expressing c as a function of ¢ or o, Equation [2]. The effect of 
& subsequent reduction of stress was discussed in a previous 
paper (1). The reflection and interference of waves in plastic 
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materials have also been studied (3, 4). Reference should also 
be made to experimental work on these problems (5). 


Norma SHock-WavE PropaGaTION WiTtH Concave Upwarp 
Srress-STRAIN RELATION (6) 


If an attempt is made to apply the previous analysis to a ma- 
terial with a concave upward stress-strain relation, as in Fig. 2, 
an immediate difficulty appears. A stress-strain increment 
tends to move faster than the increment immediately below it; 
and when one increment is initiated at a later instant, it starts 
behind but eventually overtakes the wavelet just below. Of 
course no wavelet can pass the one ahead of it, hence some 
other behavior mechanism must be sought. 

A similar situation is encountered in gas dynamics. The result 
is known to be a shock wave, or wave with very large gradients 
of pressure and density. It seems reasonable therefore to expect 
similar phenomena in the present case, i.e., propagation of a stress- 
strain front with very large gradients of stress and strain, 

Although Equations [1] and [2] were derived specifically for 
small increments, they apply equally to finite waves, provided 
that all parts move at the same speed, which will be the case 
here. Consequentfy the shock-wave speed c, and the particle 
velocity associated with a shock wave can be found from these 
equations. If o; and « in Fig. 2 are the stress and strain re- 
sulting from impact, the former replaces Ao and the latter Ae in 
Equations [1] and [2]. In the case of a stress-strain relation with 
an inflection point p, Fig. 1, the procedure is only slightly dif- 
ferent. From the point on the upper part of the curve corres- 
ponding to maximum impact stress and strain (1’), a tangent 
is drawn to the lower part of the curve (1). Thus the effective 
stress-strain relation is the modified or secant curve, not the 
initial curve. The co-ordinates of the two intersection points 
of this tangent-secant with the stress-strain curve define the 
upper and lower limits of the shock; the part of the stress-strain 
curve below the point of tangency controls the behavior of a nor- 
mal nonshock plastic wave. 


E, 
Fic. 2 Concave Upwarp Srress-StraIn CURVE 


One serious difficulty remains. It has been tacitly assumed 
that the stress-strain relation is known. This is true only if the 
static relation can be used as a basis for the analysis, as for or- 
dinary nonshock waves. There is considerable reason to believe 
that this is not always the case, however. An analysis of some 
tension and compression tests on metals with well-defined yield 
points—for which shock waves occurred—indicates that such a 
shock wave may leave a metal in a very different state than when 
an equal strain is produced by uniform extension or compression 
(7). If this is the case for shock waves of all types, even in metals 
without well-defined yield points, the present analysis cannot be 
used immediately to predict behavior, but rather as a means of 
analyzing the results of impact tests in order to deduce the dy- 
namic stress-strain relation. 
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Piastic FLowina (8) 


When impact occurs at sufficiently high velocity, a type of 
behavior is possible that is intermediate between that of a plastic 
solid and that ofa fluid. In this case, plastic deformations propa- 
gate along the member away from the impact point in the ways 
that have just been discussed. However, the material adjacent 
to the hammer never ceases to move with respect to the hammer, 
but continues to approach it and to flow outward along its face. 
This phenomenon is illustrated by the impact of a lead bullet on 
a resistant target. At low velocities, the lead is flattened but 
remains coherent. At sufficiently high velocities the lead shoots 
off laterally in a thin sheet along the target plane. In the second 
case it is plain that the strength of the material is not great 
enough for it to stop itself. 

Fig. 3 illustrates this situation. In this case the target or 
hammer is at rest and the cylinder of plastic material strikes it 
with initial velocity V;. The velocity of the cylinder remains 


(a) MOVEMENT OF IMPACT MEMBER. 


MEMBER 
EQUALS Vj TO HERE 
s STANDING 
— SHOCK 
x 


(b) STRESS DISTRIBUTION AT A PARTICULAR INSTANT. 
(STRAIN DISTRIBUTION IS GENERALLY SIMILAR) 


Fie. MercHANISM OF FLow1na Impact 


equal to V; at points not reached by the front of the stress-strain 
disturbance. Within the stressed part of the cylinder the par- 
ticle velocity decreases toward the target, but never becomes 
zero. In terms of the z-co-ordinates previously defined, the rela- 
tive speed of each part of the wave front is ¢ and is given by 
Equation [2]. The absolute speed c’ of any part of the wave is 
found by considering the initial velocity of the medium, the 
reduction of this velocity caused by the wave front, and the 
shrinking of the z-co-ordinates due to the strain; then 


The absolute wave speed c’ at any instant becomes smaller as one 
approaches the target. At some point s, Fig. 3, the actual wave 
speed is zero, and between this section and the target there exists 
a condition of steady flow of the material toward the target. 

If the stress-strain relation and the initial velocity V; are 
known, Equation [4] can be equated to zero and a solution sought 
for «. If a solution exists, plastic-flowing deformation is mathe- 
matically possible, otherwise not. It is found that for a certain 
range of impact velocities, solutions always exist. If Equation 
[4] is equated to zero and solved for V; one obtains 


Vi = — a) + fo’ [5] 
By differentiation it can be shown that the smallest value of V; 
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satisfying this relation corresponds to equating «: to its value at 
the point of inflection p. The largest value of V; that satisfies 
this relation equals co, the velocity of an elastic wave, correspond- 
ing toe = 0. 

The force exerted on the target can be determined. It must 
equal the force in the member at section s plus the flow of momen- 
tum per second through this section. Since the particle velocity 
at this section is 


V; = V; hy cde 


and the actual cross-sectional area equals A/(1 — «:), it is found 
that the steady force on the target is 


This can be combined with Equation [5] to yield 
F = A {oy + pes? [7] 


Within its limits Equation [5] has two solutions, i.e., two 
values of «, for any given V;. Not only are both solutions possible, 
but both occur simultaneously. In other words, section s in the 
member is the location of a standing shock wave within which 
the material is taken from ¢«, to «,’. The upper value ¢,’ is at the 
intersection of the stress-strain curve with a tangent drawn from 
e. Integration of the last term of Equation [5] follows the 
stress-strain curve to « to establish the lower limit of the shock 
wave corresponding to point 1 in Fig. 1, and this plus the tangent- 
secant to «,’ for the upper limit of the shock wave at point 1’ in 
Fig. 1. The standing shock wave is thus defined by the tangent- 
secant. The impact force F calculated from Equation [7] is the 
same for both « and ¢,’, and corresponds to the stress o;, which 
is the ordinate of the intercept of the tangent-secant with the 
vertical line through « = 1. 

It will be noted that the behavior now being described and that 
discussed in the previous section—the normal shock wave— 
are both mathematically possible in a certain range of impact 
velocities. The preferred mode of behavior is believed to be that 
corresponding to the smaller impact force F, at a given velocity. 
It can be shown that when flowing deformation is possible the 
impact force for a given velocity is smaller than that for normal 
shock-wave deformation. There exists, however, a range of ve- 
locities in which only the latter behavior can occur. This is illus- 
trated in Fig. 4 which shows the relation between impact force 
and striking velocity for the material whose stress-strain curve 
appears in Fig. 1. At the transition from normal shock to flowing 
deformation, a sudden decrease in the impact force occurs with 
increasing impact velocity. 


Supersonic Impact 


At an impact velocity greater than the speed of an elastic wave, 
the solution just discussed is no longer possible. It is believed 
that the mode of behavior will be essentially similar, however. 
The only difference will be that no disturbance can escape from 
the neighborhood of the point of impact. Hence the impact 
force will be determined entirely by change of momentum in the 
impact zone. This force is 


This can be written in the form 
[8a] 


The material behaves exactly like a fluid stream striking an ob- 
stacle. 
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WHITE, GRIFFIS—PROPAGATION OF PLASTICITY IN UNIAXIAL COMPRESSION ~~ 


Tue PATTERN 


Fig. 4 shows the relation between impact velocity and impact 
force for subsonic velocities in a material such as copper. Ini- 
tially, the impact is elastic and the impact force is proportional 
to velocity 


This condition exists for velocities less than about 100 ips at 
which the stress F/A reaches the elastic limit. Between 100 and 
5000 ips, normal plastic impact occurs. Within this range of 
velocities the impact force is determined from stresses established 
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Fie. 4 Revation Between Impact Force anp Impact VELocitTy 
FOR MATERIAL OF Fia. 1 in COMPRESSION 


by Equation [3] and is smaller than the value given by Equation 
{9}. Impact between 5000 and 7000 ips causes a normal shock 
wave. Under these conditions the impact force and velocity 
are related by Equation [3], provided that integration is carried 
out along the lower part of the stress-strain curve to the point of 
tangency of a tangent-secant, as in Fig. 1, and then along the 
tangent-secant to its second intersection with the stress-strain 
curve. For impact velocities greater than 7000 ips and less than 
¢, which is the elastic wave speed (about 125,000 ips), flowing 
impact occurs. In this case the impact force is given by Equation 
[7]. For supersonic velocities the impact force is given by 
Equation [8]. 

When engineering stress divided by Young’s modulus (F/AF) 
is expressed as a function of the ratio V;/co (impact velocity 
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divided by the speed of an elastic wave) for the whole range of 
impact velocities as in Fig. 5, it is evident that the relation begins 
as a straight line Equation [9], and ends as a parabola Equation 
[8a]. The two curves intersect at the point (1, 1), which is the 
beginning of the supersonic-velocity regime. All the intermedi- 
ate stages must lie within the region between the straight line 
and the parabola, as shown in Fig. 5. 


Errect or A “Dynamic”’ Stress-STRAIN RELATION 


In some cases the normal static stress-strain relation may not 
describe the behavior of a material under dynamic loads. It has 
been found that for metals without definite yield points, the 
static stress-strain relation allows prediction of dynamic be- 
havior under tension impact. Therefore it is probable that com- 
pression impact on metals without definite yield points, at veloci- 
ties less than those at which shocks are formed, can be treated 
adequately with the static stress-strain relation. Likewise, at 
supersonic velocities the stress-strain characteristics do not 
appear to be important, and it is believed that the forces and the 
mode of behavior predicted here are approximately correct. 

Furthermore, in flowing impact, the portion of the member 
beyond the standing shock wave is free of shocks and presumably 
is governed satisfactorily by the static relations between stress 
and strain. The impact force can be calculated without con- 
sideration of the standing shock, and is probably given closely 
enough by calculations based on the static stress-strain curve. 
Thus only for the normal shock-wave regime is it probable that 
serious error will result from the use of the static relation. It 
appears that the effect of a shock-wave deformation is to make 
material harder than it would normally be at a given strain (7). 
This will increase the impact forces in this regime over those pre- 
dicted from use of the static stress-strain curve. 


CONCLUSIONS 


A theoretical study of the mechanism of uniaxial compression 
impact and plastic-wave propagation indicates that a number of 
different kinds of behavior are possible, depending upon the 
impact velocity. These are as follows: 


1 Elastic Impact. 
velocity. 

2 Normal Plastic Impact. This corresponds to the behavior 
in tension impact, which has been extensively studied. The im- 
pact stress is less than that which would occur in elastic impact 
at the same velocity. 

3 Normal Shock-Wave Behavior. Stress and strain propagate 
as a shock wave with very large stress-strain gradients, corre- 
sponding generally to the shock waves found in gases. 

4 Flowing Deformation. The impact is too severe for the ma- 
terial to retain coherency, and therefore it flows continuously 
toward and along the surface of the target or hammer. 

5 Supersonic Impact. The impact velocity exceeds the speed 
of ag elastic wave in the medium, and the impact phenomena 
depend mostly upon the density of the medium and the striking 
velocity. In this case, the impact stress is proportional to the 
square of the striking velocity. 


Impact stress is proportional to impact 
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A fundamental solution for problems associated with 
discontinuity surfaces in the field of stress has been de- 
veloped by W. Prager, but the accuracy with which it ap- 
proximates the stress field obtained in actual materials 
under the same boundary conditions has not been estab- 
lished. In this paper a study is.made of the limited case 
in which the discontinuity surfaces may intersect when 
they separate fields of constant stress. The results may 
be applied to more general intersecting fields. 


INTRODUCTION 


ITHIN the realm of those plane-strain plasticity prob- 
lems in which one adopts the Saint Venant-Mises 


yield condition, there exist certain boundary-value prob- 
lems which can be resolved only if one admits discontinuity sur- 
faces in the field of stress. The solutions which are associated 
with these surfaces obey the equilibrium requirements and yield 
condition both locally and in the large. The existence of such 
fields, and a fundamental solution of this type have been pointed 
out by W. Prager. The accuracy with which such solutions 
approximate the stress field obtained in actual materials under 
the same boundary conditions has not as yet been established. 
It seems worth while, nevertheless, to investigate some of the 
simpler problems which imply such solutions. 


In this paper, a limited class of such problems will be investi- 
gated; specifically, inquiry will be made into the manner in which 
the discontinuity surfaces may intersect when they separate 
fields of constant stress. The results may be applied to more 
general intersecting fields and will, in fact, exclude only those 
situations where the “shock” has an indefinitely large curvature 
in the neighborhood of the intersection. As is implied by the fore- 
going remarks, the problem is the plastic analog of the shock 
interaction problem of compressible fluid-flow theory. 


ConpitTions Across A DisconTINUITY SURFACE 


Let us consider the stress components associated with two 
small elementary rectangles of plastic material separated by the 


1 The results presented in this paper were obtained in the course 
of research conducted under Contract N7onr-35 sponsored jointly by 
the Office of Naval Research and the Bureau of Ships. 

? Graduate Division of Applied Mathematics, Brown University. 

* Graduate Division of Applied Mathematics, Brown University. 
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‘Discontinuous Solutions in the Theory of Plasticity,"’ by W. 
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‘Henceforth in analogy with the fluid-mechanics problem, we 
shall abbreviate ‘‘discontinuity surface” to ‘‘shock.” 
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Metals, at the National Meeting of the Applied Mechanics Divi- 
sion, Chicago, IIl., June 17-19, 1948, of Taz AMERICAN SocIETY OF 
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Discussion of this paper should be addressed to the Secretary, 
ASME, 29 West 39th Street, New York, N. Y., and will be accepted 
until October 11, 1948, for publication at a later date. Discussion 
received after the closing date will be returned. 

Nore: Statements and opinions advanced in papers are to be 
understood as individual expressions of their authors and not those 
ofthe Society. Paper No. 48—APM-16. 


The Interaction of Discontinuity Surfaces 


in Plastic Fields of Stress 
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line element AB in Fig. 1. It is well known that ¢, and r (as 
indicated in this figure) must be continuous across this line 
element. In so far as equilibrium is concerned, however, the 


Fie. 1 


same cannot be said for the o, components. As a matter of 
fact, it is evident that such a discontinuity in ¢, defines the posi- 
tion of the shock in which we are interested. In order that the 
yield condition 


(og — + 4tqy? = — + = (1) 


should be satisfied, it may be required that the stresses be repre- 
sented in the form‘ 


o,/k = + sin [2] 


When the normal to the line element AB is inclined to the x-axis 
at an angle a, it follows from the foregoing that’ 


o, = 2w + sin 2(@— a)............... [5] 
o, = 2w — sin 2(0 — a)............... [6] 
= 2(0 — a)... (7) 


These relations are valid of course regardless of whether or 
not the line element is part of a shock. 

When, however, the line element is a shock segment, the con- 
tinuity of o, and r requires that* 


cos — a) = cos — @)..... [8] 
2(w: — we) = sin 2(62 — a) — sin 2(@, — a)..... [9] 


* Although no interpretation is necessary, w may be thought of 
as the average of the principal stresses, and @ is related to the direc- 
tions along which f is a maximum. 

? From here on ¢ and f represent the corresponding stresses divided 
by k. 

* The subscripts 1 and 2 distinguish the parameters associated with 
the two sides of AB. 
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and the pertinent roots of these equations are 
Os = Zar — Oy HM [10] 


These facts were originally established by Prager;‘ a somewhat 
different type of discontinuity has been discussed by Nadai.° 


INTERSECTING SHOCKS 


The first question of interest in the problem concerns the 
least number of shocks meeting at a point (see Fig. 2), which 
constitute a consistent system." 


Fic. 2. Iytprsectine SHocks SpaAceD BY CONSTANT-STATE FIELDS 


In order actually to find the possible configurations one may 
assume, say, a 4-shock situation, designate the various angles as 
in Fig. 2, and apply Equations [10] and [11] successively to each 
shock. When this is done and when various parameters are 
eliminated, the following relationship between a, 8, and 6, is ob- 
tained 


2(a— A) = B+ (n—I1)e 
with a = B—y. 
Assuming that two of the shocks are known, i.e., that a and 


6 are known, the remaining quantities may be expressed as 
follows 


6; = 36. + 2a — (2n+ 1) 
B = + a) — (n+ 
2h +a—(n+1)x 


all for same n 


The corresponding values of w may then be obtained from Equa- 
tion [11], where any constant w» may be added to each of the w,;. 
If the same procedure is carried out for a 3-shock configuration, 


* “Zur Theorie plastischer Zustande,”’ by A. Nadai, Proceedings of 
the Third International Congress of Applied Mechanics, Stockholm, 
Sweden, vol. 2, 1930, pp. 191-196. 

19 We limit ourselves to regions of constant stress separated by 
shocks. 
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the degenerate situation is obtained where one shock has zero 
strength (i.e., no shock) and the second becoines the continuation 
of the third. Thus in reality, there is only a single shock. 
Hence no 3-shock situation exists and, in fact, a 4-shock com- 
bination answers the opening question of this section. 

For a 5-shock configuration,'! a wider variety of combinations 
is admissible as can be verified by the same process. 

Example. A trivial example of the foregoing situation is 


(3) 


\ 


Fie. Trapezorp Stats oF Piastic STRESS 
(Field defined by Equations [14].) 


demonstrated in Fig. 3. Consider a trapezoid loaded as indi- 
cated, where 


The plastic field is defined by 
= w= — 5 + cos 28 
6: = 34/4 + 28, 
2 {14] 
— 5 — cos 28 
= 62, we = we 


It is interesting to note that another solution may be con- 
structed without discontinuities, by considering a prism formed 
by extending the trapezoid as dotted in Fig. 3. The solution 
given by Prandtl, '* corresponding to a uniform load'* 


o, = —(2 + « — 28) 


on the top surface, leads to the stress field shown in Fig. 4. 

Now, reconsidering the problem wherein the prism in Fig. 4 
is loaded by a uniform top pressure, there obviously are two 
solutions, the discontinuous solution given here and the Prandt! 
solution. Since the load associated with the former is the smaller, 
it appears that it (the former) is the valid solution. 

The foregoing results lead us to a serious uniqueness problem. 
Let us suppose that a problem such as the foregoing" is investi- 
gated, and by increasing the surface tractions to the proper value, 
a solution is found for the plastic stress field. This, as we have 


11 In fact, for 5 or more, 

12 “Uber die Eindringungsfestigkeit (Harte) plastischer Baustoffe 
und die Festigkeit von Schneiden,” by L. Prandtl, Zeitschrift fiir 
angewandte Mathematik und Mechanik, vol. 1, 1921, pp. 15-20. 

13 Our notation differs from that of Prandtl.'? 

14 We consider a given body under boundary loads given to within 
a multiplicative constant. 
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WINZER, CARRIER—INTERACTION OF DISCONTINUITY SURFACES IN FIELDS OF STRESS 


seen, does not assure that some smaller surface traction cannot. 
also produce a plastic state of stress with, perhaps, shocks of the 
nature discussed here. '* 


IV 


Fic. 4 Regions I III Are Reaions or Constant STRESS, 
Reaion II Is a Fan Reaton, THat Is, 6 + w = Const anv IV Is 
PRESUMABLY AN Exastic REGION 


INTERACTION OF SHOCKS AND “FANS” 


Another problem of interest is the question concerning the 
existence and nature of constant-state regions and regions of the 
type w + @ = const, when separated by shocks. A discussion 
of the “fan fields,”’ implied by w + @ = const may be found in 
Prager’s work.‘ In this case (see Fig. 5), it is found that no 
fewer than three shocks can intersect at the vertex of the fan. 
Using three equations, each of the form of Equations [10] and [11] 
with the condition w, + 6, = w: * 6:, an expression for a in terms 
of 6, and 63, or what is the same, in 6 and ¢, where 6 = 6, — 2/2 
and ¢ = isobtained. It has the form 


1 sin 2(g + 8) = 
2sin +s) 


4% Prandtl!® has pointed out the uniqueness difficulties which exist 
when pairs of regular solutions occur. 

16 “*Anwendungsbeispiele zu einem Henckyschen Satz Ober das 
plastische Gleichgewicht,’’ by L. Prandtl, Zeitschrift fiir angewandte 
Mathematik und Mechanik, vol. 3, 1923, pp. 401-406, in particular 
p. 403. 


Fig. 5 INTERACTION OF SHOCKS AND A FAN 
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where the double signs are independent and +¢ corresponds to 
w * @ = const. The other double sign yields two solutions for 
a. Alternatively, 6; may be found if a and 6, are known, and in 
this case the following equation must be satisfied 


+ — sin (@ + 2a) = + — + 
2 sin @ cos (26; — a) 
where the double signs are dependent upon each other. 
INTERACTION OF SHOCKS AND STRESS-FREE SURFACES 


In addition to the “interior interaction problems,” discussed in 
the foregoing, the interaction of shocks and stress-free surfaces 
is of interest. In Fig. 6(a) are shown the constant-state regions 


2k 


II 
-2k 
(a) For (y > 7) 
2k 


(b) For all values of y ‘ 
Fic. 6 oF SHock Atone Two Stress-FRez SURFACES 


which must exist in this problem. The stress-free boundaries 


imply that 
1 1 
wo = 2 
[16] 
4 4 


for this configuration. The shock conditions imply that 


= + 2a = — 0; + 28 a7 
ws = ws + sin 2(6; — = + sin 2(—a)J 
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where the terminology is most easily defined in Fig. 6. Equations 
[16] and [17] may be put into the convenient form 


B = 2a a 5 are cos (—2 sin* a) 


y = 2a + arc cos (—2 sin? a) +> TT 


=2(6—a) +> 


/ 


Thus for a given free surface and incident shock, the angle 
through which the “stream’’ must turn and the angle of the re- 
flected shock are defined uniquely. This analysis assumes of 


y 


Fig. 7 REFLEcTION oF SHCcK ALONG INTERSECTION OF Two SuR- 
Faces Ong oF WuicH Is Stress-FREE AND THE OTHER WITH A 
Norma Loap 
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course that the material is plastic in all three regions and that 
only two shocks occur. Other situations are easily imagined. 

If, in Equations [16], w: and w; had the same sign, we should 
find y = 4a, B = 3a, (see Fig. 6b). Note that in either of these 
cases no shock and its associated reflection can exist when y = 
x, i.e., When the surface has no jump in slope at the intersection. 

The foregoing results may be extended to the case where one 
surface of the last problem now supports a uniform normal load 


p, Fig. 7. In this case 
1 1 
{19} 
us 


Equations [19], with the shock conditions, lead to the relations 


1 
= 2a are cos (—2 sin®« +2) 


y = 2(8 — a) + 3 
The load p can be written 
p = 4sin (3a — 8) sin (8 — a) + 2......... [21] 
CoNcLusIONS 


As was pointed out in the introduction, at present it is not 
known how drastically the stress field associated with a given 
geometry and boundary tractions will be modified by the transi- 
tion from the idealized Saint Venant-Mises material to a real 
material. However, investigations now in progress indicate 
that the modifications in many cases will be of a boundary-layer 
type. If this proves to be the case in the neighborhood of shocks, 
one will be forced to recognize the existence of stress fields to 
which those discussed here are close approximations. 
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A Law of Work-Hardening 


By A. M. FREUDENTHAL! ano M. REINER? 


Based on the ‘“‘blocking”’ theory of the strength of a poly- 
crystalline metal, a law of work-hardening is derived and 
checked experimentally on mild steel deformed by wire- 
drawing up to a deformation of 4.6 in the logarithmic 
measure. The law correlates the recoverable strain work 
with the total work of deformation in a series of exponen- 
tial functions, the number of which corresponds to the 
number of sizes of crystal grains present in the annealed 
state. 


NOMENCLATURE 
The following nomenclature is used in the paper: 


A = range of discontinuous pulling 
cross-sectional area 
original area 
qualificatory index in ta 
range of wiredrawing 
qualificatory index in tg 
integration constant 
deformation 
latent energy per unit length 
Young’s modulus 
strain 
bases of natural logarithms 
summation index 
function 
hardness 
hardness of polycrystal in annealed state 
maximum hardness attainable 
invariant 
qualificatory index for “inflection” 
qualificatory index in t, for'smallest size of crystal grain 
present in polycrystal 
length 
qualificatory index for “‘limiting”’ 
natural logarithm 
original length 
modulus of rigidity 
qualificatory index for ‘‘normal” 
qualificatory index for ‘original’ also for ‘annealed 
state” 
= load 
= stress 
P, = pull 


~ 


= 


~ 


normal stress 
volume ratio of crystallite of parameter ta to crystallite 
of parameter tg 
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= interatomic distance, quantum of slip 

= parameter of crystallite 

= qualificatory index for “tangential” 

== shear strain 

== yield stress 

= normal yield stress 

== yield shear stress 

= volume of crystal grains or crystallites present in unit 
volume of polycrystal 

= fragmented relative volume 

hardening work 

co-ordinates 

= stability constant 


INTRODUCTION 


That metals harden on cold-working is probably one of the 
oldest technological experiences. Nevertheless there does not 
exist up to this date a rational law of work-hardening of a poly- 
crystalline metal.* Fig. 1 shows a strain-hardening curve for 
mild steel as established in an experiment which will be discussed 
later in the paper. In this experiment, the “‘true”’ stress has been 
plotted vertically and the true strain in the logarithmic measure 
horizontally. The specimen becomes “harder” the more it is 
deformed. If we stop at the point d and release the stress, part 
of the deformation, namely gO’, is recovered. If we apply the 
stress again, we obtain an elastic range O’d’, and this is the longer 
the greater the ‘“‘strain’’ 00’.5 

The property under consideration has for that reason been 
named “strain-hardening,” and there have been attempts to 
relate the yield stresses in the different states of the cold-worked 
metal to the strains, or rather deformations, which produced 
those states. As will be shown later, the proper functional argu- 
ment in such functional relationship is of the nature of “work’”’ 
and not of strain, and therefore the term “work-hardening’’ is 
more appropriate. It will also be shown to be convenient to 
distinguish between ‘deformation’? A, whether recoverable or 
not, and “strain’’ e, as the recoverable part thereof. On this — 
terminology the strain is always “elastic,” while the deformation 
will be predominantly “‘plastic.” 

Workers who tried to establish a functional relationship be- 
tween yield stress and the deformation preceding it, labored 
under three difficulties. They used most widely the ordinary 
tensile test, and there the range of deformation was too short. 
They were not clear concerning the proper measure of deforma- 
tion, sometimes using the classical //l) — 1, which is appropriate 
only for small strains, sometimes other ad hoc functions of 1/lo, 
but very seldom, the logarithmic measure 1,(//lo). The reason 
for using different measures was mostly an attempt to get 
a “straight line’ for the longer portion of the curve after the 
initial parabolic start. Such straight lines, as can be shown, are 
illusory and due to what has just been mentioned as the first 
failing of ‘“‘short-Fange deformation.” Finally, the “blocking” 
or “jamming” theory of work-hardening of polycrystalline 
metals, until recently, having remained purely qualitative, the 


3 In contradistinction to single crystals for which Taylor (1)* has 
established a parabolic law. 

4 Numbers in parentheses refer to the Bibliography at end of the 
paper. 

’ This part of Fig. 1 has not actually been observed but is theo- 
retical. 


8 
n 
| 
t 
V 
v 
} 
Ww 
= 
Pn 


JOURNAL OF APPLIED MECHANICS 


SE PTEMBER, 1948 


40000 
$000 

ae 
8000 & = 

of 
152 ¢ 

Taterval bet- 
gow pills=4min. 

ly 
um Load | 3000|-— INITIAL PORTION OF CURVE SHOWN ANLARGED 

Specimen + Specimen IT 
3000 

aS 

2000 2000 
& 0 0-1 02 03 04 

1000 = STAGE B 

DEFORMATION A logarithmic| measure 
1-0 1:5 20 2:5 3:0 3-5 40 45 


Fie. 1 Srrarn-HarpENING CuRVE FoR MiLp STEEL EsTaBLisHED From TENSILE Test (A) Successive Drawina THrovucH Dies (B) 


different formulas proposed were little more than analytical ex- 
pressions for one or the other straight-line representation, in- 
cluding straight lines in double-logarithmic scale, resulting in 
power formulas. As one noticeable exception the curved part 
of Stead’s (2) equation must be mentioned which is an e-function, 
a relation, as will be shown, of intrinsic significance. 

A quantitative formulation of the blocking theory has re- 
cently been proposed by Bragg (3, 4). Based upon this formula- 
tion, a rational law of work-hardening will be developed in the 
present paper, using original observations of deformation of mild 
steel up to 4.6 in logarithmic measure, corresponding to about 
10,000 per cent extension in the classical strain measure. 


THErory oF WorK-HARDENING PRocEss 


According to the blocking theory of work-hardening as ex- 
pounded by Andrade (5), Schmid and Boas (6), and others, the 
strength of a polycrystalline metal which is an assembly of 
crystalline grains or of a mosaic of smaller fragments, termed 
“crystallites,”’ results from the blocking or jamming of these 
grains or fragments with different orientations, as shown in Fig. 2. 
Slip within one fragment, when it occurs, is blocked at the inter- 
fragmentary boundaries, a discontinuity being created at either 
end of the fragment where the neighboring fragment has not 
slipped. This imposes an additional strain on the neighbor, 
strain energy being stored up in the interfragmentary boundaries. 
This energy is latent in the metal; while it is not dissipated, it is 
not elastically recoverable on the removal of theload. However, 
it does promote the propagation of slip across the interfrag- 
mentary boundaries. 

Progressive plastic deformation breaks down the crystallites 
into ever smaller fragments but there is a limit in the process 
which is reached when the self-annealing tendency at the tem- 
perature of the test becomes so great that the fragments, if 
momentarily formed, coalesce to form the limiting size. Let 
t be the linear dimension of a mosaic fragment or crystallite; 


Fig. 2. Crystat Grains Broken UP Into 


furthermore, let s be the interatomic distance which is the 
“quantum” of slip in a glide-process. Then a fragment forced 
into strain by the surrounding matrix will not yield by slip unless 
the tangential strain parallel to the direction of the lattice planes 
is greater than (s/2)t. If Z is the latent energy per centimeter 
of depth of crystal stored up in the interfragmentary boundaries, 
6 the shear strain and n the modulus of rigidity in a fragment, 
which for simplicity is supposed to be a small cube of side t, the 
condition of glide, which will take place if it results in a release of 
energy, can be written in the form, Fig. 3 


Canceling by the volume ?°, it will be seen that there will be a 
limit to the elastic energy per unit volume (or “resilience’’ as it 
may conveniently be called) which can be permanently con- 
served. If this is exceeded, slipping will be “triggered off” by 
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some thermal shake which, by the laws of chance, must occur in 
each portion of the metal sooner or later. When this happens, 
part of the energy EF will help the glide to work. From the 
inequality Equation [1], it can be seen that the ultimate resilience 
is inversely proportional to the square of the parameter ¢. 

In the initial annealed state, there are large regions of highly 
perfect crystalline structure in the metal, ¢ being large and the 
yield point low. Through the act of yielding, ¢ diminishes, and 
the metal becomes harder. When the fragments have attained 
the limiting size, the elastic limit is determined approximately 
by an expression ns/t,t being the average range over which each 
event of gliding can run. 


A “Primitive” Work-HarpEenine Law 


In order to show how a work-hardening law for a polycrystalline 
metal through the entire range from the annealed to the “limit- 
ing’’ state can be arrived at from this theory, we make an assump- 
tion (subject to revision) about the simplest structure which a 
polycrystalline metal can have. Let us assume that in the an- 
nealed state the metal consists of grains of equal size of some 
parameter ¢, which are arranged in ideal disorder so that all orien- 
tations are equally probable. Furthermore, let us assume that 
& certain increment of cold-work will break down a certain frac- 
tion of these grains, namely, al! those whose orientation is favora- 
ble in the particular type of deformation, and that the rotations 
of the glide planes connected with fragmentation restore the ideal 
disorder of the unaffected virgin grains. Let us further assume 
that the fragments to which the virgin grains are broken down, 
are of the limiting size. 

In accordance with Wood (7), pure aluminum appears to be 
in this state at atmospheric temperature. It will generally be the 
case when the temperature at which the metal is worked is fairly 
high, but not so high that there is no work-hardening. In short, 
we assume that, at every stage of the work-hardening process, 
conditions are the same with only the number of virgin crystal 
grains reduced. Let Ho be the ‘hardness’ in the annealed state 
and H,, be the mhaximum hardness the metal can attain when all 
virgin crystals have been broken down to the limiting size. 
Let W be that part of the deformational work which brings 
about fragmentation and which we may call “hardening work.” 
Then, without for the time being assuming any particular measure 
for either H or W, the simplified conditions just outlined suggest 
a differential law of the type 

dH 


where x is a constant which we may call “‘stability constant,” and 
which on integration yields é 


H = He — (H — 


which is the primitive work-hardening law under the specified 
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conditions. The question now arises as to the proper measure 
of Hand W. The measure of the first cannot be the yield stress, 
which is particular to the type of deformation used, tension, 
compression, torsion, or any other. We wish to measure a 
“property” of the metal, and this, in an isotropic or quasi-iso- 
tropic material, must be a scalar quantity independent of the 
particular type of stress. In accordance with inequality Equa- 
tion [1], we may take as a measure the ultimate resilience !/, n6? 
which is a scalar quantity. This Bragg flow condition, as we 
may call it, will give the same results as the Hencky flow condi- 
tion */3-3,2/n, where #8, is the tangential yield stress in shear cor- 
responding to 6; there is, however, an advantage, as Bragg has 
pointed out, in considering not the limiting “stress,” but the 
limiting ‘“strain.’’* 

We can simplify this flow condition still further in the same 
way as Mises’ condition is a simplification of Hencky’s. As the 
modulus of rigidity n can in a first approximation be considered 
constant throughout the work-hardening process, the factor 
1/;.n affects the “‘scale’” of plotting only, and we can drop it. 
Accordingly, we get 6? as our measure for # in the case of simple 
shear. In the general case 6? must be replaced by the second 
invariant of the deviator of the limiting strain, in the same way 
as generally for the Mises flow condition the second invariant of 
the deviator of the limiting stress has to replace 3,2. We now 
turn to the measure of W. We note that Equation [3] is of the 
form 


and we have just found that H will be expressed by a scalar 
quantity. However, if this is so, Eddington’s principle of 
generalized dimensions, stating that in an equation all terms 
must be tensors of the same rank, requires that the quantity 
on the right side of Equation [4] should be a tensor of the same 
rank as that of the quantity on the left side, viz., of rank zero. 
The work W depends in some manner upon the deformation; its 
measure therefore must be a function of the invariants of the 
tensor of deformation. The first invariant of the deformation is 
a measure of the cubical dilatation. In plastic deformation, the 
volume may in a first approximation be assumed as constant 
and the first invariant of the tensor of deformation accordingly 
vanishes. If the work-hardening is the same for tension and com- 
pression, and this also may be assumed in a first approximation, 
the third invariant, being of odd order in its components, need 
not be taken into account. Therefore the proper measure of the 
argument of the function f in Equations [4] and [3] will be the 
second invariant of the deformation tensor. 

Equation [3] was proposed by Reiner as a primitive work- 
hardening law (8). In the measure adopted here and using the 
terminology proposed in the nomenclature, it connects the 
“square of the ultimate strain” with the “square of the deforma- 
tion preceding it.”” Both are quantities of the same kind and are 
dimensionless figures. The stress does not appear explicitly. 


Strain-HARDENING CURVES 


The curves representing the work-hardening law, Equation [3], 
and which we may term “work-hardening curves,” increase 
monotonously from a zero to a limiting value. Stress-strain 
curves, or strain-hardening curves, which express directly the 
experimental observations, are much more complicated (compare, 
Fig. 1). They extend from some initial value a horizontally to 
a not very well-defined point b, from where they have a curvature 
convex toward the strain axis. At c there is an inflection point 
after which the curvature is concave toward the A-axis. It is 
not surprising that, as Stead expressed it, “this curve cannot 


® Reference (3), p. 32. 
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be made to fit any of the commoner types of equations.” It 
looked as if it would require at least five constants and this actu- 


ally was their number in the equation proposed by Stead. 
However, let us consider an equation of the form 


If plotted in y and z, its first and second derivatives will be 
y= 


and we can see that, whatever the form of f, it will necessarily 
have a horizontal tangent at z = 0 and an inflection point at 


Not only therefore does our proposed law, if expressed as a 
stress-strain relation, give the horizontal tangent at the start, 
and the inflection, but in addition, there follows that should the 
yield point be very low, the “‘yield-point slip” will be correspond- 
ingly small. This result is in agreement with the fact that for 
mild steel, which has a pronounced yield point in the annealed 
state, the yield-point slip is also pronounced, while for an- 
nealed copper both are hardly noticeable. 

Likewise it can be shown that the smaller H. — Hg, the 
smaller z;, which is in agreement with observations on work- 
hardened mild steel. 


VARIABLES FOR TENSION 


We have found already that the variables of the work-harden- 
ing law should be the following: (a) For abscissas, the second 
invariant (J) of the tensor of (plastic) deformation (A); and (b) 
for ordinates, the second invariant of the deviator of the ultimate 
(elastic) strain (e). For shear, for which Bragg established 
Equation [1], there is 


In our experiments, the specimens were deformed in tension, 
and we must establish the proper variables for this case. Let 3, 
be the yield stress in tension and #, the yield stress in shear; 
then the Mises-Hencky theory, as is well known (compare, e.g., 
Nadai®) shows that 


On the other hand 
and therefore 


Of course we may plot any constant multiple of J and it will 
be convenient to plot —4/ instead of J (compare with Equation 


7 One should remember that the tangential tensor component is 
one half of the change of angle in simple shear. 
8 Reference (8), p. 74. 
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{11]). Our ordinate, accordingly, will be 3,2/3n? where J, is 
the observed yield stress in tension, i.e., a “normal” stress. 

For calculation of the abscissas, we take into account that in 
plastic deformation, as has already been mentioned, the volume 
change is negligible. This would correspond to a (fictitious) 
Young-modulus E = 3n. Introducingn = E/3 into 8,2/3n?, we 
get 30,?/E*, and replacing 3,/E by the deformation A, our 
abscissa will be 3A*. This calculation does not imply that A = 
8,/E£. It is simply a short cut for the calculation of 


The deformation must, as was done by Taylor and Quinney 
(10), be calculated in the logarithmic measure. 


EXPERIMENTAL STRAIN-HARDENING DraGRAM FOR MILD STEEL 


In order to provide an experimental basis for the theory to be 
developed, a strain-hardening curve, as shown in Fig. 1, was ob- 
tained from a hot-rolled low-carbon steel of 8 mm initial diam. 
In its initial state the mechanical properties were as follows: 


UTS (ultimate tensile stress, as defined in British Standards 
Elongation of 100-mm gage length, per cent................. 30 
74 


Experiments were carried out in two stages A and B, covering 
ranges for A in stage A up to 1.0 and in stage B from 0.3 to 4.6. 
Work-hardening was effected in stage A by discontinuous pulling 
in a tensile testing machine, and in stage B by successive wire- 
drawing operations. 

In stage A two specimens were loaded slowly up to yield point 
determined by the drop-of-beam method, then the load was re- 
moved and the resulting stricture measurec. This sequence of 
operations formed one loading cycle, and about 120 such cycles 
were carried out before fracture occurred. Before testing, the 
specimens were annealed at 300 C for 2 hr. 

A special problem was presented by the duration of the test, 
since one complete cycle lasted about 10 min. It was feared 
that the effects of aging during necessary rest periods would make 
it impossible to obtain a continuous curve. It was found, how- 
ever, that while the interruption of a discontinuous pulling series 
produced a temporary rise of the yield point, this disappeared 
completely within 8 to 10 subsequent pulls (compare inset in 
Fig. 1). 

In stage B, in 15 operations the rod was drawn down to 0.8 
mm diam. Suitable lengths of wire were cut off after each draw 
and their ultimate tensile stress determined. From the fourth 
draw onward, this may be considered as identical with the yield 
point. All wire-drawing operations were completed within 24 
hr, after which specimens were stored for different periods in 
order to ascertain the influence of aging. Tests were carried out 
after 2, 3, 7, 14, 19, and 40 days. The specinféns stored for 3 
days were maintained at —20 C, and all others at room tempera- 
ture. The specimens stored for 14 days were heated to a tem- 
perature of 100 C before testing; those of 19 days to 200 C. It 
was found that the effect of time was a gradual reduction of the 
hardness through self-annealing which, however, tended toward 
an equilibrium reached by the 19 days +200 C results.? Ata 
deformation of 4.6 the yield point'® of the specimen tested 2 days 
after drawing was about 50 per cent higher than the yield point 
at equilibrium. For smaller deformations, the differences were 
smaller, disappearing at A = 1.6. 

Our theoretical evaluation is based upon the equilibrium curve 
shown in Fig. 1. For the calculation of the deformation, it was 


® This may be the ‘‘stable’’ state (a2) mentioned by Wood (7). 
10 Here identical with the UTS. 
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assumed that the volume of the material remains constant, or 


where A is the cross-sectional area. Therefore 


The area was calculated from two diameters measured at right 
angles by means of a ball-point micrometer. The stress p, = 
P,,/A,, where P,, is the observed yield-point load, was plotted 
against A = In (Ao/A,), where A, is the area before yielding. 

If the yield stresses are plotted against decreasing diameter 
ratios as introduced by Stead, or percentage reductions of 
diameter as modified by Norris (11), or against decreasing cross- 
sectional area ratios, or percentage reductions of areas as used 
by others, the illusory character of the straight line becomes ob- 
vious. In these representations there are sections of the curves 
which are more or less straight lines, but extrapolation of these 
straight lines toward vanishing diameters or areas, as has often 
been done, is evidently not warranted. 


EXPERIMENTAL WorK-HARDENING CURVE 


From the observations plotted in Fig. 1, the ordinates for a 
work-hardening curve were calculated. The experimental points 
were plotted in terms of 


H = 0,2/3n? 
versus 
W = 3a? 


The modulus of rigidity n was assumed as 8 X 105 kg per cm?. 
A curve, Fig. 4, was then drawn to fit the points. There was 
considerable scattering for stage B, as has also been reported by 
other workers when determining yield points of drawn wire, but 
the two specimens tested in stage A gave entirely satisfactory 
curves with all observational points on the curve, except those 
to which reference is made in the preceding section (compare 
inset in Fig. 1). The first part of the curve corresponding to 
stage A was drawn separately and very much enlarged in Fig. 5. 
As can be seen, in contradistinction to the strain-hardening 
curve, the work-hardening curve starts with a sloped and not a 
horizontal tangent. This is what was to be expected on the 
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strength of the considerations in the section on Strain-Hardening 
Curves. 

The second part of the curve, corresponding to stage B, does 
suggest an e-function in accordance with Equation [3]; but in 
part A toward decreasing deformations A, its curvature increases 
very much in parabolalike fashion. This suggests, as was only 
to be expected, that the virgin grains in steel at atmospheric 
temperature are not one size only above the limiting size as was 
assumed for the derivation of Equation [3] and that therefore 
the rate of work-hardening dH/dW is greater in the beginning, 
slackening off as the cold-working proceeds, gradually approach- 
ing a state where “the most stringent reduction (= deformation) 
will not do more than bring the grains to the border of the third 
(= limiting) class,” Wood (12). Our problem is to express 
the complete curve, from the annealed to the limiting state, 
mathematically. This we now propose to carry out on the basis 
of Bragg’s theory. 


Two PosstsLeE WorkK-HarpDENING Laws 


In accordance with Bragg’s theory, we are measuring the 
“hardness H,” of a crystal grain or a crystallite by the ultimate 
resilience or the maximum strain energy which can be conserved 
in it per unit volume; the index ¢ indicating the ‘“‘parameter” of 
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the crystallite or the range over which gliding in it can run. 
Let V, be the volume of crystallites of parameter ¢ in a unit vol- 
ume of the polycrystal, then the elastic energy conservable in 
such crystallites will be H,V,. 

Let a unit volume of the polycrystal in any state be composed 
of crystallites of different parameters, ¢ running from ¢, to t¢,, 
where ¢; indicates the largest size in the annealed state and ¢, 
the smallest size. Let, furthermore, H,, be the hardness which the 
polycrystal possesses in a state characterized by an amount W of 
hardening work which was required to bring it from a state Ho to 
H,,. Anadditional element of hardening work dW will cause an 
increase of hardness dH,,, the rate of hardening being dH,,/dW. 
Hardening is due to increased fragmentation of the crystallites, 
the volume t%a,g of crystallites of hardness H,« in unit volume 
being converted into an equal volume of hardness Hig. The 
rate of hardening due to this fragmentation will be 


H.a and Hig being constants. As the strain energy additionally 
conserved in the polycrystal is equal to the sum of the strain 
energies additionally conserved in the crystallites, the rate of 
work-hardening will be 

dH 


= (Hig — Hia) [18] 


the sum to be taken over all crystallites converted from some 
state ta into some state ts, 8 always being larger than a. Nowin 
accordance with Bragg’s theory, hardness is inversely propor- 
tional to the square of the parameter ¢ and therefore (writing 
for simplicity a for ta, etc., where it appears as index) 


where ga,s denotes the ratio of the volume of one crystallite of 
parameter a to the volume of that smaller one of parameter 8 into 


which it is converted through fragmentation, and ta >tg. Hence 
the rate of work-hardening 

dH, d ay, 

—* = — 1) [20] 


dw 


We may assume that ga,¢ is a constant for all stages of the work- 
hardening process, i.e., that a crystallite of parameter a is through- 
out the work-hardening process converted into the same kind of 
crystallite of parameter 8. Equation [20], accordingly, can be 
integrated and yields for work hardness 


H, = —1) vag t+C.......... [21] 


We now have to make an assumption on how the fragmenta- 
tion process proceeds. Two extreme alternatives present them- 
selves. The process may be either (a) gradual, through consecu- 
tive stages, when at every step each size of crystallite is broken 
into the next smaller size, the process continuing until finally all 
crystallites are of parameter ¢,, where | indicates the “limiting” 
size; or (b) it may be catastrophic when no intermediate stages 
exist, but at each step some grains are shattered directly into 
fragments of limiting size t,; or (c) the process may be of a na- 
ture lying intermediately between these extremes. 

We shall now derive the two laws, corresponding to the two ex- 
treme alternatives, by theoretical analysis. 


DERIVATION OF First ALTERNATIVE 
In this alternative 8 = a +1. Developing the sum = on the 
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right side of Equation [21] aceordingly, we have for the first 
term 


— 1) 
and for the second 
H:(q2,3°/* 1)v2 


However, in accordance with Equation [19] 


= q,2"/* 
and therefore 
— 1)v2 = — 
This makes Equation [21] 
e=k—1 


Ay = Ai(q,2 2,3 (qe,e+ 


e=1 


[22] 


where t, is the parameter of the smallest size reached in the frag- 
mentation at stage H,,,, and qo, = 1. 

For W = 0 no fragmentation has taken place and therefore 
vz vanishes. At the same time H, = Ho, the hardness in the 
annealed state. This yields 


and 
e=k—1 


A, 


e=1 


We now have to calculate the », of Equation [24]. Assume, 
as was done in the section A Primitive Work-Hardening Law, 
that the rate of fragmentation of grains or crystallites of any par- 
ticular size ¢, is proportional to the relative volume V, (i.e., rela- 
tive to unit volume of the polycrystal) of grains or crystallites 
existing at the stage W under consideration. Let V,,, be the rela- 
tive volume of grains of parameter ¢ existing in the annealed state 
(indicated by the subscript 0). Then the relative volume exist- 
ing at stage W is Ve, — t, where, as before, », is the relative 
volume of grains of size t, fragmented “‘to date.” Hence 


Considering that grains of size ¢; are converted into such of 
size tz, we have 


dv2/dW = (V2o — v2 + [26] 
Therefore, generally 
= (Veg — Ve + Ve—1)/Xq 


The solutions for these differential equations are 
Vi = Vio (1 — e~ 


Vi = (Vio + Vio) (1 — e~ ¥/%) [28] 


In order to examine the shape of the curves v, versus W, we 
calculate 


dv./dW = We + W/x + Vio 
2 


( wn) | [29] 
xe X2— X1 


= 
dv, 
H. H. ta,8 
(His — Ha) 
d 
2 
ky 
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which for W = 0 yields 
The curve has an inflection point at 


1 x2 
WwW, = —— V; 


Now x: can either be equal to x, or it must be greater. The 
abscissa W; of the inflection point is therefore positive in every 
case. Only the », versus W curve has no inflexion point. Since 
all other v, curves have inflection points, the work-hardening 
curve H, = {(W) must also show an inflection point. This will 
provide a criterion for the applicability of the first extreme as- 
sumption. 


DERIVATION OF SECOND ALTERNATIVE 


In this alternative tg in Equation [21] is always = t,, while a 
runs from 1 to k in accordance with the sizes of grains initially 
present in the polycrystal. The curve corresponding to Equation 
[21] has ranges governed by different equations. In the first 
range the largest size of parameter ¢, is fragmented into the 
limiting size ¢t, until the hardness of the polycrystal, which in the 
initial (annealed) state is Hp = H;, reaches the hardness of H, 
of the grains of size 4, when the breaking up of this size also sets 
in, proceeding simultaneously with the continued breaking up of 
the largest grains still existing. Generally, we now have, in 
contradistinction to Equation [27], but in analogy to Equation 
[25] 

dva/dW = (Vao Va)/xXa 


Let Ha be reached at abscissa Woa, when fragmentation of size 
ta sets in; in other words, va = 0 for W = Woa. Integration 
of Equation [32] then gives 


va = Vao (1 — e~ — Wea)/xay [33] 


forall W > Woa, where Wo = 0. 
In the first range Equation [21] becomes 


Hon = Hy (1 + — 1) Vio (1 [84] 


where C; has been determined from the condition that Hw, = 
H,forW = 0. 
In the second range we have 


= Hy (1 + — 1) (1 — 


+ — 1) Viole — [35] 
where we have introduced 
[36] 


and the constant C; follows from Hw,: = Hz for W = Wo,». 
Generally, there is 


Hw. = + 2 (qa,t/*— 1) Vao 


(e—(Wee— Wee)/xa — —We,e)/xa)) [37] 


where = 1. 


In order to examine the shape of the work-hardening curve 
Hw, versus W, we calculate the rate of work-hardening 


Xa 


a=e 
V 


a=1 


If the rate of work-hardening is plotted against hardness, this 
will give a straight line if either one term in the = of Equa- 
tion [38] only exists or, alternatively, if xa is the same in all 
ranges, i.e., is independent of a. Otherwise a curved line will 
result. This will provide a criterion for the applicability of the 
second extreme assumption. 


Comparison W1TH ExPERIMENT 


While an inflection point is present in the strain-hardening 
curve, Fig. 1, the work-hardening curve, Fig. 5, does not show any 
such point. This confirms the considerations of the section on 
Strain-Hardening Curves, and at the same time rules out the 
first alternative for a work-hardening law. 

On the other hand, the rates of work-hardening when plotted 
against hardness in Figs. 4 and 5, definitely give three straight 
lines with transitional curves between them. This suggests the 
applicability of the second alternative. We have in our case 
three ranges in the rate-of-work-hardening curve. The first is 
represented by a straight line. The second and third are repre- 
sented by curves followed by straight lines. The straight lines 
indicate simple e-functions and therefore fragmentation of one 
kind of grain only. In the range of curved lines fragmentation 
of two kinds of grains takes place. When the curved portion 
after the first straight line sets in, fragmentation of the second 
kind of grain starts and goes on simultaneously with the frag- 
mentation of the first (largest) kind. When the second straight 
line sets in, fragmentation of the first kind of grain has practically 
been completed. This process is repeated again in the third 
range. While the deformation was in the extreme, no limit of 
hardness was reached in our experiment and therefore it is pos- 
sible that a fourth and further ranges exist. However, as will 
appear later, we have reasons to believe that the three ranges 
complete the process. 

From the rate curves we read Hy = H,, Ho, H;, and H ~, assum- 
ing that the third range is the last. We also read the following 
equations for the straight-line portions of the rate curves 


= 3970 X 10-7 — H.,1/0.0174 
dHo2/dW = 270 X Hu2/0.65 }..... [39] 
dH »3/dW = 12.5 X — Hu,s/82 


From the work-hardening curve we read We and Wy;. Com- 
parison with Equations [37] and [38] then yields the values listed 
in Table 1. The work-hardening curve for the mild steel in 
question accordingly consists of three sections within the ranges 
W =0—0.0019; W = 0.0019 — 1.3; W = 1.3 — o having the 
equations 


10? Hy = 69 — 38e—¥/0.0174 
10° = 175 — 38¢— ¥/0.0174 __ g5_—(W —0.0019)/0.65 


10’ H,,s = 1025 — 38e— ¥/0.0174 __ g5¢—(W —0.0019)/0.65 
854 de —(W—1.3)/82 


TABLE 1 TABLE OF VALUES 


a He Wea 
1 31 X 107 0 0.0174 
2 56 X 1977 0.0019 0.65 
3 160 xX 1077 1.3 82 

1025 10~7 ove 


— Veg 100 V, 


ao 

1.23 33 4 3.2 

1.52 18 9 2.6 

5.34 7 89 1.9 
1 = = 102 1.0 


; 
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Discussion OF RESULTS 


If we assume that the third range, which we found, is the last 
one, i.e., that the hardness of the smallest fragments" is H, = 
H. = 1025 X 10~’, this makes in accordance with Equation [19] 


t 2 
qa,l (‘ ) 


The values for ga,:/* thus calculated have been entered in column 
6 of Table 1. It is now possible to calculate the Vao from the 
values appearing in column 5 and these have been entered in col- 
umn 7. They add up to 102 per cent, and this may be taken to 
confirm that the three sizes , tz, ts only are present in the poly- 
crystal in the annealed state. Of these, the third size predom- 
inates. The ratio of the largest to the smallest parameter, i.e., 
t/t; =q1,1,'/ is only 3.2. This seems to contradict the findings of 
Wood (7) in accordance with which the ratio of the grain size 
in the annealed state to the crystallites of lower limit should be 
10? or more. 

The explanation may be that the parameter determined by 
means of x-ray analysis is of a different kind from the one revealed 
in the work-hardening process. The former will be affected by 
every crimping or waving of the lattice planes which will, however, 
not suffice to block the slip. 

Our work-hardening curve shows a remarkable feature which 
seems to confirm the theory and at the same time provides an in- 
sight into a much questioned quantity. Reconverting hardness 
H into yield stress by means of 


H, 1025 X 10-7 
Ha Ha 


we find that in the second section of the work-hardening curve, 
when the fragmentation of the first kind of grains of parameter 
t, is practically completed, the hardness is 92.5 X 10-7. The 
corresponding stress is 4208 kg per cm?. This is exactly the 
true UTS, the meaning of true being, as customary, that 
the stress is referred to the actual smallest cross-sectional area. 

It is known that “‘necking”’ of the tensile test piece, which starts 
when the maximum load is reached, is due ‘‘to the fact that the 
rate of increase of stress (due to strain-hardening) is no longer 
able to compensate for the decrease in tensile load because of 
decreasing cross-sectional area,’’ Sachs and Lubahn (13). We 
now see that this slackening in the rate of work-hardening is due 
to the fact that the largest crystal grains, the fragmentation of 
which so much increases the hardness of the polycrystal, have 
all been used up. Also, the deformation, when the fragmentation 
of the third kind of grains sets in, is 0.7 and when the second 
largest grains have all been used up, A = 2.2. Somewhere be- 
tween, fracture occurs when A = 1.35. This latter figure can be 
calculated from the information in the section, Experimental 
Strain-Hardening Diagram for Mild Steel, that the reduction of 
area at rupture was 74 per cent. Therefore we see that while 
the falling off of load in the tensile test is connected with the 
shifting of the work-hardening process from the fragmentation of 
the first kind of grains to that of the second, rupture is connected 
with the shifting of the process from the second to the third. 
The third and last stage of hardening, when only the smallest 
size is being fragmented, can only be realized in a deformation 
which is performed in compression or an equivalent process, such 
as rolling or drawing, when the stress has no hydrostatic tension 
component causing rupture. 


11 It will be remembered that the hardness H, measured by 6? = 
v,,/an? is a dimensionless figure. 
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Based upon the blocking theory of work-hardening of metals 
as formulated quantitatively by Bragg, in accordance with which 
the strength or hardness (H) of a crystal grain is determined 
by its ultimate resilience, the measure of which is the square of 
the shear strain at glide (6%) or, more generally, the second invari- 
ant of the yield strain (/,), which, in turn, is inversely proportional 
to the square of the range ¢ over which each event of glide can 
run, a law of work-hardening of a polycrystalline metal is derived 
and checked experimentally on mild steel deformed by wire- 
drawing up to 4.6 in the logarithmic measure. 

In the initial annealed state there are regions of perfect crys- 
talline structure in the metal, their parameter ta varying from 
t, to t,, where t; indicates the largest, t, the smallest size. The 
hardening work W is measured by the second invariant of the 
total deformation which the metal has undergone until reaching 
the hardness H,. Through the act of yielding the grains are 
fragmented into crystallites of a limiting size 4. The rate of 
work-hardening is 


where t%a,: is the volume of crystallites of hardness Hia in unit 
volume converted into an equal volume of hardness Hy and the 
> is to be taken over all crystallites fragmented through the in- 
crement dW of cold-working. 

Introducing 


where qa, is the constant ratio of volume of one grain of parame- 
ter ta to the volume of the crystallite of limiting size ¢, into 
which it is converted, integration of Equation [44] gives 
a=k 
H,, = Ho + > 


a=1 


Ha (qa,t'/* — 1)va,t 


where Hy is the hardness of the metal in the annealed state. The 
curve representing Equation [46] has ranges governed by differ- 
ent equations. In the first range the largest size of crystal grain 
of parameter ¢, and hardness H, is fragmented into the limiting 
size ¢, until the hardness of the polycrystal reaches the hardness 
Hz of the grains of size t2, when the breaking up of this size also 
sets in, proceeding simultaneously with the breaking up of the 
largest grains still existing. When these latter have practically 
disappeared, only one size, the second, is fragmented until the 
hardness H; of the third is reached, etc. Assuming that the 
glide planes, at every stage of the work-hardening process, are 
arranged in ideal disorder, which is restored through their 
rotations when fragmentation occurs 


dva/dW = (Vao va) /xa 


where V ao is the volume of crystal grains of size ta existing in the 
annealed state, and vg = 0 for W = Wg. Term xa is a constant 
characteristic of the stability of the grain. 

Integration of Equation [47] gives 


va = (1 — e~ (W Woa)/xaz) 


for all W > Woa, where Wo, = 0. 
Introducing va from Equation [48] into Equation [46] gives 
Hwe = He + [Ha(qa,t/? —1)Vao- (e— (Wore — 


— —Woa)/xay) [49] 


up 
= 
ta */s 5 
eae Mer and hardening work into deformation by means of 
[48] 


FREUDENTHAL, REINER—A LAW OF WORK-HARDENING 


as the work-hardening law connecting H,, with W, where 


I, and I, being the second invariants of the recoverable elastic 
strain e and the total deformation A, respectively. In shear H,, = 
6? and in tension = #,?/3n? where #, is the normal yield stress 
and n the modulus of rigidity. If A = total extension in the loga- 
rithmic measure, W = 3A*. Each one of Equations [49] for 
different « can be approximated by a simple e function with transi- 
tional short curves between. There are as many such e functions 
as there are orders of grain-size present in the annealed state. 

For a hot-rolled low-carbon steel, it was found that three sizes 
of grains are present in the annealed state with effective parame- 
ters ta = 3.2, 2.6, and 1.9, respectively, where the parameter 
of the limiting size ¢, is taken as unity; the grains being in ap- 
proximate volume-percentage ratios of 4,9, and 87. The work- 
hardening curve has accordingly three ranges with the hardness 
rising asymptotically from Ho = 31 X 10-7 in the annealed state 
to a limiting hardness of 1025 X 10-7. The transition from the 
first to the second stage occurs at maximum tensile load, that 
from the second to the third at an extension at which in the tensile 
test fracture takes place. 
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The Influence of the Dimensional Factors 
on the Mode of Yielding and Fracture 
in Medium-Carbon Steel—I 


The Geometry and Size of the Flat Tensile Bar 


By JULIUS MIKLOWITZ,? ANN ARBOR, MICH. 


A detailed study of the local principal strains, during 
uniform straining in a flat tension bar, has proved valua- 
ble in explaining the observed large variations of the local 
necking strains, with uniform changes in geometry and 
size of the bar. An analogy has been brought out between 
the restraining action of the bar heads on the gage mate- 
rial, and that of the stagnant material of the neck on the 
flowing material adjacent to it. In both cases the magni- 
tude of the restraining dimension is important, the degree 
of restraint increasing with an increase in dimension. 
The study in deformation is presented for both uniform 
straining and the complicated crosslike neck at fracture. 
The maximum strains in the neck increased when the bar 
size decreased. The maximum strain, in the lateral direc- 
tion parallel to the bar width, became less, as the width- 
to-thickness ratio of the bar increased from 1to7. Beyond 
this value, no effects were noted. The axial strain, calcu- 
lated from the two lateral strains, reflected their trends. 


INTRODUCTION 


OCAL necking in the flat tensile bar is a rather unfamiliar 
9 subject. As observed in this work, for ratios of width-to- 
thickness smaller than 10, the neck that develops is quite 
complicated, being characterized by a crosslike depression in 
the flat sides of the bar. The center of this cross, seen on the 
face of the bar, has its position on the longitudinal center line. 
Fracture usually starts at the cross center, or in its immediate 
vicinity. Fig. 1 presents a typical case of cross necking in the 
flat bar. The cross is shown in five stages of its development. 
The more intense lighting, as necking progresses, is reflective of 
the higher degree of strain involved in each successive stage. 
Failure was impending in stage 5 (Fig. 1). 

This paper presents the results of a study of this complicated 
mode of yielding and fracture, influenced by geometry and size 
of test bar. The first section presents the yielding that occurs 
in the bar, which is recorded in the portion of the stress-strain 


1 The experimental work of this investigation was carried out at 
the Westinghouse Research Laboratories, East Pittsburgh, Pa., dur- 
ing 1945 and 1946, under a contract with the David Taylor Model 
Basin of the Navy Department, Bureau of Ships, Washington, D. C. 

2 Formerly Research Engineer, Westinghouse Research Labora- 
tories, East Pittsburgh, Pa.; on leave at the University of Michigan. 

Presented as part of a Symposium on Flow and Fracture of 
Metals at the National Meeting of the Applied Mechanics Division, 
Chicago, Ill., June 17-19, 1948, of THe AMERICAN Socrety or ME- 
CHANICAL ENGINEERS. 

Discussion of this paper should be addressed to the Secretary, 
ASME, 29 West 39th Street, New York, N. Y., and will be accepted 
until October 11, 1948, for publication at a later date. Discussion 
received after the closing date will be returned. 

Notre: Statements and opinions advanced in papers are to be 
understood as individual expressions of their authors and not those 
of the Society. Paper No. 48—APM-19. 


diagram usually called the “uniform strain region.”* The second 
section deals with the strain distribution in the neck at fracture. 
The author has found that the initiation of necking is highly de- 
pendent on the yielding of the uniform strain region. The study 
of the final stage of necking, that is, fracture, follows. Due 
to the volume of data involved in describing progressive stages 
of necking, this investigation had to be limited to a study of the 
two major divisions discussed. 


It is hoped that the results and explanations presented in this 
paper will clarify the effects of the well-recognized dimensional 
factors in yielding and fracture in tensile tests. 


TestING MACHINES, SPECIMENS, AND MATERIAL 


Since the specimens were of variable size, a good range of load 
capacity was necessary in the testing equipment. Four tensiel 
testing machines were employed. The largest was the 300-ton 
hydraulic Baldwin Southwark machine at the David Taylor 
Model Basin in Washington, D. C. The other three included a 
200-ton hydraulic Baldwin Southwark at the East Pittsburgh 
Works of Westinghouse, and an Amsler Universal and 10-ton 
constant-strain-rate machine (screw type) at the Westinghouse 
Research Laboratories. The tests were of slow speed, and the 
strain rates close enough to neglect any possible speed effect. 

The specimen type is illustrated in Fig. 2. The thickness /o 
was the same in the 6 specimens of a particular series A, B, or C. 
In each of these series the width-to-thickness ratio bo/ho (in the 
gage length Jo) ranged from 1 to 10. The gage length-to-width 
ratio [o/bo was 5 in all specimens. In each of the series, the gage 
length-to-thickness ratio [o/ho thus varied over the large range 
5 to 50. The radius R was made a constant factor times the 
width; (20/3)bo. This latter factor insured perfect geometric 
similarity in the size variation, even in the heads of the bars in 
the approaches to the gage length. Series A had specimens all 
of which were */,; in. in thickness ho; series B had hy = #/s in.; 
series C had ho = 3/;¢in.4 

The steel was supplied by the Carnegie Illinois Corporation. 
It was an open-hearth, silicon-aluminum-killed fine-grained steel 
of the following composition: C 0.19, Mn 0.77, P 0.021, S 0.026, 
Si 0.17. No heat-treating except a stress relief was given the 
supplied l-in. X 1l-in. plates. The War Metallurgy Com- 
mittee Report of H. W. Gillett and F. T. McGuire (1)® was ex- 


3 For the medium-carbon steel used in this work, this would be the 
region of the stress-strain diagram from the point just after discon- 
tinuous yielding, to the strain co-ordinate associated with the ultimate 
load. 

4 The specimens were so marked that the size and shape of the 
gage cross section was expressed in the number; for example, in speci- 
men 10A, 10 denotes the bo/ho ratio, and A the */,-in. thickness ho. 

’ Numbers in parentheses refer to the Bibliography at the end of 
the paper. 
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tremely useful in guiding the selection of a proper steel for this 
work. 


STRAIN QUANTITIES AND THEIR MEASUREMENT - 


Two localconventional principal strains were measured, namely, 


e. the strain in the lateral direction parallel to the width dimen- 
sion of the bar, and ¢; the strain in the direction parallel to the 


GAGE LENGTH =Sbo =o 
ho 


me—GAGE LENGTH(L 


DIMENSION UNCHES) by 
10a 0.750 | 7.500 | 37.50 | 50.00 10 50 


7A 5.250 | 26.25| 35.00; 7 | 35 
6A 4.500 | 22.50/30.00} 6 | 30 
A SA 3.750 | 18.75] 25.00) § 25 
3A 2.250| 11.25| 1.00; 3 1s 
1A 0750] 3.75] $.00 5 
108 |0.375|3.750 18.75} 25.00} 10 | 50 
78 2.625 | 13.13] 17.50] 7 35 
68 2.250] 11.25] 6 30 
B $8 1.875] 9.38] 1250) $ 25 
38 1.125 | $.63) 7.50) 3 
18 0.375 | 1.88] 2.50 1 5 
10C | 0.188 | 1.875] 9.38] 12.50] 10 50 
7c 1.313 | 656] 8.75) 7 35 
6c 1.125 | 5.63] 7.50) 6 30 
sc 0.938 | 4.69] 6.25 s 25 
3c 0.563| 2.61) 3.75| 3 1s 
ic 0.188] 0.94] 1.25 5 


Fic. 2 Drwensions or Fiat Bars Usep IN TENSILE 


TESTS 

thickness dimension of the bar. The strain in the axial direction 
«, was calculated from ¢: and ¢; by use of the equation expressing 
the constancy of volume; (1 + 6) (1 + e) (1 +63) = 1. The 
strain directions relative to the bar are shown in Fig. 3. These 
directions are valid during uniform straining. Once necking 
begins, there is a rotation of the principal directions of strain 
in the neck, the center of the neck being the only point at 
which the directions, shown in Fig. 3, would hold. The prin- 
cipal directions of strain at any other point of the neck would 
have to be determined for each particular point. 


m 
> 


Fig. CoNnvEeNTIONAL Strain Directions TENSILE Bar 
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Vig. 3 shows the specimen grid used for strain measurements. 
It was mechanically put on the specimen with the use of a scriber 
before testing. The spacings of the grid lines differed with the 
size of specimen. At any particular state of strain, the distribu- 
tion along any lateral grid line could be found by measuring 
photographically, or directly, the strained elements of the grid. 
A scale, divided in hundredths of an inch, was used for this pur- 
pose. The value for the local strain in the width direction is 
given by the relation 


dy’ — dy 
€2 dy 


where dy’ is the strained value of the original dy element. Since 
a particular dy element (which was dy’ after straining) was 
measured along its lateral grid line, the local ¢. value was roughly 
the principal strain; the grid patterns, in a first approximation, 
were considered to be indicative of the principal-strain direc- 
tions. The e, values were plotted at the respective centers of the 
original elements. 

The local ¢; value was calculated, using the entire thickness 
of the bar as the element; the strain relation is given by 


where h is the strained value of the original thickness ho, at any 
point of the bar. The maximum value of ¢; along the thickness 
dimension, occurred at the center of the bar. Actual measure- 
ments, in the case of the square bar, led to this assumption. This 
mean value of ¢;, then, was somewhat lower than the strain at the 
bar center (z = 0) which it represented. At the intersections of 
the lateral and longitudinal grid lines, the thicknesses h were 
measured with special micrometers. The e values were plotted 
at the original positions of these intersections. From the 
smoothed plots of the local « and ¢; strains, along any particular 
original lateral section, the data for plotting the local «, curve 
was computed. 

The average value of ¢: was also the local value, during uniform 
straining, since there was no appreciable variation of « along the 
width dimension during this part of the test. It is given by the 
relation 


b— bo 
bo 


where b is the strained value of the original width bo. 
The average value of the axial strain is given by the relation 


= 


where / is the strained value of the original gage length lo. It 
was measured along a particular longitudinal grid line, usually the 
center line. 

The square bar presented a special case in that the local strain 
«; was not taken as its average value. Longitudinal grid lines 
were put on the edge or side surface of the gage length, as shown 
in Fig. 3, and the spacings of these lines after stretching were a 
measure of the local strain ¢;. The value of this strain is, given 
by the relation 


where dz’ is the strained value of the original element dz. In the 
case of the square bar, both the local strains ¢, and ¢;, as measured 
on the surface, had to be modified slightly in order to represent 
the strains at the center of the neck. 


: 
: 
: 
RELAT 
— 
WHERE dy, dz,b,h dz’ — dz 
AND 1 ARE THE 
STRA €3 
OF dy dz, bo, dz 
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INFLUENCE OF SPECIMEN GEOMETRY ON DeEFORMATION CHAR- 
ACTERISTICS DuRING UNIFORM STRAINING; CONSEQUENT INITIA- 
TION OF NECKING 


The large flat specimens, in the present work, afforded the op- 
portunity of making a detailed study of local strains 6, €, and 
¢;. The results of this study gave ample evidence that the re- 
straint exerted by the heads of the specimen on lateral contrac- 
tion influenced the necking. It was noted in this work that this 
factor of restraint was active as early as the beginning of uniform 
straining in the bar. The local measurements on the large bars 
(series A) brought out particularly these facts. With the excep- 
tion of small deviations, necking occurred in the center of the 
gage length “due to the high accuracy which was exercised in 
machining the specimens. 

It should be remarked, at this point, that, although the head 
restraint here seems to offer the predominant control on the posi- 
tion of necking, it might well be, in another type of steel or section, 
that metallurgical defects might influence the position of the 
neck. The great uniformity in the properties of the steel 
investigated was probably due to the fact that the test bars were 
cut from l-in. X 11-in. plates of a fine-grained silicon-aluminum- 
killed steel which offers probably an optimum in homogeneity 
of structure. The large reduction through rolling had an addi- 
tional beneficial effeet on the structure. 

The head restraint is dependent upon the geometry of the 
bar, as the results of this investigation show. Pronounced effects 
on the restraint intensity were found by varying the width-to- 
thickness ratio bo/ho, keeping the gage length-to-width ratio lo/bo 
a constant. The gage length-to-thickness ratio lo/ho varied 
from 5 to 50, a range large enough, so that effects of this variable 
could be neglected. The unusually large specimens of series A 
have enabled the author to show the importance of head re- 
straint in uniform straining, and the consequent initiation of 
necking. 


TABLE 1 ULTIMATE, FRACTURE-LOAD STRESS, AND TOTAL 
STRAIN AS INFLUENCED BY GEOMETRY 


Ultimate-load Fracture-load 
Specimen ho stress, stress, Average strain, 
in. psi psi a4 


65400 . 56600 0.25 
65900 
66900 
64700 
63700 
70300 


63600 
64300 
66000 
69500 
65200 


The complete load stress-conventional strain diagrams for 
series A are shown in Fig. 4. As the section approaches the 
square from bo/ho = 6, the entire curve seems to give higher stress 
values for a particular strain. The fracture load stress seems to 
decrease for this same range of bo/ho. The total average strain 
is seen to increase as the section approaches the square, obviously 
due to the necking component of the total strain. In Table 1 
the available data on the two smaller geometric series are repro- 
duced. The results are not complete but the trends are similar 
to those seen in Fig. 4. 

Figs. 5, 6, 7, and 8, respectively, represent the detailed strain 
data of specimens 10A, 7A, 6A, and 5A, in their condition at the 
ultimate load. The ultimate-load points on the diagrams in Fig. 
4 were not well-defined, since the curves were rather flat. There- 
fore, the value of the strain at the ultimate load had to be ap- 
proximated. 

The figures show the variation of «, €, €, and ratio e:/e; along 
the longitudinal axis of the bar. Since all plots were made at, 
or in the vicinity of the ultimate load, the start of local necking 
has influenced the values at and near the minimum cross section 
of the bar. However, the variations all along the bar were cer- 
tainly not caused by local necking alone. The restraint due to 
specimen heads had an influence on both e, and ¢;, and the cal- 
culated « and €:/e; ratio. This conclusion results from the ob- 
vious strain gradients in the curves (change of local strain per 
unit of gage length). The existence of these gradients was noted 
at the begining of and all during uniform straining. In other 
words, these tests with large specimens have shown that a mini- 
mum section is produced, actually, at the beginning of uniform 
straining, and this section remains the minimum throughout the 
test to fracture. 

Closer examination and comparison of the curves yields addi- 
tional valuable information concerning restraint. The e and e¢; 
values are seen to be a function of the width of bar. A com- 
parison of Figs. 5, 6, and 8 indicates, as the bar width decreases, 
that the ordinates of both strains increase at all positions along 
the gage length. In Table 2, the effect of width of specimen on 
the local values of the strains «, €, and ¢; at the heads of the 
bars 10A and 5A is compared. 

The effect of width of bar on the lateral strain « reflects the 
growth of restraint in the width direction, as the width increases, 


TABLE2 EFFECT OF WIDTH OF SPECIMEN ON LOCAL STRAIN 
VALUES AT HEADS 
-———Specimen 10A -———Specimen 5A 
(Avg « = 0.20) (Avg a = 0.225) 
Local Left Right Left Right 
strain head head Average head Average 


0.15 0.13 0.14 0.19 0.185 


0.062 0.053 0.058 0.078 ‘ 0.074 
0.075 0.063 0.069 0.087 . 0.085 


10a 
7A 
6A 
SA 


3A 
1A 


| 


LOAD STRESS 0p = (x 10 m2) 


® RECORDED CONDITION OF SPECIMEN 10A IN FIG.5 
@ RECORDED CONDITION OF SPECIMEN 7A IN FIG.6 
BB RECORDED CONDITION OF SPECIMEN 6A IN FIG.7 
RECORDED CONDITION OF SPECIMEN SA IN FIGS 


as 


Fig. 4 Ornprnary Strress-StraiIn DIAGRAM AS INFLUENCED BY GEOMETRY OF FLAT TENSION BaR 
(Series A, ho = */s in., bo from */, in. to 71/2 in.) 


= 
e = 
B 
; 
y 
| 
10E 10 : 
7B 7 
5B 5 
3B 3 
1B 1 
10C 10 54000 
7C 7 53000 
6C 6 54700 0.32 : 
5C 5 56900 0.31 
3C 3 50500 0.35 
1C 1 71400 50600 0.42 a Sp 
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Fic. 7 VARIATION OF €1, €2, €3, AND €2/e3 WiTH LONGITUDINAL AXI8 
oF TENSILE Bar 


Values computed for bar at average «. = 0.26; strain at 
ultimate load.) 


(Specimen 6A. 


This can be explained in terms of the existence of a transverse 
stress that creates the restraint, and the growth of this stress, as 
the width increases. That the regions near the heads of a flat 
test bar present a case of biaxial stress, has been pointed out in 
the past. Nadai (2) for instance, has given this as a case of the 
plane problem of the second kind: plane stress (o3; = 0) where 
the stress o; in the direction of the bar thickness is equal to zero. 
Hence as the ratio of width to thickness of the flat specimen in- 
creases, from bo/ho = 1 to b,/ho = 10, the portions of the gage 
length near the heads approach conditions of a case of plane 
stress. One can think of the restraint originating at the heads 
in the square bar as comparable to that in the round bar. This 
disturbance, however, is known to penetrate not beyond a certain 
distance, perhaps of the order of the diameter of a round bar. In 
going from the square bar to the very wide flat bar, the restraint 
is forced into the plane of the bar, since the thickness dimension 
is now small compared to the width, the components of stress 
o2, T12 becoming predominant in causing the restraint originating 
from the heads. This explains the restraint effects on «. Were 
€ completely restricted, the transverse stress a2 in the width direc- 
tion would be equal to !/2 of the value of the axial tensile stress. 

The variation of «; with width dimension is not completely 
understood. From the outset it would appear that «; acts op- 
posite to the way the plane-stress explanation, just given, would 


Values computed for bar at average «. = 0.20; strain at 


Fig. 6 VARIATION OF €, 6, AND Lonaitv- 
DINAL Axis ‘OF TENSILE BAR 


Values computed for bar at average « = 0.21; 
strain at ultimate load.) 


(Specimen 7A. 
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A vg. & 
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Fig. 8 VARIATION OF €1, €2, €3, AND €2/e3 WiTH LONGITUDINAL Axis 
or TENSILE Bar 


(Specimens 5A. Values computed for bar at average e, = 0.225; strain at 
ultimate load. 


predict. In any case, the strain ein the regions near the heads oi 
the bar must depend on the actual values of the principal stresses 
o, and o2, being practically zero. 

In all cases, the curves in Figs. 5, 6, 7, and 8 show that e lies 
below «, at all positions along the gage length. This produces 
an ¢:/¢; value below 1.0, and indicates, as one would expect, that 
the bar is more free to strain in the thickness direction. «/« 
takes on its lowest values in the vicinity of the heads and mini- 
mum section. 

In Fig. 9 the ratio e/e; is a function of the unit conven- 
tional strain e,. The note in Fig. 9 explains how the points were 
obtained. Striking vertical sections through the curves in Fig. 
9 at « = 0.03, 0.05, 0.10, and 0.15, gave data for plotting the 
curves of €:/¢; versus bo/ho, as shown in Fig. 10. Starting from 4 
value of 1.0 for the square section (bo/ho = 1), the e:/es ratio 
drops, for all values of «, as the bar section becomes wider. That 
€:/€s; decreases with an increase in bar width is again the effect 
brought out by Figs. 5, 6,7, and 8. But the new point brought 
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out by Fig. 10 is that the drop of e/e;, with an increase in width, 
is less severe as « increases. This means, probably, that e is 
restrained the most at the beginning of uniform straining, and 
that as the test progresses, it becomes more and more free of its 
restraint. This is true for all geometric shapes. The slopes of 
the curves in Fig. 9 approach smaller and smaller values, as 
increases, with the values zero being reached in the neighborhood 
of « = 0.15 or 0.16. Beyond e = 0.20, the &/e; values are in- 
fluenced by the local necking and its resulting larger relative 
Values. 


12 


SPECIMEN 6A 
SPECIMEN SA 
& SPECIMEN 3A 
SPECIMEN IA 


| x SPECIMEN 
| Vv SPECIMEN TA 
e 


NOTE: THE ENCLOSED POINTS REFER TO THE SECTION THAT) 
BECAME THE MINIMUM OF THE NECK—CALCULATED AT DIF- 
FERENT POINTS ON THE STRESS -STRAIN DIAGRAM. THE OPE) 
oo} ———_+- POINTS WERE TAKEN FROM VARIOUS SECTIONS ALONG THE 
BAR AT ONE POINT ON THE STRESS - STRAIN DIAGRAM. 


UNIT CONVENTIONAL STRAIN (€,= -1) 


Fie. 9 VarraTtion oF Ratio WITH 
(Series A, ho = */¢in., bo from #/¢ in. to 7!/2 in.) 


-— ~ 
— 
€,-0.05 
é x €,=0.10 
| 
| 
NOTE: VALUES TAKEN FROM CURVES IN F'G. 9 
b 
raTio —2 
ho 


b 
Fig. 10 Varration or Ratio With GEOMETRY Ratio 


(Series A, ho = */¢ in., bo from 4/4 in. to 7!/2 in.) 


The curves in Figs. 9 and 10 suggest that there is another 
factor, in addition to geometry, which acts to restrain ¢. This 
appears to be an anisotropic condition in the steel. This factor 
is dependent upon the geometry, however. This follows from 
the greater spread of points on a vertical section through the 
curves in Fig. 10, as the vertical section is moved to higher bo/ho 
values. -It seems that this suggested anisotropic effect breaks 
down as the uniform straining progresses, and, in reaching the 
limit of its influence (e, = 0.15), leaves what appears to be the 
restraint factor of purely geometric dependence. These tests 
indicate that in flat specimens of rolled stock tested in tension, 
the effects of restraint originating from the heads combine with 
those due to anisotropy. 


INFLUENCE oF SPECIMEN GEOMETRY AND SIZE ON STRAIN 
DisTRIBUTION IN NECK AT FRACTURE 


Observations will now be discussed on the distribution of the 
strains in the necked portion of the flat bars at fracture for the 


test series A, B, and C. The influence of the size will be dis- 
closed through the comparisons made of specimens from all three 
series, bo/ho ratios remaining a constant; similarly, the influence 
of geometry through each and any of the individual series. It 
should be emphasized again that the gage length-to-width ratio, 
l)/bo was the constant value 5 in all specimens. 

As soon as the load started to drop off from the ultimate, a 
crosslike highly strained region began to take definite shape. 
This region became more and more pronounced as necking con- 
tinued. Noted was the tendency toward localization of straining 
to the immediate vicinity of the deepest parts of the cross, as 
necking progressed. These parts were the centers of the sides of 


DEPRESSIONS ALONG EDGE OF BAR 
DUE TO CROSS FORMATION 


Fia. 11 Ener View or Fiat Tension Bar SHowina Cross-EpGE 
DEPRESSIONS; SPECIMEN 5A 


Fic. 12. Geometry INFLUENCE ON NeEcK AND FRACTURE OF FLAT 
Tension Bar; Serres A, ho = 3/4 IN. 


ware 
at 
SPECIMEN 10A_ 7A 6A 
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the cross, and the vicinity of the cross center. This localization 
action proceeded throughout the necking so that, just prior to 
fracture, the local straining was confined to the very center of the 
cross. Indications were that fracture started at this cross center, 
or in its immediate vicinity. Specimen 7C, shown in Fig. 14, 
is definite evidence of this. Testing of 7C was stopped prior to 
fracture. Other tests gave similar evidence through the observa- 
tions made. 

It seemed of general interest to represent the local distortion 
in the cross-shaped depression, observed on the flat sides of the 
specimens, by contour lines. The patterns of contour lines, rep- 
resenting equal thicknesses in the neck of specimen 6A, will help 
the reader understand some of the statements made concerning 
the cross. They are shown in Fig. 20. Fig. 11 is a side view of 
specimen 5A, which gives evidence of the depressions in the 
cross and of the trapped region between them. 

The flat-side views of the necks of the fractured bars are shown 
in Figs. 12, 13, and 14; for the A, B, and C series, respectively. 
In each of the series of illustrations the narrower bars have been 
magnified to facilitate a true comparison of the shapes of the 
neck (the width dimension just outside of the neck is the same 
for each photo). These illustrations give evidence of a lesser 
depth of neck with greater width of bar. Table 3 presents for 
series A the values of the average 


b — bo 
b 


where 0 is the final width, along the minimum section, at fracture. 


Fic. 13 Geometry INFLUENCE ON NECK AND FRACTURE OF FLAT 
Tension Bar; Series B, ho = */s IN. 
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The increase of average e,, with a decrease in bar width, is brought 
out by Table 3. The illustrations mentioned indicate this effect 
also. 


. TABLE INFLUENCE OF GEOMETRY AVERAGE STRAIN 


AT MINIMUM SECTION OF NECK AT FRACTURE 


Specimen no. Average e 
10A —0.244 
7A —0.258 
6A —0.266 
5A —0.268 
3A —0.310 
1A —0.404 


Fig. 15 is a plot of the data given in Table 4. Significant re- 
sults of these tests, with regard to the final stage of necking, are 
(a) the maximum of e, and e¢; increase as the bar size decreases, 
for any particular bo/ho value, (b) the maximum of & has its 
greatest value at bo/ho = 1 (square section), and decreases as 
bo/ho increases to 7, for any particular geometric series, and (c) 
the maximum of ¢; is not affected by bo/ho variation, in any of the 
geometric series. That the maximum of e is not affected by 
changes in bo/ho to the larger values beyond 7, is also suggested 
by the curves. The series B shows nicely the geometrical in- 
fluence on the strain ¢: and resulting strain ¢. 

In interpreting the foregoing effects, an analogy has been 
drawn between the action of specimen head on the material adja- 
cent to it, that is straining uniformly, and the action of stagnant 
material in the neck, on the flowing material adjacent to it. Fig. 
16, depicting a rather late stage of necking, brings out the divi- 
sion of materials. Region A became smaller and smaller as 


Fic. 14 Geometry INFLUENCE ON NECK AND Fracture oF FLAT 
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TABLE 4 INFLUENCE OF GEOMETRY AND SIZE OF SPECIMEN 
ON MAXIMUM STRAIN VALUES IN NECK OF FLAT TENSION 
BAR AT FRACTURE 


; ho Maximum Maximum Maximum 
Specimen No. in. (bo/ ho) e 
10A 10 1.84 —0.299 —0.497 
7A 7 1.61 —0.300 —0 .453 
6A 3/4 6 1.60 —0.297 —0.454 
5A 5 1.58 —0.300 —0.450 
3A 3 1.72 —0.312 —0.467 
1A 1 2.43 —0.447 —0.473 
10B 10 1.54 —0.275 —0.457 
7B 7 1.70 —0.283 —0.483 
6B t/a 6 1.78 —0.305 —0.482 
5B 5 1.92 —0.335 —0.487 
3B 3 2.05 —0.360 —0.487 
1B 1 2.46 —0.453 —0.471 
10C 10 2.09 —0.332 —0.516 
7C 7 2.14 —0.322 —0.528 
6C 6 1.81 —0.310 —0.483 
5c 5 2.03 —0.340 —0.500 
3C 3 2.16 —0.343 —0.517 
1C 1 2.92 —0.513 —0.477 
seg 
250 
2ad 
22d 
210 


MAX.€3 VALUES 


UNIT CONVENTIONAL STRAIN 


- 
4 
MAXG,vaues [| 
> | 
SERIES 
SERIES 
ft 


Fic. 15 VartaTION OF Maximum VALUES OF 61, €2, AND ¢3 WITH 
Size AND GEOMETRY OF FLAT TENSION BAR 
(All bars at fracture.) 


fracture approached. As was noted in the foregoing section, the 
width dimension had a pronounced effect on the strain e& in its 
direction, that is, the restraint on strain « increased, as the 
dimension increased. This same dimensional influence offers an 
answer for both the size and geometry variations of strain in local 
necking. Inferred is the fact that the stress in the direction of the 
restraining dimension increases with the dimension increase. 
Consider the maximum of ¢; first. As Fig. 15 has shown, for 
any particular geometric series, maximum ¢; shows no dependence 
upon the width of bar. This makes it evident that maximum ¢3 
becomes a purely localized factor with respect to bar width. Its 


Fie. 16 Division or THE STAGNANT, B, AND FLowine MaTeriAL, A 


dependence on size of bar, for any particular bo/ho value, is then, 
actually, a dependence on the thickness dimension. The fact 
that maximum e; decreases, with an increase in bar thickness, 
suggests the effect of greater restraint with the greater dimension. 
It must be remembered that maximum ¢; was measured at the 
heart of the cross center, and that the suggested restraint acting 
upon it comes from the material around this center, which has 
become stagnant through localization. Similarly, both the 
size and geometry effects on the maximum of strain e, could de- 
pend on the restraining dimension lying in the plane of the bar 
along the circumference of region A (Fig. 16). The vast dif- 
ference in maximum e2 and e; for any particular rectangular bar 
suggests that small changes in the magnitude of the restraining 
dimension are very critical in local straining. The fact that 
geometry ceases to influence maximum eé:, for values of bo/ho 
greater than 7, is significant. This means that a bar width is 
reached, whereupon maximum e: becomes a purely localized fac- 
tor. 

Table 5 brings out the important features of Fig. 17. The 
latter shows the variation, with size and geometry, of the strains 
1, €2, and e; along the width, at the minimum section of the neck 
at fracture. All the bars are represented in the figure. The 
remarkable feature of any particular one of these curves is the 
difference in maximum (at center) and edge-strain value, par- 
ticularly in the calculated ¢; curves. Table 5 brings this out. 
For éxample, the maximum of ¢, is 3 times the edge value for speci- 
men 10A; 10C shows an even larger difference. The differ- 
ences brought out by Table 5 give evidence that the area affected 
by local straining (such as A of Fig. 16) remains practically a 
constant for increases of be/hg beyond 7. Consider the meaning 
of the e; difference. Since maximum e¢; did not vary with bo/ho, 
a greater difference expresses a lower edge value. The extent 
of the localized region is reflected in the intensity of e; along the 
width at the minimum section. Bars of bo/ho = 10 and 7 show 
practically the same e; differences, whereas when bo/ho decreases 
from 7 to 1, the difference decreases. This must mean that 
the local strain regions, for a particular stage of necking, are the 
same in bars of bo/ho = 10 and 7. This limit of localization is 
reflected in the e«. data also. Note that the edge values increase 
as bo/ho decreases from 7 to 1, and that the average of edge 
values for the bars of bo/ho = 10 and 7 differ only a little. 

Additional curves have been plotted, for specimens 10A and 
6A, to cover the distribution of the three strains in the entire neck 
at fracture. The three sets of curves for specimen 10A are shown 
in Figs. 18(a), 18(b), and 18(c); those of 6A in Figs. 19(a), 
19(b), and 19(c). The e: and e; values are plotted as a function of 
the original width dimension. A sketch of the distorted grid 
has been inserted in each of the figures to facilitate location of 
the proper curve for a particular section of the neck. It is inter- 
esting to note the maximums in the e and ¢; curves on each side 
of the longitudinal center line of the bar. They are reflective of 
the cross-shaped depression. As the sections get farther away 
from the minimum section, the respective curves denote the 
approach to the uniformly distributed strain. In both specimens 
a good degree of symmetry with respect to the minimum section 
and longitudinal center line of the bar is evident. The e curves 
have been plotted as a function of the original length dimension. 
The sketch of the distorted grid shows that one half of the bar 
has been considered. For reasons of symmetry the other half 
was not reproduced. 

Fig. 20 is finally a perspective representation of the variation 
of the axial strain ¢,; in the neck of the specimen 6A. The strains 
have been plotted over the bar in its final fractured condition. 
A quarter section of the bar only is shown. Fig. 20 gives the 
reader a picture of the axial-strain distribution at fracture in this 
flat tension bar. The breaks in the curves were necessary since 
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(All specimens at fracture.) 


TABLE 5 GEOMETRIC RESTRAINT DURING NECKING AS EXPRESSED BY MAXIMUM AND MINIMUM STRAIN VALUES, AND 
THEIR DIFFERENCES, OVER MINIMUM SECTION OF FLAT TENSION BAR AT FRACTURE 


Strain 


- Strain Strain e: 


Diff. Diff. Diff. 
cen- cen- cen- 
Bar Bar Bar ter Bar Bar Bar’ Bar ter Bar Bar Bar ter 
Speci- Ratio cen- edge edge edge and Avg cen- edge edge edge and Avg cen- edge edge edge and Avg 
men bo/ho ter (1) (2) avg edge diff * ter (1) (2) ave edge diff. ter (1) (2) avg edge diff. 
10A 1.84 0.62 0.67 0.65 1.19 0.30 0.21 0.23 0.22 0.08 0.50 0.22 0.22 0.22 0.28 
10B 10 1.54 0.67 0.65 0.66 0.88 1.18 0.28 0.21 0.21 0.21 0.07 0.11 0.46 0.25 0.25 0.25 0.21 0.25 
10C 2.09 0.54 0.72 0.63 1.46 0.33 0.15 0.15 0.15 0.18 0.52 90.22 0.29 0.26 0.26 
7B 7 1.70 0.70 0.70 0.70 1.00 1.25 0.28 0.22 0.22 0.22 0.06 0.09 0.48 0.25 0.25 0.25 0.23 0.26 
7C 2.14 0.62 0.68 0.65 1.49 0.32 0.20 0.20 0.20 0.12 0.53 0.24 0.24 0.24 0.29 
6A 1.60 0.63 0.63 0.63 0.97 0.30 0.21 0.21 0.21 0.09 0.45 0.22 0.22 0.22 0.23 
6B 6 1.78 0.81 0.76 0.79 0.99 0.98 0.31 0.24 0.24 0.24 0.07 0.09 0.48 0.25 0.27 0.26 0.22 0.21 
6C 1.81 0.80 0.85 0.83 0.98 0.31 0.20 0.22 0.21 0.10 0.48 0.30 0.30 0.30 0.18 
5A 1.58 0.78 0.76 0.77 0.81 0.30 0.23 0.25 0.24 0.06 0.45 0.25 0.25 0.25 0.20 
5B 5 1.92 0.79 0.79 0.79 1.13 1.04 0.34 0.27 0.27 0.27 0.07 0.08 0.49 0.25 0.25 0.25 0.24 0.21 
5C 2.03 0.87 0.84 0.86 1.17 0.34 0.23 0.23 0.23 0.11 0.50 0.30 0.30 0.30 0.30 
3A 1.72 1.07 0.96 1.02 0.70 0.31 0.29 0.25 0.27 0.04 0.47 0.82 0.32 0.32 0.15 
3B 3 2.05 1.07 1.02 1.05 1.00 0.92 0.36 0.27 0.25 0.26 0.10 0.07 0.49 0.35 0.35 0.35 0.14 0.15 
3C 2.16 1.18 1.03 1.11 1.05 0.34 0.26 0.28 0.27 0.07 0.52 0.33 0.37 0.35 0.17 
1A 0.44 0.35 0.32 0.34 0.10 0.46 0.35 0.35 0.35 0.11 
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Fig. 18(a) VARIATION OF ALONG WIDTH IN NECK OF FLAT TENSION 
Bar 
(Specimen 10A, bo/ho = 10, at fracture.) 
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Fig. 18(6) VARIATION oF €¢; ALONG WIDTH IN NECK oF FLAT TENSION 
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Fic. 18(c) VARIATION oF ¢: ALONG LENGTH IN NEcK or FLatT TENSION Bar 


(Specimen 10A, bo/ho 


the fracture caused a gap in the strain distribution. A pattern of 
contour lines, representing equal thicknesses in the neck, is also 
shown in Fig. 20. The features of the crosslike depression are 
again brought out by these lines. 

In the square bar the values of ¢; were no longer taken as an 
average strain over the entire thickness. The local ¢, strain was 
plotted as a function of the thickness dimension. The variations 
of « and ¢; in bar 1A, with their respective directions in the 
minimum section of the neck, are shown in Fig. 21. In the square 
bars, the maximum « approached the value of ¢; (see Table 4); 
in fact, in the case of 1C the e, value was a little larger. 

The fractures shown in Figs. 12, 13, and 14 were interesting. 
In the cases where bo/ho was 5 or above, the fracture was of a shear 


type; the noted angle being between the surface of failure and the 


= 10, at fracture.) 


flat sides of the bar. The intersections of this surface with the 
faces of the bar were rough lines, which were approximately at 
right angles with the tensile axis. Even for bo/ho = 3, the 
signs of shear failure were present, but a tensile-like tear was 
mixed with it. The square bars showed fractures similar to the 
usual cup-and-cone fracture in a round bar. Bars 5A and 6A 
showed the tensile (cleavage-type) breaks in the outside portions 
of the fracture (through the “‘trapped”’ regions of the cross). 

Fig. 22 is an example of the typical grid distortion associated 
with necking in the flat bar. 


CoRRELATION WITH AND Discussion oF LITERATURE 


Evidence of interest in the size and geometry of specimen of 
the tensile test dates back to the early times of material testing 
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during the nineteenth century. The literature, in general, suffers 
from the lack of detail, especially in the earliest works. In the 
early work on tension-testing, attention was concentrated on 
determining the shortest possible gage length of specimen of a 
given cross section that would not cause a reduction of elongation 
at fracture. The work by Rudeloff, Martens, and others was pri- 
marily devoted to this subject. It was found then that the 
elongation depended upon, for one thing, the ratio of the gage 
length to the square root of the cross-sectional area of the bar; 
later given the name “slenderness ratio.”” Barba, Unwin, and 
Martens found this independently. This was verified later by 
Moore (3), and Nichols, Taylerson, and Whetzel (4). These last 
working with a large number of low-carbon sheet-steel specimens, 
report a decrease of from 45 to 30 per cent in total elongation 
at fracture, for an increase of approximately 5 times in the 


—=— ORIGINAL POSITION ALONG LONGITUDINAL AXIS OF TEST BAR ——— 


VARIATION OF €: ALONG LENGTH IN NECK OF FLAT TENSION BaR 


(Specimen 6A, be/ho = 6, at fracture.) 


slenderness ratio. The results of the present “A’”’ series check 
these figures rather closely, but based on the observations re- 
ported in this paper one must conclude that the slenderness ratio 
is a rather meaningless quantity, in flat-bar work. It completely 
covers up the essential features of dimensional effects, that is, 
the effects of varying the lo/bo and bo/ho ratios. Therefore it 
takes into account no restraint effects of cross-sectional shape 
to which the author and others have attached importance. In 
these early works, the slenderness ratio was a variable which re- 
flected local ductility, but rather obscurely. The higher values 
of total elongation, at the smaller slenderness ratios, indicated 
that local necking is the major factor in strain contribution for 
the shorter gage lengths. 

Unwin (5) reports some early findings of Barba (6), namely, 
that geometrically similar bars of different size deform similarly 
under equal stress systems, and are geometrically similar after 
deformation. This later became known as Barba’s law of simili- 
tude. The results here would disagree. Another early report 
of Barba (7) shows he found that the ultimate strength was not 
affected by the bo/ho variation from 1 to 8. Over this range the 
maximum extension came at bo/ho = 6. These results were 
found for bars of constant gage length. The variation of the 
width therefore introduced the variation of lo/bo, which decreases 
as bo/ho increases, for a constant gage length lb. The ratio /o/ho 
was not a factor in the present work. That this ratio is another 
important variable in the restraint problem has been noted by 
others. The results of Barba, which have the lo/bp ratio incor- 
porated in them, do not agree with the more confirmed findings of 
others. Itis of interest to note these. 

First consider that the total elongation at fracture is composed 
of two parts, namely, the elongation due to uniform straining up 
to the ultimate load, and that due to local necking from ultimate 
to fracture loads. With this in mind, it must be concluded, on 
the basis of more recent works, that the findings of Barba on 
elongation show an opposite effect to that expected. Gensamer 
(8), for instance, in work with thin gage sheet metal, points out 
the extreme variation from simple tension deformation, when a 
flat specimen begins to neck. He notes the large decrease in re- 
duction of area at fracture, due to an increase in width and the 
resulting necking differences. Little influence was found on the 
uniform strain. Assuming, then, constant uniform strains in 
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(Specimen 1A, bo/ho = 1, at fracture.) 


Barba’s work, the necking differences should have produced an 
opposite effect to what he found. Further, work by MacGregor 
(9) shows this same trend. On flat bars of bo/ho = 2, where ly was 
varied from 2 to 8 in., both the true fracture strain® and true 
local necking strain were reduced, when the length became less. 

A similar phenomenon of restraint in round-bar work has been 
called the “notch effect.” MacGregor (10) shows experiments 
with annealed SAE 1112 steel, in which the gage length was 
varied from that of a 1/,-in. U-notch to 3'/2 in., bar diameter re- 


_* Definition of this term, and other stress-strain terms of loga- 
rithmic character can be found in reference (9). 


maining constant. He noted a considerable decrease in reduc- 
tion of area at fracture, as the length became smaller. That 
the restraint effect enters is clear. Both quoted works (9) and (10) 
agree with (8), in that this “notch” type of restraint influenced 
only the local strain. Wood, Duwez, and Clark (11) also offer 
results along these lines. Their work, with small specimens of 
cold-rolled steel, showed for a gage length-to-diameter variation 
of from 6.7 to 26.6, an increase in the per cent reduction in area 
at fracture of from 53 to 64 per cent. 

As has been realized more recently, the need for more detailed 
ductility indices becomes apparent. The shape of section, its 
particular dimensions, along with the gage length, are important 
in restraint influences, as has been noted in this work and by 
others. The breaking down of the total elongation into its uni- 
form and local strain components is fundamental. 

A few of the other early works deserve mention. Unwin (5) 
in his work with ship and boiler plates found an increase in 
elongation for a greater width thickness constant. Here again 
a constant gage length was employed. The effect is opposite to 
the expected. In the same group of tests he found for bars of 
constant width, an increase of uniform elongation, when the bar 
thickness was increased. Since the increase in thickness means a 
decrease in bo/ho, and since there is a constant [)/b ratio in these 
latter tests, they indicate similar trends as shown here. 

Beare and Gordon (12), working with mild steel and rolled 
copper, found for bo/ho > 2, a greater reduction of area in the 
neck at fracture as the bar became smaller. They also note a 
decrease in reduction of area, as bo/ho increases up to 7. Beyond 
this value small effects were found. Beare and Gordon were 
not clear as to their treatment of lo/bo, however. Templin (13) ran 
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Fig. 22 Grip Distortion In DIFFERENT STAGES OF NECKING IN FLAT TENSION BAR; SPECIMEN 6A 


tests on flat bars of soft aluminum sheet, in which bo/ho was 
varied from 1 to 50. A 25 per cent reduction in elongation over 
this range was found as bo/ho became greater. In hard aluminum, 
an even greater reduction was found; 75 per cent over the range. 
The [)/bo was constant here. The results are in line with the 
present findings. Lyse and Keyser (14) found definite effects on 
the elongation and reduction of area, due to size and shape of 
specimen. The reduction-of-area values, plotted over the 
bo/ho range 1 to 4, showed a decrease as the bo/ho ratio became 
larger. The greater reduction of area for smaller specimen of a 
particular bo/ho ratio was also shown. The material was a struc- 
tural steel, 

The more recent investigations give evidence of greater detail 
in ductility study. A great deal of work during the past war was 
devoted to studies of this nature. Dorn and Finch (15) show a 
plot of per cent reduction against width for the width, thickness, 
and area values. The greater widths had more of an effect on 
width reduction than they did on thickness. Less reduction 
for greater width followed the trends stated here. The fact 
that reductions in width were greater than in thickness for any 
particular width is not understood, unless the magnesium mate- 
rial offers the explanation. 

MacGregor has contributed several papers in which he has 
stressed the importance of local ductility indices. In his work 
with flat bars of low-carbon steel (9), the bo/ho was varied from 1 
to 26. He noted that the type of fracture changed from a typical 
transverse tensile fracture to a shear fracture inclined at an angle 
of 25 deg to the perpendicular of the tensile axis, at approxi- 
mately bo/ho = 6. That the flat bar presents a biaxial state of 
stress with transverse restraint was stated in MacGregor’s work. 
The value bo/ho = 6 was given special significance. The ductility- 
value trends are given for the group bo/ho < 6 and bo/ho > 6. 
The variations in local strains found for both of these groups are 
in line with the present findings, that is, a decrease in local strain 
for an increase in bo/ho. That an increase in bo/ho from 8 to 26 
had no effects on the localized axial strain at fracture was noted. 
The results of the present work indicate no special significance 
for bo/ho = 6 in the fracture mode. No abrupt change from a 
tensile to shear-type oblique fracture at the 25-deg angle was 
noted for this value. Most of the shear-surface angles were 


visible only on the bar edges. Bars 10A and 10C of this work 
showed signs of the shear angle noted in the quoted work. 

Low and Prater (16) have noted the differences in strains 
e. and ¢; during uniform straining in their flat bars of sheet 
aluminum. They have stated that the natural strains e and ¢; are, 
respectively, 0.4 «, and 0.6 «, up to the point of necking. They 
observed that during necking very little change took place in 
width dimension, and further reduction in area resulted mainly 
from thickness changes. Where considerable necking took place 
prior to fracture, they found ratios as low as 0.1 for e:/e, (natural 
strains). A study of effect of specimen dimensions on elongation 
to fracture is presented. For several widths, curves of lateral 
contraction along the gage length are shown. The curves show 
the effect of head restraint for several [o/b ratios. However, the 
data are scattered, and the writers have assumed that the head 
restraint influences only a short portion of the gage, that adjacent 
to the heads. An average value of lateral contraction is plotted 
for the supposedly free part of the gage length. The restraint 
could have been interpreted as affecting the whole gage length, 
had a smooth curve been drawn through the scattered points. 
The writers conclude, that the per cent of uniform lateral con- 
traction is independent of width, which is not in agreement with 
the present work. They note that a greater percentage of the 
gage length is under restraint influence when o/b is smaller; 
the variation of lo/bo from’0 to 1/. leaves no part of the gage 
length unrestrained. At l/bo = 4, they claim 0.8 of the gage 
is free from restraint. The results of the author’s tests would 
indicate a farther-reaching restraint influence. 

Bibber’s (17) work with flat bars of ship steel should be 
quoted. He tested wide bars of very short and very long gage 
lengths. He found a crosslike depression in the neck similar to 
the one exposed here. A contour plot for one of his long speci- 
mens showed only one cross side. He noted that failure in a 
short specimen came about by shear at the center, and a tension- 
type break at the outer parts of the bar width. This was noted in 
a few cases here. 

Gensamer, Lankford, and Prater (18) have contributed data 
on the size effect in ship plate. They used an 8-in. gage length of 
1'/, X 1/2 in. cross section, and reduced this to 1/, and 1/29 size, 
geometric similarity in all dimensions remaining. They discuss 
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the variations encountered due to the metallurgical difficulties 
in producing true-size specimens. They do show data, based 
on reduction of area values, which would confirm the-size effect 
as described here, if one can rely on equal hardness values as 
reflective of the elimination of the effects of heat-treatment and 
rolling. 

From what has been presented, it seems that the more free 
type of neck would come about by making the 1/bo ratio of the 
flat bar, or [)/do ratio of the round bar larger. At times this is not 
possible since the form and size of material, or size of specimen 
and testing equipment may be such as to prevent making the 
ratio large. The latter was the reason for selecting the value 5 
here. This is one half the value of the German standard adopted 
several years ago. Even with a ratio of only 5, the largest speci- 
men in this work reached a length of approximately 11 ft. 


SUMMARY 


The body of this paper points out the great importance of the 
head restraint in a flat tensile bar, as a factor in controlling the 
position of the local neck along the gage. The fact that this 
control is exercised at the beginning of, and throughout uniform 
yielding, is emphasized. 

It has been found that the head restraint is dependent upon the 
width dimension of the bar, that is, it becomes more intense 
as the width increases. The large bars used have shown that the 
increase in width has reduced the lateral strains during uniform 
straining, in both the width (e.) and thickness (e;) directions of the 
bar. It has been argued that this, in the case of the strain in the 
width direction, is due to the presence of transverse stresses, an 
implication of the approach to the plane-stress problem. The 
greater freedom of strain in the thickness direction over that in 
the width is apparent. The ratio e/e; shows lesser values for 
greater widths. The fact that e/e; shows its lowest value at the 
lowest uniform strain (axial ¢«,), for any particular geometric 
shape (width-to-thickness gage ratio bo/ho), and that this value 
builds steadily as the uniform straining increases, suggests a pos- 
sible anisotropic restraint factor on @, which is broken down 
through yielding. The greater variation of e/es, it is noted, due 
to this effect of anisotropy comes with an increase in bar width. 
This suggests dependence of the anisotropic restraint on the 
width. 

The form of the local neck in the flat bars was complicated, but 
symmetrical in shape. The details of the formation of the 
crosslike depressed region have been reviewed and studied. 
The maximum values of the strains « and e; and the depend- 
ent « value (calculated from e« and ¢;) in the neck, at frac- 
ture, showed an increase as bar size decreased. Further, the 
maximum e decreased, as the bar became wider, up to a bo/ho 
ratio of 7. Beyond this value no effects were noted. Maximum 
¢; showed no dependence upon bar width. Maximum « neces- 
sarily showed the geometry trend of «. An analogy has been 
described between the head restraint on uniform strain in the 
gage length, and that in the neck of the,stagnant material on 
the flowing material adjacent to it. An increase in the stress, in 
the direction of the restraining dimension, with an increase in the 
magnitude of the dimension, is implied. 

The progressive localization of straining toward the heart of the 
neck, as the neck developed, has been studied. Localization acts 
against the size and geometry variations, in that it tends to pro- 
duce smaller restraining dimensions. This fact has proved 
helpful in explaining the limiting value of geometrical variation 
bo/ho = 7. Inexplaining this, use has been made of the variations 


of local «, and ¢e; with bar width, at the minimum section of the 
neck. 

Curves have been included which represent the strain distribu- 
tion, for €, €2, and ¢;, in the entire neck for two large bars, one of 
bo/ho = 10, and another of bo/ho = 6. 

Correlation of the present findings with, and a discussion oi, 
the literature is presented. 
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Plastic Deformation of a Circular 


Diaphragm Under Pressure 


By A. GLEYZAL,' WASHINGTON, D. C. 


In this report a numerical solution is given of a set of 
equations consisting essentially of three plasticity laws, two 
strain-displacement laws, and two equilibrium laws 
which describe the action of a clamped, thin, circular 
diaphragm as it yields plastically when pressure is applied 
to one side. The stresses, strains, thickness variation, 
and deflections for any thin circular diaphragm of a given 
material may be computed by the numerical integration 
of the equilibrium conditions, the geometric conditions 
relating displacements and strains, and the stress-strain 
laws. The solution may be reduced to the solution of a 
second-order differential equation with the radial distance 
r as independent variable. The solution depends upon 
an experimentally determined function, rt (y), which de- 
scribes the stress-strain properties of the material, and 
upon three parameters, the pressure p, the original thick- 
ness fo, and the radius a of the clamping ring. It is found 
that for a given material, a family of curves with pa/Ay asa 
parameter serves to predict the solution for any thin cir- 
cular diaphragm of the same material. This analysis 
has been carried out for a particular function r(y) based 
upon results of a tensile test made on a specimen of 
medium steel. Graphs of theoretically and experimen- 
tally determined values of deflection, radial and circum- 
ferential strains, radial and circumferential stresses, and 
thickness corresponding to various pressures are presented 
which apply to all diaphragms made of the same steel as 
this specimen. 


INTRODUCTION 


HE behavior of a circular diaphragm under lateral pres- 
sure in the elastic range has been considered by Hencky 
(1)? and S. Way (2). In Hencky’s solution bending 
stresses are neglected. Way has taken both bending and stretch- 
ing into account. Since the present analysis is concerned with 
thin plates, the bending stresses are neglected here also. The 
results presented are valid for values of 2o/a ranging from about 
0.03 up to about 0.30, where zo is the central deflection and a 
is the radius of the clamping ring. For values of zo9/a correspond- 
ing to elastic deflection, that is, when 29/a is less than 0.03, the 
results nevertheless have some validity since, as will be shown, 
the plasticity laws chosen are identical, for small strains, with 
the elasticity laws, provided Poisson’s ratio is taken as 0.5. 


1 David W. Taylor Model Basin, Navy Department. 

2 Numbers in parentheses refer to the Bibliography at the end 
of the paper. 
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Srress-STRAIN EQUATIONS OF PLASTICITY 


The plasticity laws stated in the following have been considered 
by Nadai (8, 4), von Mises (5), and Mohr (6), and have been 
tested experimentally by Taylor and Quinney, Ros and Eichinger, 
Nadai and Lode, and others. Nadai (4, 7) has written accounts 
of and given references for the theoretical and experimental work 
of these and other writers. Davis (8, 9) has made a series of 
tests on cylindrical tubes to verify these plasticity laws for copper 
and medium steel. The stress-strain relations are 


a4 tete =0 {la} 
where 

1 

2 
3 Ss + +++ [2b] 


In the foregoing equations ¢,, ¢:, and «; are the principal strains 
and o;, o2, and ¢; are the principal stresses. The quantities y 
and + have been shown by Nadai (7) to be, respectively, the 
shear strain and the shear stress in an octahedral plane, a plane 
whose normal makes equal angles with the three principal direc- 
tions of strain or stress. For simplicity, strain will be taken to 
mean conventional strain (ds — dso)/dso where ds and dso are 
final and initial are length, respectively. 

Equation [1d] is usually associated with the assumption that 
at any one point the principal axes of stress coincide with the 
principal axes of strain. It may be shown that the latter condi- 
tion is satisfied for a circular diaphragm under pressure. Equa- 
tion [lc] implies that 7(y) is the same function of y for all states 
of stress and strain in a material. Hence 7(y) may be consid- 
ered to characterize the material with respect to its stress-strain 
properties. It can be determined experimentally by a tensile 
test on the material or by tests on diaphragms deformed under 
pressure. Equations [1] and [2] equivalent to 


1 
1 
. 1 
= 3 (1 | 
where y(r) is the function which is inverse to r(y). These ex- 


pressions are of the same form as the laws of elasticity; the fac- 
tor y(r)/3r replaces 1/E and the factor '/, replaces » where 
denotes Poisson’s ratio. 

In a tensile test the three principal stresses may be denoted by 


G2, = 0, o; = 0 
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(The calculations of this paper were based upon the r(y) curve shown here obtained by a tensile test on the material. 

The r(y) curve calculated from measurements at the center of an experimental diaphragm of the same material is 

shown for comparison. The difference between the two curves accounts in large part for the difference between 
computed and experimental values of deflection.) 


and the three principal strains by t(y) (2p + (56 - 
2 1 1 
2 9 where now, by Equation [2b] 
Then, from Equations [2a] and [2b 2 
q [2a] [26] y¥=2 \; V [6] 
2 
[4a] Also, for biaxial stresses Equation [2a] becomes 
V2 2 
The curve r(y) in Fig. 1, which shows the relation between + 
octahedral shear stress and octahedral shear strain, was computed Gq, ty 
by these equations from a load-strain curve obtained in a tensile 4] 
test on a specimen of medium steel. For comparison, the r(y) e 
curve, determined by measurements on an experimental dia- p = pressure 


phragm of the same material under pressure, is included in Fig. 1. 
The extent to which the two curves agree is a measure of the valid- 
ity of the plasticity laws assumed in this paper. The difference ; 
between the two curves accounts for a large portion of the differ- Rag 
ence between the experimental and the theoretical results pre- 
sented herein. 


Srress-Strain Laws ror A THIN DIAPHRAGM 


As a thin circular diaphragm clamped at the rim deflects 
under pressure, symmetry requires that one of the principal 
stresses be the stress o, in the radial direction and another be the 
stress og in the circumferential direction, as in Fig. 2. Similarly, 
one of the principal strains is ¢,, the strain in the radial direction, 
and another is ¢, the strain in the circumferential direction. If 
7; and oy are interpreted to be a, and ag, respectively, then o; 
is the stress in the direction perpendicular to the diaphragm atthe 
point. This stress is of the order of the pressure on the diaphragm 
and hence is relatively negligible. If 3 is set equal to zero and 
if and ¢; are interpreted to be ¢, and eg, respectively, then Equa- 
tions [3] yield 


o = 2 [5a] Fra.2 Principat Stresses AND Srrarns IN A Crrcutar DIAPHRAGM 


UNDER PRESSURE 


. 
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The foregoing relations may be called the plastic stress-strain 
equations for a plate under biaxial stress. 


STRAINS IN TERMS OF DISPLACEMENTS AND DEFLECTIONS 


Suppose a flat circular diaphragm is deflected to a radially 
symmetrical shape as shown in Fig. 3. The axis of symmetry 


Clamping 
Ring 


"777, 

h 


Fic. 3 DracraM SHOWING THIN CrRCULAR DIAPHRAGM AS IT 
DerorMs PLAsTICALLY UNDER PRESSURE 


may be taken as the z-axis in a set of cylindrical co-ordinates 
r, 6,2. As the diaphragm deforms, a point P on the diaphragm 
moves along a path such as PP’. Let u denote the radial dis- 
placement for the point P’ at radial distance r. If z is the de- 
flection of this point, the radial strain is approximately 


Equations [7] and [8] for strains in terms of displacements are 
the familiar ones for the circular diaphragm in elasticity theory. 

Let e, denote the strain in the direction normal to the surface of 
the diaphragm. Then by Equation [la] 


(e, + 
If ho is the initial thickness and h the thickness of the diaphragm 
when deformed, then, by definition, 
ho 


It follows that 
he =m ho(1 — €, — [9] 


EQUuILIBRIUM CONDITIONS 


Suppose that under a pressure p the deflection function for a 
circular diaphragm is z(r). The force resulting from the pres- 
sure on a cap of radius r, Fig. 4, in the direction of the z-axis is 
xr*p. This force is balanced by a vertical force* due to the 
radial tension t, in the diaphragm 


dz 
dr 


3 The sign of the square root which appears in this expression is 
chosen so that the expression is positive. 
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Consider now the element defined by Aé@ and As as in Fig. 4. 
The resultant force on the element due to the circumferential 
tensions at each end is approximately t@ A@ As. This force acts 
radially inward in a plane parallel to the original plane of the 
diaphragm. The component of this force in the direction of the 


p = pressure 


Fic. 4 Forces on AN ELEMENT OF A SPHERICAL Cap 


radial tension is approximately tgA@ As(Ar/ As) = teA@Ar. The 
total force on the element, due to the radial tension ¢,, is approxi- 
mately (r + Ar) Ad@(t, + At,) — rAét, No component due to 
pressure exists in the ¢, direction. Hence if the forces in the ¢, 
direction are equated, there results the approximate equation 


tgAdAr = (r + Ar) Ad (t, + At,) — rAdt, 


or 


tg 


(r_ + 4r) (t, + At,) — rt, 
Ar 


If we let Ar approach zero, we obtain the exact equation 
d d 
tg = a (rt,) = t, + [11] 
This equation is also familiar in elasticity theory. The stresses 


o, and og may be expressed in terms of t,, te, and the thickness h as 
follows 


o, = h als [12a] 
to 
= [12b] 


SoLuTION OF EQuaTIONsS FoR PLAsTIC DEFORMATION OF A 
CrrcuLaR DIAPHRAGM 


From the equations derived in the foregoing, the following set 
of independent equations may be chosen to describe the action 
of the thin circular diaphragm under pressure 


Ps, bal 

dr \dr | 
oe ee and the circumferential strain is approximately 

= 

2 
Se eg When these forces on the cap are equated, there results 

" 2° de + dr 
dr 1 
— t=-p— @14+(—]............. [10] 
ees 2° dz dr 

; 
<< 
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d 
og = 2 r() [5b] 
du 1 
= . [8] 
r 
12 
[12a] 


These equations are ten independent relations in the ten varia- 
bles t,, te,2,U, o,, €,, 7, and h, containing the arbitrary parame- 
ters p and ho and the experimental function r(y), which describes 
the material with respect to its plastic stress-strain properties. 
The equations will now be transformed into others suited to 
solution by numerical integration. 

Equations [7] and [8] imply 


d 1 (dz\* 
(re) + 5 


dep _1fdz\* 
dr 2 («) (13) 


dz 


or 


so that Equation [13] becomes 


5 i 1 


{15] 
dr 2 4t,2 — p*r? 
Equations [5] and [12] imply 
[16] 
ty 
or, by Equation [11] 
d(t 
t, (26 + ¢,) = E (2e, +e) 
Thus 
dit.) 
t, (eg — e,) =r (2e, + 
dr 
or 


dr 


From Equation [5a] and Equations [9] and [12], there follows 


= 2 (2e, + (1 — «, — @)........ [18] 


Equations [15], [17], [18], and [6], are four equations in the four 
variables e,, «9, y, andt,. Inspection shows that they are equiva- 
lent to a single second-order differential equation in one dependent 
variable, say, ¢g. Consequently there will be two arbitrary con- 
stants of integration. These constants will be determined by two 
boundary conditions, for example, eg(a) = 0, «s(—a) = 0, where a 
is the prescribed radius of the diaphragm. The solutions of these 
equations and Equation [14] will depend not only upon the radius 
a, but also upon the two arbitrary parameters p and ho. For- 
tunately, the triple infinity of solutions resulting may easily be 
obtained from a single infinity of solutions depending only upon 
one parameter pa/ho. To verify this statement it is necessary 
merely to rewrite Equations [14], [15], [17], [18], and [6] in the 
form 


t, t(y) 
ho Y 


2 
y=2 \; V (6? + + 6%) 


In the foregoing equations r/a is the independent variable, and 
the dependent variables are now z/a, ¢,, «9, y, and ¢,/ho, the 
parameter being pa/ho. The two boundary conditions are that 
eg = Owhenr/a = +1. Although the existence of these “‘propor- 
tionate co-ordinates” has now been established, it is convenient 
to continue the analysis with the original co-ordinates. Only the 
graphs of the solutions need be given in proportionate units. 


(2e, + €9) (1 — — 


NuMERICAL SoLuTIoNn or Equations [6], [14], [15], [17], anp 
[18] 

For computational purposes, t,/ho is plotted as a function of e, 
and «9, using Equations [6] and [18]. Fig. 5 is such a graph, in 
which r(y) is taken asin Fig. 1. Fig. 5 may be considered to de- 
scribe the biaxial stress-strain properties of a plate of the mate- 
rial. 

Equations [15] and [17] are equivalent to 


rT 


r 
(; 4t,2 — prt ) [195] 


where é is the value of the tension ¢, at r = 0 and ¢9 is the value of 
the strain «9 at r = 0.. 


Equations [19] are solvable numerically by iteration of the two 


pa\ (r 
a ho 
a ho 
lane 
) | 
= 
By solving for (dz) /(dr) in Equation [10], we find that 
14 
| 
t 
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(Let « and e: be the principal strains in the plane of a plate and let t: and ¢: be the corresponding principal tensions. 
The curves shown here are curves of constant éi/he plotted on «: and e. The quantity t/ho corresponding to « and 
was computed by Equations [6] and [18], where we have taken ¢r = 4, ¢9 = = o1,and og = The func- 


tion r(y) was taken to be the curve of Fig. 1. This graph was used to find ¢r from tr and ¢g in the computations.) 


integrals, as follows: Suppose ho, to, «0, and p are given, and sup- 
pose approximations for t, and ¢9 in terms of r are known. Then 
Equations [6] and [18], or the graph in Fig. 5, give e, in terms of r. 
Substituting these approximations of t,, «9, and e, in the right-hand 
side of Equations [19] and integrating, we obtain new approxima- 
tions for t, and eg. The process may then be repeated indefinitely. 
A measure of the accuracy of a solution is its proximity to the 
previous one. 


First APPROXIMATIONS 

To facilitate the choice of first approximations for eg, ¢,, t,, and 
te, the following formulas are set down. Experiments show that a 
deflected diaphragm is approximately a spherical cap. Conse- 
quently the tensions ¢g and ¢, are approximately equal and con- 
stant throughout the diaphragm, that is, the relationship 

t, = lo = bo 
where f is the common tension at the center, is approximately 
true for all radial values r. It then follows from Equation [16] 
that 
€, = 

A first-order approximation to a spherical defiection function 

is the parabolic deflection function vanishing at r = a 


where Zp is the deflection at r = 0. 
It may be shown that, for a membrane of tension 4, p is given 
precisely by 
Atezo 


at 


Experiments show that «9 varies in an approximately parabolic 
manner. Hence as a first approximation 


where ¢o is the strain at the center. 
The quantity &/ho can be calculated when ¢ is preassigned. 
For at r = O«, = eg = e, and Equation [18] reduces to 


fo 6 7 (0) eo(1 — 2ee) 
ho vo 


where yo is the value of y atr = 0. By Equation [6] 
yo = 2 V 269 
and 


3 


Finally, there may be written the approximate law 


The plausibility of this relationship may be demonstrated as 
follows: Combining Equation [9] and the approximate equa- 
tions ¢, = «9 = «(1 -—— r*/a*), which were found in the foregoing, 
we obtain 


a 


i.e., a parabolic variation of he —hisimplied. The volume V of 


te 
| | | 
| 
© | ie) | 
+ + + } 
| 
f—+ 4. 4 = 
+ + + —+— + —-4 
| 
| | 
| 
| 
| 
| 
20000 
15000 
10000\\ 
5000 
SES 
‘ 
5), 
pote 
re, 


010 T 
Theoretical 


0.09} 


| 9 Experimental volves 
obtained by measurement!) 


0.06 


Radial Strain e, 
° 
° 


0.04 


0.02 
4 0.1557 Curve 4 4 —~ 
Cont 3 — ; 
| Curve 2 Curve | 
Te2 10.0542 2 2 2 0.0244 2 
“1.0 0.8 06 0.4 0.2 0.4 0.6 08 1.0 


Proportionate Radial Distance + 


Fic. 6 Strain PLlorrep AGAinst 


(Radial strains were computed by integration of equilibrium conditions, strain-displacement relations, and 
stress-strain equations of plasticity.) 
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COMPARISON OF THEORETICAL AND EXPERIMENTAL PROFILE CURVES AT CORRESPONDING 


PRESSURES FOR A DIAPHRAGM OF MeEpiuM STEEL 
(The theoretical deflection curves shown here were obtained by solution of equilibrium conditions, strain- 


displacement relations, and plastic stress-strain laws. 


The discrepancy in central deflection can be ascribed 


chiefly to the fact the r(y) curve obtained from a tensile test on a oe gave values of 7 for biaxial 
i 


stresses about 8 per cent too high; see 


the plate before deformation is equal to its volume after deforma- 
tion. Hence 


= 1 2 2 

1 Qer 1 — Jar =o, 
0 dr a? 


By carrying out the integration and making appropriate sub- 
stitutions and approximations, the relationship ¢9 = 20?/a* is ob- 
tained. 


APPLICATION OF THE METHOD 


The material is selected to show the application of the method 
is medium steel having the r(y) characteristic of Fig. 1. For the 
purposes of starting the computations, a nominal radius a of 10 in. 
and a thickness of '/, in. were chosen and used in the initial 
formulas. The results, as finally presented in Figs. 6 and 10, 
are in terms of the general parameters previously“discussed, and 
so apply to any thin plate with the same r(y). 

The first step in the computation is to select a range of values 
of zo and substitute them and the chosen values of ho and a in the 
approximate formulas to obtain a table such as Table 1. 


TABLE 1 APPROXIMATE VALUES OF «, te, AND p 


x 


v2 
hor(yo) (1 — 2eo), 
lb per in. 


= 
zo in. 


Cucucuty 


The second step in the computation is to tabulate ¢, and « 
for selected values of radial distance, using the approximate 
equation ¢, = f¢and Equation [21]. The values of ho, ¢0, fo, and p 


in Table 1 are now to be considered exact and will be used 


ig. 1.) 


throughout the remaining computations. The values of a and ze 
used thus far are entirely discarded from this point on. They 
serve merely as a convenience for starting the calculations. New 
and more accurate values of z) and a will be determined later for 
each set of values ¢€o, fo, and p. 

The third step is the graphical determination from Fig. 5 of 
€,, corresponding to the values of ¢, and es tabulated in the second 
step. The fourth step is to substitute these evaluations of ¢,, 
es, and e, in the integration Equations [19], to secure new values 
of t, and eg by numerical integration. Steps 3 and 4 are then re- 
peated until successive approximations of t,, «s, and ¢, show little 
change. If now the values of eg for a set of values «, fo, ho, and p 
from Table 1 are plotted against radial distance, it will be found 
that «s becomes zero at a radial distance which is found to ap- 
proximate 10 in., the value used to obtain Table 1. The radial 
distance at which eg is zero must be considered the exact value 
of the radius a corresponding to the set ¢0, fo, and p. This value of 
ais used of course in computing quantities such as r/a and pa/ho 
for this set. Similarly other values of a approximating 10 in. 
will be found for other sets of «, to, and p. The quantities «, 
and eg were computed in this manner and the results are plotted 
for the various sets as shown in Figs. 6 and 7. 

Other quantities such as tg, ¢,, and og may be calculated readily 
by means of Equations [9], [12], and [16]. The quantities oc, 
and og were determined in this manner, and the results are shown 
in Figs. 8 and 9. 

The deflection z at radial distance r may be computed by Equa- 
tion [14]. The values of zp thus obtained, which differ somewhat 
from those used:in Table 1, are the exact values of central de- 
flection corresponding to the sets ho, ¢0, f¢, and p. Fig. 10 shows 
curves of deflection plotted against radial distance for various 
pressures thus obtained, and Fig. 11 is a plot of the pressure 
against central deflection. 


COMPARISON OF THEORY AND EXPERIMENT 
With each of the graphs for e¢,, €9, ¢,, og, and z computed as in 
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(The theoretical curve was obtained by integration of equilibrium, strain-displacement, and plasticity 
laws using a stress-strain curve obtained from a tensile test on a medium-steel specimen.) 


the foregoing, are shown corresponding experimental points. 
The data from which these experimental points were taken were 
obtained at the Taylor Model Basin (10) on a circular medium- 
steel plate nominally 20 in. diam and '/; in. thick. This plate 
was machined from the same stock as the tensile specimen which 
yielded the r(-y) curve used in the calculations of this paper. The 
fact that in the tests the rim bounding the plate had a curved 
edge of '/: in. radius made necessary a correction to the plate 
radius. In the computations of the experimental data a value of 
10.25 in. was assumed as the radius a. 

It is believed that a better check of theoretical and experimental 
values of deflection will result if logarithmic strains e, where « = 
log (1 + e), are used in place of the conventional strains « in the 
assumed plasticity laws. Such a refinement and the elimination 
of the discrepancy between uniaxial and biaxial octahedral 
stress-strain functions r(y) obtained in the tests are believed 
generally to outweigh other refinements which could be made in 
the theory, such as the inclusion of bending stresses or the use of 
exact strain-displacement relations in the computations in place 
of first-order approximations. 
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Contact Stresses in the Rolling of Metals—1 


By C. W. MacGREGOR? anp R. B. PALME,* CAMBRIDGE, MASS. 


Special equipment is described which was designed and 
constructed to investigate the distributions of the normal 
pressures and the longitudinal and transverse shearing 
stresses along the arc of contact during the rolling of 
metals between plain cylindrical rolls. While the paper 
is restricted to a description of this apparatus, it is planned 
to utilize it in studying the effects of many of the impor- 
tant rolling variables both on the contact stresses and on 
the resulting mechanical properties of the rolled product. 
Experimental results will be presented in a later paper. 


INTRODUCTION 


LTHOUGH a great deal of valuable research work has been 
carried out in the general field of the rolling of metals (1) ,4 
the fundamental mechanism of plastic flow in the contact 

region of a rolled bar remains yet to be disclosed. Before this is 
attained, a knowledge of the distributions of the contact normal 
and shearing stresses between the rolls and the bar under actual 
rolling conditions is requisite. In so far as the authors are aware, 
the only published attempts to measure contact stresses directly 
during rolling are those of Siebel and Lueg (2). Their investiga- 
tion was restricted to the measurement of the normal stress dis- 
tribution along the are of contact for a rather limited range of 
rolling conditions. No direct measurements of the contact shear- 
ing stresses (friction), parallel and perpendicular to the rolling 
directions, have come to the attention of the authors. Further- 
more, few data (3) are available in the literature on the coefficient 
of friction at pressures commonly encountered in rolling, and 
these offer no certain basis for deducing the variation of the fric- 
tion coefficient along the contact arc. 

In the absence of such experimental information, analytical 
studies have had to assume various laws of friction (usually for 
contact shearing stresses parallel to the rolling direction only), 
and to derive the contact normal pressures under additional sim- 
plifying assumptions (4, 5, 6, 7), such as a constant axial normal 
stress across the height of the bar, the contact normal stress as a 
principal stress, small angles of contact, zero lateral spread, ete. 

Orowan’s theory (8), which makes fewer assumptions than its 
predecessors, covers the general case of a variable coefficient of 
friction, in addition to having other advantages. Yet it is ap- 
plicable only to cases where lateral spread is insignificant, where 
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the angle of contact is small, and where the contact length is 
greater than the thickness of the stock rolled (9). 

While it was necessary in these analyses to make such simplify- 
ing assumptions for the sake of mathematical expediency, their 
quantitative effect on the final results is unknown, and a direct 
experimental determination of the contact stresses is thus re- 
quired. 

The present paper gives a detailed description of some special 
equipment developed to measure simultaneously the normal con- 
tact-pressure distribution, the contact frictional stresses both 
parallel and transverse to the rolling direction, the resultant ver- 
tical thrust on the rolls, and the resultant torque applied to the 
rolls. No attempt is made at this time to show the effect of 
different rolling variables on the contact stresses or on the me- 
chanical properties of the rolled product. This is the subject of 
an investigation to be reported at a later date. 


Contact Stress ELEMENT 


One of the most important requirements in any stress- or pres- 
sure-measuring device is that it should not by itself disturb the 
quantity measured. In the present problem this means that the 
local radial flexibility of the roll should not be greatly different in 
the measuring plane from that in any other radial plane. A num- 
ber of different designs of measuring systems were considered 
with this desideratum in view. They were discarded, however, 
in favor of the simple system to be described, since, even though 
they affected the continuity of the roll material in the contact arc 
to a somewhat lesser degree, none of these systems possessed the 
simplicity and ease with which the three components of the con- 
tact stresses could be investigated individually. While the flexi- 
bility of the measuring elements used can be varied through wide 
limits, thus providing the possibility of matching the roll flexi- 
bility, it should be emphasized that in all probability some dis- 
turbance of the quantities measured does occur, and it is not 
claimed that the measured values are in exact accord with those 
under a roll without the element present. It is hoped that further 
tests will disclose the magnitude of this effect. 

The primary contact-stress-measuring element used is essen- 
tially a square-shank cantilever weighbar which is inserted into a 
radial hole (as shown in Fig. 1), in the upper 6 in. X 10 in. roll of a 
2-high pull-over rolling mill. Two such elements are shown in 
Fig. 2, items A and B. Detailed dimensions are given in Fig. 3. 
The small round end of the weighbar, or “pip,” as it shall here- 
after be designated, is 0.0925 in. in diam, and projects centrally 
through a 0.100-in-diam clearance hole in the roll surface, 
diametrically opposite to the side of the roll into which the weigh- 
bar is initially inserted. The surface of the pip is of the same 
radius of curvature as the roll surface and flush with it when the 
weighbar is firmly seated against its shoulder in the roll. Fig. 4(a, 
b, c) shows the relative position of the weighbar in the roll. 

The normal component of the contact force, and the two shear- 
ing (frictional) components on the pip are determined by meas- 
uring the deformation of the weighbar as it passes along the arc 
of contact of the metal being rolled. These force components are 
the resultants of the normal and shearing stresses between the 
rolls and the material in the are of contact acting over the area of 
the pip. Six SR-4 wire strain gages are suitably mounted on the 
sides of the element so that one pair measures the radial deforma- 
tion, and the other two pairs measure the lateral deflections of the 
weighbar in two perpendicular directions. From the strain read- 
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Fic. | Exptoprep View or CANTILEVER WEIGHBAR ASSEMBLY AND 
Upprere6 In. X 10 In. Roun 


Fic. 2. CANTILEVER WEIGHBARS AND DumMy-GaGe Mount 


(A, Bare weighbar; B, C, weighbar and dummy-gage mount with mois- 
ture-proof wax coating on gages.) 


Fic. 3 CANTILEVER WEIGHBAR DETAILS 


(Opnpcestion dimension A depends upon stiffness of cantilever desired. 
t is limited by clearance in roll and by SR-4 gage size to from 5/s in. to ‘ 
17/32 in.) Fic.4 Upper Routt DetaiLts AND ASSEMBLY 
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ings of these three pairs of gages, the normal and the two trans- 
verse contact forces can be determined. 

The assembly of the weighbar element in the roll can be demon- 
strated by referring to Figs. 1 and 4(c). Item B in these figures 
is a retaining screw which holds the weighbar firmly in place. 
A sealing plug C is used to seal the hole in the roll, thus prevent- 
ing a sudden shock which might otherwise occur when the open 
hole opposite the pip passes over the material being rolled. It is 
held in place by its expanding spring-acting collet, the latter being 
forced against the wall of the hole by the tapered spreader D, 
which is drawn up and set through screw E. A flat gage bar 
and angle plate areshown as items F and Gin Fig. 1. The angle 
plate is held against the outside surface of the roll, while the small 
end of the gage bar is inserted into the keyway visible in the 
large end of the weighbar, shown in Fig. 2, when the latter is ‘irst 
inserted. When the flat surface of the gage bar is parallel with the 
edge of the angle plate, the proper alignment of the weighbar is 
assured, and the pip end and the roll surface match in curvature. 
A small cylinder of the same composition and heat-treatment as 
the steel weighbar has mounted on it the dummy (temperature- 
compensating) SR-4 wire strain gages. This is item F in Fig. 
4(c), and item C in Fig. 2. The groove in the cylindrical head of 
the weighbar, shown in Fig. 3 and also as item G in Fig. 4(c), and 
its conjugate groove, item H in Fig. 4(c), provide clearance for 
the weighbar gage lead wires to pass the threaded plug, item B of 
this figure. The leads are then taken out through the axial hole 
(item J) in the roll as shown in Fig. 4(¢). 


Loap CELLS AND TORQUE METER 


As a check on the measurements of the contact-stress distribu- 
tions in the are of contact, the vertical separating force on the 
upper roll and the torque transmitted to this roll are also measured 
simultaneously with the contact stresses. The resultant force 
obtained by integrating the vertical components of the normal 
force and longitudinal shearing force along the contact arc, when 
multiplied by the appropriate moment arm, should then corre- 
spond to the méasured torque after the latter has been corrected 
for bearing losses. In addition, the resultant force so obtained 
should equal the measured value of the vertical separating force. 

The roll torque is measured by means of a simple torque meter 
consisting of a round steel drive shaft connected between the 
upper roll and the helical-drive pinion. SR-4 wire strain gages 
are mounted on the round section to detect the torque-induced 
strains. This torque-measuring device is visible in Fig. 5. . 

The roll-separating force is measured by means of two cylin- 
drical steel load cells located between the upper roll chocks and 
the screwdowns of the mill as may be seen in Fig. 6. As in the 


. Fic.5 Genera View or Drive 


SCRE WOOWNS, 


hic. 6 View or STanp 

cases of the cantilever weighbar and the torque meter, the strains 
produced in the cells by the axial forces acting upon them 
through the serewdowns are detected by surface-mounted SR-4 
gages, the outputs of which, through a known calibration, are 
translated into a measure of the separating force. 


ELECTRONIC MEASURING EQUIPMENT 


The active and temperature-compensating SR-4 strain gages 
mounted on the measuring elements and dummy mounts are 
connected in the arms of Wheatstone bridges, as indicated in Fig. 
7, to insure the maximum circuit sensitivity. The outputs of the 
five strain-gage bridges are recorded simultaneously and con- 
tinuously during the travel of the weighbar pip through the are 
of contact by means of the equipment shown in Figs. 8 and 9. 
As shown in Fig. 8, the outputs of the bridges are fed through 
multiconductor shielded cable to a central terminal box from 
which the individual strain-gage bridge signals are led into a 
5-channel alternating-current bridge. The outputs of the 
bridge channels are then preamplified before being introduced 
into the Dumont cathode-ray oscilloscopes. An oscillator feeds a 
carrier wave of fixed frequency to the power amplifier which, in 
turn, is connected across the bridges. The alternating-current 
amplitude-modulated carrier system, utilized in this manner, 
precludes the need of using inherently unstable direct-current 
preamplifiers. The amplified strain-gage signal outputs are 
photographed as traces on the screens of five of the cathode-ray 
oscilloscopes by means of a Navy F-56 5 in. X 7 in. Aero camera 
adapted to this use. 

The additional electronic equipment shown in these figures in- 
cludes a low-frequency linear time-base generator, which is used 
to generate the x-axis sweep voltage for all of the oscilloscopes. 
This is desirable in order to increase the sweep-frequency range 
and to control all sweeps simultaneously. A multivibrator is 
used to govern the oscilloscope-screen trace intensity. The sixth 
oscilloscope, photocell signal preamplifier, and the pulser are 
used in conjunction with the angular-position indicator and trip 
described in a later section and shown as items G, H, and J in 
Fig. 8, and schematically in Fig. 10. 

To eliminate the need for slip rings with their numerous design 
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and application difficulties when used in strain- 
gage work, the shielded cable containing the leads 
from the torque meter is allowed to wind up on 
it as it rotates in the mill during a test run, the 
extra lead length being payed out (and taken up 
on reversal) by a pair of tackle blocks suspended 
ina stand. This is shown in Fig. 5. The exter- 
nal leads from the gages on the cantilever weigh- 
bar in the upper roll are made of sufficient length 
to enable them to twist as the roll rotates. They 
are supported in a pipe, visible in Fig. 6, coaxial 
with the roll, which also acts as a shield against 
stray pickup. 

The angular-position indicator and trip men- 
tioned previously, was provided in order to obtain 
a measurement of the true contact length (and 
thus a measure of the roll-flattening phenomenon) 
and the exact pip position with respect to the line 


of roll centers independently of the roll speed. If KX a. ic 
the latter is not done it would have to be assumed TERMINAL 
that the roll speed is constant during the passage gyor-cet MICRO- SWITCH BOX 
of the pip through the are of contact. Due to , OUTPUT LEADS INDIVIDUAL STRAIN- GAGE 
local hard spots, and the like, in the material being ae one se ™ 
rolled, this assumption is probably not valid but SIGNAL maaaae OSCILLATOR 
will be investigated in the rolling program. This $0~| AMPLIFIER | LINES TW TT 
device is shown in Fig. 10. With its attendant Yay Wa og CARRIER 
electronic apparatus, it will initiate the oscillo- li 
scope x-axis sweeps by tripping the linear time- = PoweR 

PULSER TRAIN- GAGE 
base generator immediately before the weighbar 60~ BRIDGE AMPLIFIER [60~ 
pip begins to contact the rolled material, and 
subsequently indicate the exact pip positions by MANUAL toy | Sass 
marker-pulse outputs visible on the sixth oscillo- 5- CHANNEL 
scope screen. The marker pulse will also indicate Woy} MULTI- 
roll speed indirectly, since it will be superim- “60- VIBRATOR WW — ee AMPLIFIER 
posed on the carrier signal which is of known SINGLE OR, ——I MODULATEQ 

REPEATING TRACE CARRIER SIGNALS 
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SR-4 strain gages, shown E—Torque meter K—Microswitch 
blacked in (gages on 
cantilever weighbar 


not shown) 
A—Cantilever weighbar F—Torque-meter lead L—Specimen in 
in roll take-up roll gap 
B—Cantilever weighbar G, H, J—Film-carrying M—Frame of 
dummy-gage mount disk, “flexible coup- mill 
photocell, and 
light-source mount; 
details of angular- 
indicator 
INPUT and trip 
C—Load cells 
D—Load cell dummy- 
gage mount N—Screwdowns 
=. ACTIVE SR-4 GAGE Fic. 8 Scuematic Diagram or Locations AND 
DUMMY SR-4 GAGE 
Bridge Gage frequency. This indicator and trip device will be used in future 
“_ channel ” Measures Feature* experiments but was not ready for use at the time this paper was 
1 ion i ighb: Eliminates bendi 
n 213 Bendinginweighbar ‘Eliminates compression Prepared. For preliminary tests, a substitute disk, Fig. 6, was 
it 4 Torque in drive shaft Eliminates bending, di- used merely to trip the circuits when the weighbar pip made a 
rect tension, and di- 
rect compression known preset angle with the line of roll centers. 
IV 5 Compression in load cells Eliminates bending 
© Al ere CALIBRATION OF EQUIPMENT 


Fic. 7 Waueartstone Brivge Gace Circuits The equipment and method used in calibrating the cantilever 
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A—Upper roll G—Opaque film segment with trans- 


parent radial lines every degree 
B—Roll chock housing outline H—Weighbar gage-lead receptacle 
C—Flexible coupling J—Adjustable plate 
D—Light source K-——Fixed plate 
E—Photocell LMNP—tTransverse plane of cantilever 
weighbar center line 
NPRS—Longitudinal plane of cantilever 
weighbar center line 


F—Angular vernier 


Fic. 10 Scuematic Dracram or ANGULAR-PositTion INpICATOR 
AND TRIP 


(A voltage is generated in the photocell E as each transparent radial line 

in film segment G passes between it and the light source _Angular posi- 

tion of film segment ahead of weighbar in direction of roll rotation is adjusted 

by means of vernier F. First voltage rise trips electronic circuits; subsequent 
rises generate timing lines on oscilloscope screens.) 


weighbar are shown in Figs. 11 and 12. In mounting and loading 
the weighbar in this fixture, an attempt has been made to dupli- 
cate as nearly as is practical the mounting and loading condi- 
tions as they occur in the roll. The axial compression force on the 
pip is applied by means of a standard testing machine through a 
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VIEW B-B 
A— Directions of load application F—Cantilever weighbar 
C—Testing-machine head G—Mounting bloc 
D—Ball-thrust bearing H—Key 
E—Soft aluminum pellet J—Retaining screw 


Fig. 11 CaLisbRaTION FrxTurs 


pellet of soft aluminum, item E, Fig. 11. The latter is used to 
prevent marring of the finished pip end surface. This pellet is 
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Fic.12 WeriGHBAR AND CALIBRATION FIXTURE IN TESTING MACHINE 


indented by the pip under load, and since the compression head 
of the testing machine is held in position during the bending cali- 
brations, this enables the dead-weight bending loads to be ap- 
plied through the soft material. 

The load cells are calibrated in direct compression, simultane- 
ously and singly by the use of alternate heads, Fig. 13. The 
torquemeter is calibrated in a standard torsion machine. 


Future PrRoGRAM 


Further preliminary tests are planned to perfect the function- 
ing of the equipment. These consistin: (a) the determination of 
the optimum weighbar-element flexibility for a given set of con- 
ditions; (b) the replacement of existing preamplifiers to eliminate 
cross-talk in the circuits, etc. After this has been done, a com- 
prehensive rolling program will be undertaken in which cold- and 
hot-rolling tests will be conducted on several materials, both 
ferrous and nonferrous. It is planned to determine the effect 
on the contact-stress distributions and on the resulting material 
properties of variations in material, rolling temperature, speed 
of rolling, per cent reduction, sequence of rolling, initial cross- 
sectional dimensions, lubrication, and so forth. 
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The Partitioning of Matrices in 


Structural Analysis 


By S. U. BENSCOTER,! LANGLEY FIELD, VA. 


The practical value of the partitioning of matrices in 
structural analysis is illustrated with the solution of two 
multicell box beams in torsion. The desirability of par- 
titioning a matrix is determined from a simple principle 
relating to the pattern of the matrix. Typical patterns 
of matrices that are readily inverted are noted and em- 
ployed in the solution by matrix partitioning. 


NOMENCLATURE 


The following nomenclature is used in the paper: 


a = area of cell 

a =. transformed area of cell 

d = transformation factor 

(; = modulus of elasticity in shear 
J = torsion constant 

/ = length of wall segment 

n = number of sandwich cells 

= shear flow 

s = sumof aspect ratios forcell 
S,. = component of a latent vector 

¢ = thickness of wall segment 

a = aspect ratio (l/t) of wall segment 

#4 = rate of twist 

\, = latent root 


INTRODUCTION 


Numerous methods of solving the linear algebraic equations 
of structural analysis are in common usage. The method of 
iteration for both homogeneous and nonhomogeneous equations 
is easily remembered and readily used on all types of calculating 
machines, For solving a general system of nonhomogeneous 
equations, or for matrix inversion, using a hand-operated calcu- 
lating machine, the method of P. D. Crout? is very efficient al- 
though somewhat difficult to remember. Another useful method 
of matrix inversion, involving the partitioning of the matrix has 
been given by H. Hotelling.* Further improvements in the 
methods of solution may ‘be determined, in each field of physical 
science such as structural engineering, by studying the particular 
pattern of the matrix of coefficients that arises in typical prob- 
lems. In the present paper, the process of matrix partitioning 

‘Structural Engineer, National Advisory Committee for Aero- 
nauties. 

"A Short Method for Evaluating Determinants and Solving 
System of Linear Equations With Real or Complex Coefficients,”’ 
by P. D. Crout, Trans. AIEF, vol. 60, 1941, pp. 1235-1240. 

*“Some New Methods in Matrix Calculation,’’ by H. Hotelling, 
Ann. Math. Statistics, vol. 14, 1943, pp. 1-34. 
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will be used to illustrate the possibilities of solving a system 
of equations by taking advantage of simplified matrix patterns. 


GENERAL PRINCIPLE 


A general system of linear equations may be represented in 
contracted matrix form as follows 


The square matrix [4] contains the coefficients, a; ;, of the 
system of equations. The column vector [z] contains the un- 
knowns, 2;, while the column vector [k] contains the constant 
terms, k;. A general solution of Equation [1] may be obtained 
by multiplying through the equation by the reciprocal matrix 
{A]-'. The calculation of a reciprocal matrix usually requires a 
considerable am@int of time. However, with certain matrix 
patterns, it is found that matrix partitioning will provide an 
appreciable shortening of the required calculation time. 

The matrix [A] may be partitioned in various ways to obtain 
four submatrices. The vectors {z] and [k] must also be appro- 
priately partitioned. This partitioning may be represented by 


PQ Ty m 
A] = = k] = 
[A] [2] [k] [2] 


Equation [1] becomes 


RS n 


This single matrix equation may also be written as two simul- 
taneous matrix equations. Applying the “row by column” rule 
for multiplication gives 


[P] fy) + (Q] [2] = [m]............. 
[R] [y] + [S] [2] = [n}....... [4b] 


For convenience in discussion, the nondiagonal terms of Equa- 
tion [4] may be transposed to give 


[Pi fy} = fee] — [5a] 


Premultiplying Equation [5a] by [P]~! and Equation [5}] by 
[S]~! gives 


[y) = [m}] — [e]........... [6a] 
[2] = [S}~* [n}] — Iy}........... [6b] 


One may substitute either of these equations into the right-hand 
side of Equations [5] to obtain one equation governing one 
column vector. If the vector [z] is assumed to contain more 
components than the vector [y], the logical procedure would be 
to substitute Equation [6b] into Equation [5a]. If this is done 
and the terms are rearranged, the following equation governing 
{y] is obtained 


— fy] = [m] — [Q] {n)..... (71 
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The foregoing matrix equation corresponds to as many scalar 
equations as there are components in the vector [y].. The mini- 
mum benefit to be gained by using Equation [7] would occur if 
the vectors [y] and [z] had the same number of components. The 
number of scalar equations in the original system would then 
be reduced by one half. The maximum benefit would be gained 
if the vector [y] contained only one element. Equation [7] would 
then be a scalar equation. Two examples of this type will be 
given in the latter part of the paper to illustrate the method. 

Equation [7] contains the reciprocal matrix [S]~!. A similar 
equation could be derived for the vector, [z]. Such an equation 
would contain the reciprocal matrix [P]~!. The matrices [P] 
and [S] are the principal submatrices of the original matrix [A]. 
The general principle which indicates the possibility of developing 
rapid methods of solution may be stated. It is necessary that the 
coefficient matrix [A] can be partitioned in such a manner that 
one of the principal submatrices [P] or [S] becomes a type which 
may be inverted readily. This indicates the importance of being 
able to recognize those types of matrices which may be inverted 
by means of explicit formulas. 


ReapbiLy INVERTED MATRICES 


The simplest cases of matrices which may be readily inverted ‘ 
will be considered as illustrations. The 1 X 1 matrix is merely 
a scalar number. Hence the inverse matrix ig obtained as the 
reciprocal of the scalar number. The 2 X 2 matrix may be in- 
verted immediately by remembering that the reciprocal of a 
matrix may be obtained by dividing the adjoint of the matrix 
by its determinant. 

A diagonal matrix of any order may be inverted merely by 
replacing each diagonal element by its own reciprocal. An 
orthogonal matrix may be inverted merely by transposing the 
matrix. A symmetrical orthogonal matrix is its own reciprocal. 
The reciprocal of any nonsingular matrix may be expressed by a 
formula involving the latent roots and latent vectors of the 
matrix. In general, the formula does not provide a useful method 
for inverting a matrix, owing to the excessive amount of time re- 
quired in the computation of the latent roote and vectors. How- 
ever, in the case of a standard difference type of matrix the 
formula provides 4 practicable method since simple formulas 
are known for the latent roots and vectors.4 Future research 
in applied matrix algebra should be directed toward the deter- 
mination of additional formulas for reciprocal matrices. 


DIAGONAL SUBMATRIX 


An example will be given for a case in which the coefficient 


4“Orthogonal Functions Used in the Solution of Linear Differ- 
ence Problems,” by 8. U. Benscoter, JouRNAL or APPLIED MECHAN- 
ics, Trans. ASME, vol. 68, 1946, p. A-281. 


(a) Cantilever beam 
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matrix may be partitioned so that one principal submatrix is a 
scalar number while the other is a diagonal matrix. Consider 
the thin-walled box beam with corrugated top-surface rein- 
forcement shown in Fig. 1. Such construction has found fre- 
quent usage in airplane-wing design. Consider the section to be 
acted upon by a torque, and the stresses to be determined by the 
torsion theory of Saint Venant. The stress problem consists of 
determining the shear flows and the torsion constant. 

The physical constants which govern the solution are the 
“aspect ratios’ of the wall segments (a;; = 1;;/t;;) and the cell 
areas (a,). The sum of the aspect ratios of a cell may be denoted 
by 8; = ,a. The equations governing the shear flows, q,, have 
the following form® ; 


— = 2GOa2 
[8a] 
Ads = 2G6as 


In these equations @ is the shearing modulus of elasticity and 6@ 
is the rate of twist of the beam. 

Equations [8a] may be written in expanded matrix form as 
follows 


8; 0 0 0 a, 
0 82 0 O qe ay 
0 0 8; 0 qs = 2 [8b] 
0 0 0 84 qs 


It is convenient to put the equations into dimensionless form by 
introducing transformed areas, g;, defined as an area which may 
be used in a single-cell formula to compute the shear flow in the 
z’th cell of a multicell section. Thus the transformed areas are 
defined by the following formula 


Equation [9] may be substituted into Equation [8] to obtain 


1 0 0 0: —d, ay ay 
O}—&lle a, 
0 0 1 0: —d, a; = 
—d, —d, —d, 1 a 
where 


5 “Theory of Elasticity,” by S. Timoshenko, McGraw-Hill Book 
Company, Inc., New York, N. Y., 1934, p. 273. 


(b) Cross section 


Fic. 1 Box Beam Wirn CorruGatTep REINFORCEMENT 
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d= = — = {lla] 
8) 82 83 S4 
and 
8; 85 85 85 


Dotted lines have been drawn within the coefficient matrix to 
indicate the method of partitioning that may be used. Equation 
[10] may be separated into two simultaneous matrix equations as 
previously illustrated in Equation [4]. 


100 dy a, 
0 0 0 1 dy | % 
ra 
The following vectors may be introduced 
= &j....... . [135] 


The prime is used to indicate the transpose of a matrix (a row 
matrix is the transpose of a column matrix). By using Equations 
[13] one may write Equations [12] in the following contracted 
form 


[a4] — [i] = [a].. {14a} 
d; [s]’ [4] + = a.......... {14b] 
Transposing the nondiagonal terms gives 

[4] = [a) + [15a] 

Substituting Equation [15a] into Equation [15] gives 
= as + d,[i]’ [a] + d, [i] a......... [16] 

The following scalar products are apparent 

(a) = ay + + + = [175] 


It is assumed that all of the corrugation cells have the same area. 
Substitution of Equations [17] into Equation (16) gives 

(1 — 4d, dy) a = das oa 4d, ay, 
ds 4d; aq, 
1 coe 4d, ds ) 


or ds = 


From Equation [15a] it is seen that the remaining transformed 
areas are given by the formula 


a, = 4, = 4; = & = a, + d, d........... [19] 


All of the transformed areas are determined by simple formulas 
and the shear flows may be computed from Equation [9]. 

It is possible to generalize the foregoing analysis to a case of 
n corrugation cells. The vectors [i] and [a] would have n com- 
ponents. Equation [16] may be generalized by replacing a; and 
Gs by and 


= An+1 d, {i]’ [a] dy {i]’ [i] Gn+1. eee 


305 
Equations [17] become 
Substitution of Equations [21] into Equation [20] gives 


1—nd, dz 


The remaining transformed areas are given by the following 
formula 


a; = a; ds (i = 


[23] 


The torsion constant may be computed, for a section with n 
corrugation cells, from the following formula 


4 7] 
n( ay 
$1 


SuBMATRIX OF DIFFERENCE TYPE 


n+1 
Gn+i 


M 
le 
|S 
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Consider the box-beam section shown in Fig. 2 with a sand- 
wich type of top surface. Such a construction provides one 


Z 


tas 


5 


Cross Section or Box BEAM Wi1tTH Top SuRFACE OF SAND- 
WICH CONSTRUCTION 


Fig. 2 


possible means of wing-surface stiffening as required to maintain 
an accurate airfoil contour in high-speed flight. The equations 
governing the shear flows in this section take the following form® 


— — = 2G6a, 
angi + 12393 — = 2G@az [25a] 
03292 + $393 — — = 2G@a; 


+ 8394 — = 2G@a, 
— + Sigs = 2G6a; 


— — 


These equations may be written in expanded matrix form as 


follows 


8) 0 0 a; 
—an 82 0 —ar25 a2 
0 —ai32 83 2Ga [25d] 
0 0 21) as 
Substituting Equation [9] gives 
] 0 0 —tly a; a, 
—d; ds 0 a, az 
0 0 1 —ds dy a4 
—d, —dii 1 a a 


< 
2 
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where 


and d; and d, are defined by Equations [11] 

The coefficient matrix may again be partitioned as indicated by 
the dotted lines. The first principal submatrix is a standard 
difference type of matrix. Equation [26] is equivalent to the 
following two simultaneous equations 


—d; 1 —d; 0 dy ay 
0 0 —d; 1 dy 
| 
a, 
—[d, dy d, d,| a [285] 
3 


The equations may be written in the following contracted form 
[D] [4] —d, d = fa].............. [29a 
—d, + = (29b] 


where 


. [30] 


and the other matrices have been previously defined. 
Transposing the nondiagonal terms and multiplying through 
the first equation by [D]~}, gives 


= [D)~! [a] + [D]~! [i] &....... [Bla 
ds; = a5 + d; {i]’ {a] 


Substituting*Equation [3la] into [31b], and rearranging terms, 
gives 


{1 — de [i]’ [i] } @ = as + d, [i]’ [i] a..... [32] 
Let 
[33] 
then 
a, + dina, 


The remaining transformed areas may be computed from Equa- 
tion [31a] which may be written as follows 


= [D)—* (a, + dp &)............. [85] 


From the foregoing formulas it is seen that the solution de- 
pends upon the determination of the reciprocal matrix [D]-1. It 
has been shown elsewhere‘ that this matrix may be computed by 
the formula 


where [T] is a symmetrical orthogonal matrix containing the la- 
tent vectors of [D], and [A] is a diagonal matrix containing the 
latent roots of [D]. The elements of [7] may be determined 


from the formulas . 
2 
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where 
[S] = [s,,! 
and 
kre 


The diagonal elements of [A] are given by the formula 


= 1 — 2d; cos [39] 
Substituting Equation [37] into Equation [36] gives 
Substitution of this formula into Equation [33} gives 
n+ 1 


It is now necessary to evaluate the vector obtained from the 
product [S] [i]. For the section of Fig. 2, where n = 4, this 
vector is given in expanded form as follows 


3r 


2m ; tr 
sn- +sin— +sn— + sin — 
5 5 5 5 


+an—+sn— + — 
ee 5 5 5 

5 5 5 5 


. &r . 16x 
an — + 6n— + — + 
a 5 5 5 ae 
This vector may be indicated by 
The components c; may be computed from the formulas® 
kr 
= sin —— = cot . [44a 
n+ 1 2 (n + 1) 
n 
n+1 
1 
sir = cot 
n+1 2(n +1) 


For the case n = 4 the vector [c] becomes 


C cot 2/10 3.0777 
Ce 0 0 
lel = | = | cot 3x/10 | ~ | 0.7265 | 
0 0 
It is apparent that the row vector [c]’ is given by 


¢“Smithsonian Mathematical Formulae and Tables of Elliptic 
Functions,” by E. P. Adams and R. L. Hippisley, Smithsonian Insti- 
tution, Washington, D. C., 1939. 


/ 
a2) 
2 
= — = — = — ,ete.............[27] 
81 82 S82 
, 
{ 
i— © 
D) = —d; ds 0 
0 —d; 1 —d 
{ 
~ 
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Equation [41] may thus be written as 
‘ 2 


The indicated matrix multiplication reduces to the following 
sealar formula 


n= (#42) 48 
As 
2] (3.0777)? (0.7265)? 
3.7889 0.2111 (50) 


Using this formula the transformed area ds; may be computed 
according to Equation [34]. The remaining transformed areas 
are given by Equation [35] which may be written in the following 
form 


2 
[4] = [S} (a, + dy &)...... [51] 
[S] [A]~! [ce] (a: + de d)......... [52] 
The torsion constant is given by the following formula 
5 
r=4) 
8; 
1 
4 4a; 
8) 85 


NUMERICAL EXAMPLE 


Assume that the section of Fig. 2 has dimensions that give 
the following cell areas and relative aspect ratios of the wall seg- 
ments 

a, = a, = a; = a = 5 8q in. 
ads = 180 sq in. 
d, = 0.4, d, = 0.1, d, = 0.1 


The odd-numbered latent foots of the difference matrix are 
given by 
yy = 1—2 X 0.1 X 0.8090 = 0.8382 


4 = 1—2 X 0.1 X (0.3090) = 1.0618 
The number n is computed from Equation [44] 


_ 3.7889 0.2111 
= 4.7191 
+ 


0.8382 
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The transformed area 4;, is computed from Equation [34] 


_ 180 + 0.4 X 4.7191 X 5 


= = 233.5 
i—o4ax01 xX 47191 


The remaining transformed areas are computed from Equation 


{[52]. Several preliminary calculations must be performed. 
2 2 
(a, + d, &) = - (56 + O.1 XK 233.5) = 11.340 
n+1 5 
3.6718 
0 
A 1 = 
lel = | 
0 
0.5878 0.9511 0.9511 0.5878 
[s] = 0.9511 0.5878 —0.5878 —0.9511 
0.9511 —0.5878 —0.5878 0.9511 
0.5878 —0.9511 0.9511 —0. 5878 
2.8090 
_ | 3.0901 
2.8090 


The transformed areas may now be computed as 


ai) 2.8090 31.9 
3.0901 | _ | 35.0 
= | | = 1-349] | = | 35.0 
2.3090 31.9 


For a given set of specific structural dimensions the relative 
values of shear flows may be computed from Equation [9] and 
the torsion constant from Equation [54]. 


CONCLUSIONS 


A study of the typical patterns of matrices which arise in 
structural analysis shows that certain types may be readily 
inverted. This leads to immediate solutions of the equations. 
It is found that equations having a more complicated matrix 
may be solved by explicit formulas when the matrix can be par- 
titioned to obtain principal submatrices that are readily inverted. 
Explicit formulas have been developed for two problems in the 
torsion of multicell beams. 
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Flow of:a Compressible Fluid Through =~ 


a Series of Identical Orifices 


By C. S. L. ROBINSON,’ QUINCY, MASS. 


This paper contains a method for computing the weight 
flow of a gas or vapor through a number of like orifices. It 
is based upon the general equation for a single orifice and 
upon certain reasonable assumptions. There are included 

8 curves showing the influence of the number of orifices. 
For expansions beyond the over-all critical-pressure ratio, 
the effect of each additional orifice is increasingly reduced. 
For example, increasing the number of like orifices from 6 
to 7 will decrease the flow only about 5 per cent. Two ap- 
plications of this study are suggested, i.e., to multiple- 
orifice devices for heat-exchange equipment, and to 
labyrinth packing for shaft seals. 


INTRODUCTION 


for given orifice geometry and for given fluid properties 

the intermediate pressures between orifices and, conse- 
quently, the flow will have fixed steady-staté values. However, 
the computation of these quantities does not follow directly from 
the mathematics of flow through a single orifice. The following 
assumptions are so important that they will be listed. They are 
not unusual assumptions, but the extent to which they are true 
will determine the accuracy of the solution. 


LT dealing with a set of orifices in series, it is obvious that 


ASSUMPTIONS 


1 The perfect-gas laws apply to the fluid in so far as the ex- 
ponent k, of isentropic expansion (pV* = C) is constant. Also, 
it is assumed that for isenthalpic conditions the product pV, is 
constant. Data taken from steam tables (1)? will show that this 
applies even to steam without serious error. 


For saturated steam 1.05 < k < 1.14, average k = 1.10 
For superheated steam 1.26 < k < 1.32, average k = 1.30 


No numerical values of pV are used here. For any one value of 
enthalpy it will not vary more than 5 per cent with steam and 
hardly at all with air. 

2 The initial enthalpy for each orifice in a series is the same. 
This is a fair assumption since the kinetic energy from each orifice 
is dissipated into heat, and the radiation loss per unit of flow 
in almost every installation is negligible. 

3 No correction for velocity of approach is included. If 
the pipe diameter is, say, 5 times the orifice diameter, this will 
be negligible for the first orifice. If the orifices are staggered, 


1 Central Technical Department, Shipbuilding Division, Bethlehem 
Steel Company. - Mem. ASME. 

2 Numbers in parentheses refer to the Bibliography at the end of the 
paper. 

Presented at the National Meeting of the Applied Mechanics 
Division, Chicago, Ill.; June 17-19, 1948, of Tae American Society 
or MecHANICAL ENGINEERS. 

Discussion of this paper should be addressed to the Secretary, 
ASME, 29 West 39th Street, New York, N. Y., and will be accepted 
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received after the closing date will be returned. 

Nore: Statements and opinions advanced in papers are to be 
understood as individual expressions of their authors and not those 
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there should be no velocity carry-over between orifices. It can be 
shown that the single-orifice correction factor for flow quantity 
due to approach velocity is 


Cay | 
A, | 


A, = area of approach pipe 


4 Each orifice in a series has the same flow coefficient C, as 
well as the same area, A. The flow coefficient, or coefficient of 
discharge, is defined as the product of the velocity coefficient (,, 
and the contraction coefficient, C4. If the orifices are geo- 
metrically similar, these values will not differ much among them 
because Reynolds number will then vary only with the absolute 
viscosity of the fluid. 


NOMENCLATURE 
The following nomenclature will be used: 


= fluid absolute pressure 

= fluid specific volume 

fluid enthalpy 

weight rate of flow 

orifice area 

coefficient of discharge for single orifice 

velocity coefficient for single orifice 

contraction coefficient for single orifice 

CXC, 

ratio of final absolute pressure to initial absolute pressure 
for single orifice in series; r is always less than unity 
a critical pressure ratio for single orifice, where fluid ve- 

locity becomes sonic 

Subscript 1 refers to initial conditions before an individual orifice 

Subscript 2 refers to final conditions after an individual orifice 
r= 

Subscripts a and 6 refer to first and second, respectively, of any 
two successive orifices. The subscripts are again de- 
fined in Fig. 1 

isentropic expansion exponent 


> 
Il 


~ 


k= 


ree 


a b 


Po, 


Fic. 1 ror NOMENCLATURE 
(a and b may be any two consecutive orifices.) 


az 


DERIVATION OF SUCCESSIVE PRESSURE-RATIO RELATIONSHIP 


From general references (2) the perfect-gas-law flow for a 
single orifice is 


Fy 
k — 
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From flow conservation w, = w,; hence 


4 1/k le k = Vin Tr — 


From the assumptions, ha: = ho and par Var = po Vo 


Vai Pou Pat 
Van Pa Pai 


This is the key relation between rg and ry. Fortunately, it is not 
hard to solve by computation for given values of k. This was 
done for 


Saturated steam................. k =1.10 
Superheated steam........ .. &k=1.30 
| | | 
| | | 
| } 
| | } 
| | | 
60 65 75 80 85 90 100 


ORIFICE PRESSURE RATIO..4 


DETERMINATION OF PRESSURE-RATIO RELATIONSHIP FOR 
Successive ORIFICES 

(The curves in this figure are for air, & = 1.40. 

constructed for other gases. 


Kia. 2 


Similar curves may be 


There 


The method is illustrated in Fig. 2. 


and 

l k-1 

k 1 r k 

r? 
> 100 
3 
o | j 

1+. 
| 
ES 
a : 80 90 1.00 
7 PRESSURE RATIO, Aw FOR SECOND OF THE TWO SUCCESSIVE ORIFICES 
“ 


Fia.3 Pressure-Ratio RELATIONSHIP FoR ANY Two CONSECUTIVE 
ORIFICES 
(Note the small effect of any reasonable error in the assumed value of hk.) 


are plotted to the same scale versus r. Then corresponding values 
of ra and r, could be read off as abscissas corresponding to a given 
ordinate. 

In Fig. 3 there are plotted ra versus ¢ for all three values of 
k. It should be remembered that re and r, may be any two suc- 
cessive pressure ratios, 


DETERMINATION OF CRITICAL-PRESSURE RATIO FOR A SERIES OF 
IDENTICAL ORIFICES 


Here it is necessary to point out (2) that the maximum value 


of w occurs at r = r-. But w varies with V p/V: as well as with 
r. Thus for the same orifice area r, can oecur only in the last 
orifice because w must be the same for all orifices in the series and 


in a preceding orifice the larger value of V/V; would other- 
wise make a larger value of w. 


k 
ic, =1,r, = 1—k 
2 


From Fig. 3, if r for the last orifice is taken as r., then r for the 
next to the last orifice can be found. This value of r may be used 
to determine r for the previous orifice, and so on for any number 
of orifices in the series. 

The results of these calculations are plotted in Fig. 4. 

The over-all pressure ratio for the orifice series is the product 
of all the individual pressure ratios. When the last orifice is 
assumed to have critical-pressure ratio, the corresponding over-all 
pressure ratio can be considered the critical-pressure ratio for the 
whole orifice series. Just as the last orifice is insensitive to further 
decrease in back pressure, so is the orifice series as a whole. If 
the expansion extends to a back pressure lower than the product 
of the initial pressure and the over-all critical-pressure ratio, then 
the back pressure will not have to be considered in estimating the 
flow quantity. 


ESTIMATING FLOW QUANTITIES 


(a) Where the expansion does not extend beyond the over-all 
critical-pressure ratio, the pressure ratios of the individual orifices 
will have to be obtained from Fig. 3. By trial computation a 
sequence of pressure ratios may be obtained whose product is the 
required over-all pressure ratio. Then the flow may be calculated 
for any one of the orifices and checked by calculation for any other 
one. 

(b) Where the expansion extends beyond the over-all critical- 
pressure ratio, the last orifice will have sonic velocity and its r 
can be taken as r.. The over-all critical-pressure ratio from Fig. 
4, divided by r. will be the pressure ratio to the last orifice. This 
is plotted in Fig. 5. The flow can be calculated for the last ori- 
fice, since its initial pressure is now known. However, it is more 
convenient to use the pressure ratio to the last orifice as an ap- 
proximate flow factor for comparing a series of orifices to a single 
orifice. 

The general flow formula for an orifice where sonic velocity is 


attained, i.e., r = r-, has only one variable, V p/V;. This can 
be rewritten pi/V piV;. Since the denominator is nearly con- 
stant within a series, the effect of the number of orifices on flow 
will be shown by the change in p, for the last orifice. Fig. 5 shows 
that the effect of each additional orifice is diminished. 


APPLICATIONS 


A flow-limiting orifice is often desirable in piping to or from a 
heat exchanger. With high-pressure steam, a single orifice 
might have a required diameter so small that it would be sus- 
ceptible to clogging. The use of a multiple orifice will permit a 
larger diameter for the same flow. Again, a single small orifice 
might be appreciably enlarged by corrosion or erosion. This is 
less likely to occur to more than one orifice in a series. 
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OVERALL CRITICAL PRESSURE RATIO 


aN FOR] AIR.K+I/40, 4+ 1528 
7 
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TOTAL NUMBER OF Of IFICES IN SERIES 


Fie.4 Over-Aui RATIO FOR AN ORIFICE SERIES 


(Here the pressure ratio for the last orifice is re, and the flow quantity is 
unaffected by further reduction in back pressure.) 
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NUMBER OF ORIFICES 


3 10 2 3 


Fie. 5 Firow Facror ror EXPANSIONS TO OR BEYOND THE OVER- 
ALL Criticat-PressurE Ratio 


(The flow factor is defined as the ratio of the flow for an orifice series to that 
for a single orifice with the same conditions.) 


The method usedfin this paper should be applicable to laby- 
rinth packing. There the successive annular clearances may be 
identical orifices in series. The literature (3) has suggested this 
consideration but has not proceeded to this solution. 
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The Decay of Isotropic Turbulence 


By F. N. FRENKIEL,' ITHACA, N. Y. 


The equation of decay of isotropic turbulence is deter- 
mined in the two gases of large and small Reynolds num- 
ber of turbulence by using the von Karm4én-Howarth 
equations and applying Loitsianskii’s theorem of the con- 
servation of the disturbance moment. The theoretical 
curves are compared with the results of measurements be- 
hind grids, made by various experimenters in the United 
States and in England. The decay of the longitudinal 
turbulent energy seems to agree quite well with the theo- 
retical equations for large Reynolds number of turbulence. 
The theory does not give the variation of the transverse 
scale of turbulence measured in the experiments, but 
only the “‘disturbance length,’’ which is a function of the 
longitudinal correlation. Thus the comparison for the 
scale is only qualitative. It is not possible to show agree- 
ment with the theoretical variation of the scale deduced 
from the equations. The difference is explained by the 
imperfect isotropy, which has a much greater influence 
on the variation of the scale than it has on the energy 
decay. The present comparison of the theory with the 
experiments differs from similar prior comparisons by the 
fact that the decay is given as a function of the initial con- 
ditions of the turbulence at a chosen moment, without 
using arbitrary constants. 


NOMENCLATURE * 
The following nomenclature is used in the paper: 


U = mean velocity 
rc-component of turbulent velocity 
y-component of turbulent velocity 


r = distance of two points between which correlation 
coeflicient is given 
= time 
8,2 = variables of integration (s is used for r) 
Rk, = longitudinal correlation coefficient (von Kaérmiin’s 
fin isotropic turbulence ) 
R, = transverse correlation coefficient (von Kaérman’s g 
in isotropic turbulence) 
T,, = triple-correlation coefficient involved in the von 
Kaérmian-Howarth equation (von Karmin’s h) 
L,, L, = longitudinal and transverse scales of turbulence 
L. = length representing a scale of turbulence (in Equa- 
tion [4]) 
R = correlation coefficients expressed as functions of 
r/L,; R(r) = R(r/L,) 
Lo = fy” sRo(s)ds 


! Formerly Instructor, Graduate School of Aeronautical Engineer- 
ing, Cornell Uniyersity. Now Mechanics Division, Naval Ordnance 
Laboratory, White Oak, Nd. 

* Bold face letters R, LZ, and U in this nomenclature are used in 
place of script letters since the latter are not available in this font 
of type. 
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Lo / Le? 
disturbance scale = % (s)ds 


A = Loitsianskii’s disturbance moment = u’/2L** 


Ly” =a 


L* = 


\. = Taylor’s dimension of smallest eddies responsible 
for turbulent dissipation 
lL = NL, 
U = u u’? ratio of actual longitudinal turbu- 
lent intensity to initial intensity 
v = kinematic viscosity 
T = v(t — to) / Lo? 
N = Reynolds number of turbulence = Vu? L,/» 
6 = time scale of decay = Pry Urdt 
bf space scale of decay = 0U 
x = distance behind a grid 
M = mesh length of a grid 
d = rod or wire diameter of a grid 
b = breadth ofa plate 
Rey = Reynolds number = MU/» 
Re, = Reynolds number = L,U /» 
n = frequency 
f(n) = spectrum of turbulence 
E,, = energy for which the frequency n is responsible 
A, Ay, C = constants 
c,k = constants 


Subscripts: 


0 = initial point (in this paper, for 2/M = 40) 
for simplification = Ro; Leo = Lo; = 
q = plane of grid 
grid = inpresence of grid 
no grid = in absence of grid 


Nore: The independent variable ¢ iS not always explicitly 
indicated, e.g., R(r, t) is sometimes written R(r), and L(t) as L, 
ete., when the time dependence is clear. 


INTRODUCTION 


The problem of decay of isotropic turbulence has been studied 
by many authors. A review of the results of H. L. Dryden, 
Th. von Karman, and G. I. Taylor was given in a paper by Dry- 
den (1).2. These earlier theoretical results all involved certain 
arbitrary constants, which had to be evaluated from experi- 
ments. More recently, the same question has been studied by 
A. N. Kolmogoroff (2), L. G. Loitsianskii (3), and M. Million- 
shtchikov (4), who have applied to their studies the von Karmdén- 
Howarth (5) equation specialized for the two cases of “large’’ and 
“small” Reynolds numbers of turbulence. Furthermore, Million- 
shtchikov (6) tries to show that the experiments made in 1936 by 
Dryden and his collaborators agree with the theory for small 
Reynolds number of turbulence. 

In contrast to the earlier theories, the Millionshtchikov- 
Loitsianskii theories can be used to calculate the decay of iso- 
tropic turbulence without experimental evaluation of undeter- 
mined constants. Millionshtchikov himself did not use the the- 
ory exactly in this way (6), since he evaluated only one of 
the constants (the exponent) theoretically, and still adjusted the 
theoretical formula empirically in making use of it, as will be 


” * Numbers in parentheses refer to the Bibliography at the end of 
the paper. 
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explained later. In a subsequent investigation, Loitsianskii (3) 
used the same theory, together with his theorem concerning the 
constancy, to write an expression of a certain “disturbance 
moment,” for small Reynolds number, which predicts the decay 
without undetermined constants, depending only upon condi- 
tions at a starting point. Loitsianskii did not compare this 
formula with experimental results, but applied it only to certain 
special hypothetical cases. 

Similarly, in the case of large Reynolds number of turbulence, 
the early theories (1) predicted only the form of the decay func- 
tion and left certain numerical constants undetermined. Kolmo- 
goroff (2), using the Loitsianskii theorem concerning the disturb- 
ance moment, succeeded in evaluating the exponent of the decay 
function. In the present paper it will be shown that the de- 
cay function for large Reynolds numbers can also be completely 
determined, in a theory similar to Kolmogoroff’s, using the form 
of von Kérman-Howarth’s equation appropriate for this case. 

The principal purpose of this paper is to present a comparison 
of experintental results with the predictions of these most recent 
theoretical studies. For this purpose of course one is confined 
to those experiments for which all of the data required by the 
theoretical formulas are available. For both large and small 
Reynolds number, as will be seen, this requires certain informa- 
tion regarding the correlation function of the turbulent velocities 
at the initial station. These data have been measured, in con- 
nection with decay measurements, by 8. Corrsin (7), H. L. Dry- 

den and his collaborators (8), A. A. Hall (9), and Th. von Kar- 
man (10). 

When the decay of the turbulent energy and the variation of 
the scale of turbulence are studied, the initial point is taken at a 
distance of 40 mesh lengths behind the grid. At this distance, 
experiments show that turbulence is nearly isotropic for grids 
whose ratio of mesh length to wire diameter is about 5, which is 
the order of magnitude for the grids involved here. 


Equations FoR Decay oF HomoGENgous Isorropic TuRBu- 
LENCE IN AN INCOMPRESSIBLE Viscous FLUID 


The application of the Navier-Stokes equation leads Th. von 
K4rman and L. Howarth (5) to the well-known equation® 


ot. + 2(u") ( or or? + r Or 

where R, = “Pu? is the second-order correlation coefficient 


between the projections of the simultaneous turbulent velocities 
at two points P and Q at a distance r, on the line which joins the 
two points. The third-order correlation coefficient T, = v’p?u’g/ 
(u’2)’/* is calculated with the simultaneous velocity components: 
vp’ p perpendicular to the line PQ and u’g following PQ. 

For r = 0, Equation [1] gives the equation of decay of isotropic 
turbulence 


where \ is G. I. Taylor’s (11) dimension of the smallest eddies 
responsible for the dissipation of turbulent energy. 

Assuming that the rates of decrease of R,, 0R,/Or, and 7, as r 
increases without limit exceed the rate of increase of r*, and multi- 
plying both sides of Equation [1] by r‘ and integrating from zero 
to infinity, L. G. Loitsianskii (3) finds that the disturbance 
moment 


? The notations R,, Ry, and 7), are used here for Karm4n-Howarth’s 
f.g, and h, respectively. 
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remains constant with time. 

A direct experimental verification of Loitsianskii’s assumption, 
which involves 


Rr) [3a] 
does not seem to be easy. 

In reference (12) it was proposed to represent correlation 
curves by empirical functions of the forms exp(—k!r|)-y(r) and 
exp(—kr?)-¢(r). For longitudinal correlation functions of this 
kind, the condition [3a] is satisfied, but if the transverse corre- 
lation function R, is so represented, R, in isotropic turbulence 
will not satisfy condition [3a]. As transverse correlations curves 
are very well represented by such empirical functions in many 
cases, it may seem that condition [8a] is contrary to the experi- 
mental results. However, it must be borne in mind that the 
purpose of using representative functions is only to simplify com- 
putation. They do not necessarily represent correlation fune- 
tions acceptable from the theoretical point of view for the whole 
interval of distances r from zero to infinity. For instance, the 
second derivative of the correlation function at r = 0 is in many 
cases zero, instead of being negative. Thus the fact that these 
functions represent very well transverse correlations curves for 
moderate distances r may not invalidate the condition [3a]. 
There seems to be no proof of the validity of this condition nor of 
its invalidity. Nevertheless, one may assume it as & consequence 
of a physical picture of isotropic turbulence and subsequently 
try to justify it by comparing the result that it involves with ex- 
perimental measurements. A direct verification of condition 
[3a] would certainly be preferable. 

The von Karmian-Howarth equation being indeterminate, it is 
necessary to study particular cases of turbulence in order to re- 
solve it, as long as no other relation between the two correlation 
coefficients R, and 7, is known. There are two sets of further 
conditions which may be postulated for the turbulence, corre- 
sponding indirectly to assumptions concerning the magnitude 
of the Reynolds number of turbulence 


The name Reynolds number of turbulence is used hereafter 
only for the number formed with the standard deviation of the 


N 


longitudinal turbulent velocity Vu? and the longitudinal scale 
of turbulence L,. Other Reynolds numbers are often used in the 
study of decay of turbulence as, for example, Re, = UL, /», 
(U = mean velocity) or Rey = UM/»v, (M = mesh length of 
a grid). 


x 
LARGE REYNOLDS NUMBER OF TURBULENCE 


Studying the decay of isotropic turbulence at large Reynolds 
numbers of turbulence and making the following assumptions: 


1 That the correlation coefficients R,(r, t) and 7',(r, t) are 
independent of the kinematic viscosity » except for small r// vt. 

2 That the correlation curves preserve their shape for large 
values of r/\/vt 


Th. von Karman finds (5) the relation 


where A is a numerical constant and L a dimension representing 
the scale of turbulence. These assumptions mean that 2,(r, ¢) 
and 7',(r, t) are functions only of r/L. The correlation curve at 
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& moment ¢; may be considered, in a first approximation, as. 


composed of two parts: The first for O < r <r; in which vt is 
small and the shape not preserved when ¢; changes; and a second 
part for r; <r < in which the shape is preserved with the time. 
The value of r; increases with ¢; and the assumption may not be 
justified when the first part of the curve is too large. When r; 
is very small, it would be possible to define the length L as the 
longitudinal scale L,. Obviously, a better definition for L 
would be some function of a moment of the longitudinal corre- 
lation curve, ; s*R,(s)ds, because the error due to the first 
part of the curve decreases with increasing k. Evidently, this can 
only be done when the integral converges. We shall adopt here 
1/ 
as length L, the disturbance length L* = [fo sR, (s)ds | 2g" 
Thus Equation [4] will be written 


When L* is eliminated between Equations [3] and [4a], A being 
independent of ¢, it is found that 
(u’2)'/ 
where C is a new numerical constant. 
Eliminating \?/y between Equations [2] and [5] 


du’? 


= —10 
at u*) 


which after integration, with the condition u’? = uo? for t = fs, 
becomes 


C is now eliminated by applying Equation [5] at ¢ = ft, and the 
resulting equation of decay is 


u’? > 10 
U2 -_ 7 (t tg) 1 


This relation is similar to the equation found by A. N. Kolmog- 
oroff (2). The difference consists in the fact that there is no 
arbitrary constant in it. The value of u’? at the moment ¢ is 
given as a function of Xo and w’,2, which correspond to a chosen 
initial moment to. 

It is easily verified that 


and 
[8] 


It may be useful to define a time scale of the decay of turbu- 
lence by means of the integral 


This quantity indicates the magnitude of the time required for 
the turbulent energy of the fluid to be transformed into molecular 
agitation. This characteristic will be useful when the qualities 
of flows are compared, as to their abilities to conserve or to 
absorb their turbulent energy. 

For the present case of large Reynolds number of turbulence 
this characteristic time is equal to 
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Fic. 1 THeoreticat Decay or TURBULENT Enercy (U? = u’?/u'e?) 
DisturBANCE LenctH L* aNp DimMeNSION A aT LarGe REYNOLDS 
NUMBER OF TURBULENCE 


When the decay of turbulence behind grids is studied it is 
easier to use a space scale of decay defined by X = @ U, and it is 
found that 


with = Ule/v; lo = Ao/Le and Ly = R,(s)ds the initial 
longitudinal scale of turbulence. 


Expressing XY as a function of the mesh length M of the grid, 
this equation is written 


X Xo \? 10. 
M = 3 ew M [ 1] 


Fig. 4 represents L*/Le* and as functions of v(t — ta) / 
do. For decay of turbulence behind grids 


v(t — te) 1 [11] 
No? Res, Xe M M 


SMALL REYNOLDS NUMBER OF TURBULENCE 


Another case of turbulence studied by von Karman and Ho- 
warth occurs when OF, /Or is very large compared to VJ/ u’?T',/v. 
In that case, considered as cor‘esponding to small Reynolds 
number of turbulence, the second term of Equation [1] may be 
neglected. 

Applying a method of integration used in problems of heat 
propagation in five-dimensional space, L. G. Loitsianskii (3) and 
M. Millionschtchikov (4) find the relation 


l @ 
U? = = ——— 8*Ro(s) exp 
0 


u 48 V2 
— 


where Ry is the longitudmal correlation curve at the initial 
moment fo. 

The correspondent time scale of decay is obtained by integrat- 
ing this equation from zero to infinity. It is found that 


with 


= sRy(s)ds 


For turbulence behind grids, the space scale of decay is written 


X 1 
g with Lo = [14] 


| 
2 
Ag 
A, 
— =A 4 
7 
— = 7 (l ta) 1 .{7] 
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or when expressed as a function of the mesh length, 


The decay of turbulence at small values of N depends on the 
shape of the initial longitudinal correlation curve, according to 
Equation [12]. In reference (12) the correlation curves were 
closely fitted by empirical functions. These functions may be 
used to compute the corresponding equations of decay of turbu- 
lence. 

For that purpose Equation [12] is written in a more convenient 
form 


8 
24 Ro(z\/ 8r) exp (—2z?)dz..... [15] 
0 
where 
v(t — bo) 


T= 


Le and = R,(r) 


It must be remembered that Ro and Zo represent the initial 
longitudinal correlation coefficient and longitudinal scale of 
turbulence, respectively. 

The relation between the longitudinal correlation coefficient R, 
and the transverse correlation coefficient R, in isotropic turbu- 
lence is given by von Kaérmdn’s equation (13) 


1 dk, 


y (7) (r) + 2 r [16] 
When only the transverse correlation coefficient is available, 
the inverse equation (14) “ 
2 
R,(r) = walt [16a] 
J 0 


may be used to compute the longitudinal correlation. The inte- 
gration of Equation [16] shows that, with the condition 


lim rR,(r) = 0 


the longitudinal scale of turbulence is twice (14) the transverse 
scale of turbulence. If it is assumed that 


lim r*R,(r) = 0 
it follows from Equation [16] that‘ 


sR,(s)ds = 0 


and the first moment of the transverse correlation curve cannot 
be used to compute the first moment of the longitudinal correla- 
tion curve. 

When the longitudinal correlation curve may be represented by 


Ro = exp(—!r| 


Equation [15] gives as a result 


1 
U? = (1 +8r+ erfe(./2r) — 


4 This equation shows that for isotropic turbulence the transverse 
correlation coefficient R,(r) at large distances r is negative. As the 
first moment of the area of the transverse correlation curve is equal 
to zero, it may be expected that, in general, the negative part of the 
surface will not be negligible. 
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where 


erfe (x) = 1 — erf (x) 


erf(z) = exp (— s?)ds 
VT 0 


For the transverse correlation curve 
Ryo = exp(—|r! /Ly.) 
with 


@ 1 
Lye = fy Ryolsds = 5 Ly 
Equations [16a] and [15] give 


1 
U? = 1 + [25672 + 327 — Llexp(8r)erfe(2\/2r) — 
T 


[8(4/2r)? + [18] 


For the longitudinal correlation function 


Equation [15] gives a very simple relation 


The curves corresponding to the three correlation functions 
are drawn in Fig. 2. In the same figure are also represented the 
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Fie. THeoretica, Decay or TURBULENT ENERGY AT SMALL 
REYNOLDS NUMBER OF TURBULENCE N, ror THREE CORRELATION 


FuNcTIONS 
(In dotted lines, the curves for large N, corresponding to Fig. 1, lo = o/Le, 
rt = v(t —te)/Le?; Lo = longitudinal seale of turbulence at an initial moment 
to.) . 


curves of decay at high Reynolds number of turbulence ac- 
cording to Equation [6]. The law of variation of the disturb- 
ance length L* may be found, by applying Equation [3] which 
will give 


TURBULENCE BEHIND A GRID 


When a grid is placed perpendicular to the direction of the 
mean velocity of a turbulent stream, its effect on the turbulence 
may be separated into two parts i.e., a filter effect and a wake 
effect. 
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{ The term “filter effect” is proposed for the process which 
consists of a change of the scale of turbulence without change 
of the intensity. Large-size eddies are partly destroyed and 
fluctuations of scales, depending on the dimensions and construc- 
tion of the grid, are formed. The filter effect will change the 
spectrum of turbulence, reducing or increasing the scale of turbu- 
lence, according to its magnitude before the grid.» 

2 The term “wake effect” is proposed for the formation of 
turbulence in the wake of the wires. This turbulence will con- 
tain fluctuations of high frequencies. The wake effect adds turbu- 
lent energy to the flow, but, as this energy is due to small-size 
eddies, it will tend to diminish the scale of turbulence. 

In a very simple presentation of the action of a grid, it may be 
imagined that the filter effect acts on the low-frequency fluctua- 
tions of the spectrum of turbulence and affects principally the 
correlation curve for large distances. The wake effect increases 
the intensity of turbulence by adding high-frequency energy in 
the spectrum, and decreases the scale of turbulence. Its greatest 
effect will be in decreasing the dimension \ and increasing the 
“color of turbulence” (12) (the standard deviation of the spec- 
trum of turbulence). Finally, a general effect of the grid is to 
increase the homogeneity of the turbulence. 

The shape of the spectrum curve® behind the grid will depend 
on both the spectrum before the grid and the influence of the 
grid. Following the mean flow downstream, one finds the 
turbulence changing; large eddies (low-frequency fluctuations) 
are transformed into small ones, and turbulent energy is destroyed 
by the viscosity. The rate of these transformations increases 
with decreasing size of eddies. 
zible for large eddies in comparison with the rate of transforma- 
tion of these eddies into small ones. 

At a given distance x behind the grid, there is a certain part of 
turbulent energy dE, for which the fluctuations of a given fre- 
quency n are responsible. At the distance 2 + dz the energy 
corresponding to the same frequency n is changed: 


The viscous dissipation is negli- 


1 A certain quantity is added to d#, due to the transforma- 
tion of a part of the energy of frequencies smaller than n into 
frequency n. 

2 <A certain quantity is removed by transformation of a part 
of the n-frequeney energy into frequencies larger than n. 

3 A part of the turbulent energy is transformed in molecular 
agitation and thug disappears from what is called turbulence. 


If the total amount of the turbulent energy is considered, the 
two first transformations have no direct influence on its value, but 
only pour the turbulence from the low frequencies into high fre- 
quencies, where the viscosity will destroy it with an increasing 
rate. But all three actions will exert influences on the spectrum 
of turbulence and its seale. 

Assume that the distance z is very large in comparison with the 
size of the small eddies for which the viscous dissipation begins 
to be important, but not very large when compared to the large 
eddies. The turbulence due to the small eddies might then be 
more nearly at a final isotropic stage than the turbulence due to 
large eddies. In that case, the application of the preceding re- 
lations to the experiments made in nonisotropic turbulence might 
be justified for the decay of the turbulent energy but less accepta- 
ble when the variation of the scale of turbulence is involved. 

In Fig. 3 is represented the spectrum of turbulence measured 
by L. F. G. Simmons and C. Salter (15) at a point placed 82 in. 
behind a 3-in-mesh screen. The screen is formed by attaching 
to the upstream side of a honeycomb thin metal slats 1 in. wide. 
The experiments were made at 15, 20, 25, 30, and 35 fps, and 
nearly the same shape was Sbtained in every case, except for a 


5 In this paper it is assumed that Taylor's spectrum (12) of turbu- 
lence f,(n) is equal to the longitudinal spectrum /;(n). 


THE DECAY OF ISOTROPIC TURBULENCE 


315 


Ufl | 
ach. | 
| 
| 
% 
| 
| 
| 
§ 


Fic. 3 Specrrum or TURBULENCE MEASURED BY SIMMONS AND 
SaLTerR AT 83 In. BEHIND A 3-IN. Grip 


(Arrow denotes frequency of vortexes shed by a plate similar to those forming 
this grid.) 


departure of the 15-fps points from the general curve at high fre- 
quencies. 

At about »/U = 0.37 in.~' the experimental spectrum has an 
anomalous rise. It is here suggested that the cause of this rise 
is the high-frequency turbulent energy due to the wake effect. 
Vortexes are shed with a certain frequency n by the screen, and 
the frequency of the fluctuations in the wake of the screen will 
be related to it. No measurements are known concerning the 
mechanism of the discharge of vortexes behind a screen. Never- 
theless, the order of magnitude of the frequency n may be esti- 
mated from results found behind cylinders and plates. For 
cylinders, the experimental formula given by Tyler (16) is 


= = 0.198 (1 — 19.7 a) 
U 


and is valid for Ud/v less than 500. From 500 to 5.105, nd/U is 
constant and equal to 0.198. For a plate of breadth b placed 
across the stream, there are discrepancies between the different 
results (16), which vary from nb/U = 0.146 to 0.18. Using a 
mean _ value of 0.162 with b = 1 in., it is found that.n/U = 0.162 
in.~! This value is indicated by an arrow on the spectrum 
curve. 

As the spectrum has been measured at 27.3 mesh length be- 
hind the screen, the transformation of large eddies into small ones 
must have spread the energy generated by the wake effect to 
higher frequencies. Thus the position of the anomalous rise 
seems to agree with the suggested explanation. 

Use of Gridsin a Wind Tunnel. Ina wind tunnel one attempts 
to obtain a flow whose turbulence is similar to that experienced 
by an airplane in flight. The intensity of turbulence in flight is 
very small (17). No measurements of scale of turbulence in 
flight are known, but it may be assumed that the scale is not 
very small. Take the case of transition in boundary layer. 
The effect of the intensity of turbulence on this process is im- 
portant. It is known, from the investigations of G. B. Schubauer 
and H. K. Skramstad (18), that the boundary layer has selective 
properties on the frequencies of fluctuations. It may be ex- 


pected that the spectrum of turbulence of the general flow has 
some effect on the fluctuation spectra in the boundary layer. 
Thus not only the scale of turbulence may have an importance 
but even the shape of the correlation curve. 

A very important quality of turbulence in the wind tunnel is 
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its homogeneity. Even if the turbulence in flight is not homo- 
geneous, it is necessary to have this characteristic in the wind 
tunnel, to be able to make the experiments always under the same 
conditions. 

A grid will have a damping effect on the intensity of turbulence 
at a certain distance behind it, provided that the turbulence due 
to the grid decays quickly enough to reduce the increased 
turbulence (wake effect) to a smaller value than the turbulence 
which would be obtained in the absence of the grid. 

Equations [9] and [13] are rewritten here in another form 


1 La? 
6 


1 Le? 
(N large) 
3 


Ly? small) | 


In the two cases of small and large Reynolds number of turbu- 
lence, to the decrease of the scale of turbulence corresponds a 
decrease of the time scale of decay. As the magnitude of the 
scale of turbulence decreases with mesh size, very fine grids are 
used as damping screens (19). 

However, fine grids introduce a supplementary source of high 
turbulence and reduce the mean velocity. If boundary-layer 
phenomena have to be studied, it may also happen that the scale 
of turbulence will not be very large compared to the boundary- 
layer thickness, and as it seems to be very large in flight, the 
similarity of the two conditions may be endangered. 

Therefore one might try to achieve rapid decay of intensity 
without reducing the scale of turbulence more than necessary. 
Equation [21] shows that, while in the case of small Reynolds 
number of turbulence it is then preferable to have a small Lo“! 
(round peak correlation curve) in the case of large V, one must 
try to obtain asmall lp (sharp peak). 

The aerodynamic resistance of a grid has less influence on the 
mean velocity when it is placed in the settling chamber ahead of 
an entrance section of large contraction ratio. But the contrac- 
tion has a selective effect on the components of the intensity 
of turbulence (19). When it is desired to obtain a nearly isotropic 
turbulence, one must place a grid at the entrance of the working 
section. In that case, the effect of the grid on the turbulence 
must be more carefully studied, and the use of unnecessarily fine 
grids having a high resistance avoided. 

Experimental investigations are necessary, to determine the 
influence of grids on the shape of correlation curves. A quanti- 
tative study of this problem will then be possible. Such investi- 
gations will also be useful for other problems in which the decay of 
turbulence is involved. 

In many cases high turbulence may be a desirable quality, and 
not a defect, as, for instance, when a process of intense mixing is 
wanted. This problem has to be studied for cooling by air and 
turbulent diffusion and its application may be us¢ful in chemical 
engineering. A similar problem should be considered for the 
processes of combustion and explosion. It will then be desirable 
to obtain a high turbulent intensity with large time scale of decay. 
If the Reynolds number of turbulence is large, it will be desirable 
to try to obtain a correlation curve with a round peak and a large 
scale of turbulence. 

Approximate Relations for Case of Large Reynolds Number of 
Turbulence. Assume that the microturbulence which acts prin- 
cipally on the value of the dimension ) is isotropic, even close 
behind the grid (say, from z/M = 0 to 40), and let \, be this di- 
mension in the plane of the grid. Equation [8] is then appli- 
cable even in this region and may be written ° 
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If it is assumed, moreover, that \,? may be neglected in com- 
parison with \*, then a very simple relation is obtained 


Rex = 7 [23] 


After eliminating do?/v from Equation [6] by applying the last 
relation, an approximate equation.of decay of turbulence is found 


To 
In the same way it will also be found that 
zx 


In Fig. 4 are represented the results of von Karmin’s experi- 
ments (10) behind four grids of a mesh size of about 0.5 in. and 
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(Comparison between experimental results of von Karman and theoretical! 
lines representing approximate Equation [23].) 
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Fic. 5 VaARriaATIOon oF DIMENSION A BEHIND A GRID 


(Comparison between experimental results of Corrsin and of Hall and Equa- 
tion (22].) 


ratios M/d (mesh size to diameter of the wire) of 2.16, 4.75, 
6.03, and 11.6. Quite good agreement with Equation [23], 
represented by the straight lines, exists for grids 2 and 3. The 
comparison is less satisfactory for grid 1 and there is a very im- 
portant difference for the grid 4. In this last case, it might be 
noticed that the Reynolds number of turbulence is much smaller 
(10) than in the other cases and that Equation [22] may no 
longer be applicable. Besides, the ratio of the mesh size to the 
wire diameter is relatively large for grid 4. Thus the wake 
effect is not as important as for the other grids and therefore 
d, is larger. 

The results of measurements made by 8. Corrsin (7) in the 
California Institute of Technology are given in Fig. 5. The 
values of \/M were obtained by Corrsin by fitting parabolas to 
the peaks of the experimental transverse correlation curves. 
Corrsin’s uncorrected (for wire length) \/M are multiplied here 
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by the ratio of the corrected L,/M to the uncorrected L,/M. 
The straight line corresponds to Equation [22] with 


Rey(d,/M)? = 42 


In the same figure are also plotted points corresponding to the 
measured \/M for the experiments of A. A. Hall (9). The 
straight line corresponds to Equation [22] with 


Rey(a,/M)? = 30 


In the experiments studied hereafter, the ratio M/d varies 
from 4 to 5.5. For ratios of this order of magnitude, von Kar- 
man’s experiments seem to follow closely enough the linear rela- 
tion given by Equation [22]. Corrsin’s and Hall’s experiments, 
for which M /d is equal to 4 and 5.4, respectively, may be repre- 
sented by Equation [23]. 7 

quations [22] and [23] will be used to estimate Xo/M in cer- 
tain cases where it cannot be determined more accurately from 
experimental data. It might be emphasized here that these 
approximate formulas for the variation of \ near a grid are not 
involved in the present theories of decay of turbulence, but are 
used only to assist in making the comparison with experiment 
when some of the necessary data are not available. 


CompaRPSON Wirth EXPERIMENTAL Decay oF TURBULENT 
ISNERGY 


Hall’s Experiments. Fig. 6 presents a comparison of the ex- 
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Ilia. 6 Decay or TuRBULENT ENERGY BEHIND A GRID 


(Comparison of Hall’s experimental results and theoretical decay at large 
Reynolds number of turbulence.) 


perimental results of A. A. Hall (9) and the theoretical decay of 
U? =y?/u',? for large Reynolds number of turbulence. The experi- 
ments were carried out behind two grids, of mesh size !/. in. and 
1 in., respectively. In order to plot Hall’s results against »(¢ — 
to) /Xe?, it has been necessary to determine \o/M; this has been 
done by fitting parabolas to the experimental correlation curves 
and interpolating for 7o/M = 40. The curve in Fig. 6 represents 
Equation [6], as in Fig. 1. 

The agreement between theory and experiment in this case 
appears to be quite satisfactory. 

Dryden’s Experiments. The experiments made by H. L. Dry- 
den and his collaborators (8), in the National Bureau of Stand- 
ards, cannot be compared with the theoretical curves by the same 
method. It is, indeed, difficult to measure with sufficient pre- 
cision the value of Xe, using the experimental correlation curves. 
Thus another method is used. 

The initial time is chosen, as before, fs corresponding to a dis- 
tance of 7o/M = 40. The longitudinal scale of turbulence Ls is 
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determined, assuming isotropy, by doubling the values of L, 
at z/M = 40, given by the authors’ formulas.* The initial 
values u’,? are measured in Fig. 11 of the same reference. 

In Fig. 7 are represented the experimental points giving U? 
in function of z/ze. The theoretical curve corresponds to the 
approximate Equation [24] for large Reynolds numbers of turbu- 
The agreement may be considered as quite satisfactory 
for such an approximate equation. A slight adjustment of the 
values of \o/M would give an almost perfect agreement. 


lence. 
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(Comparison of Dryden’s experimental results and theoretical decay at 
large Reynolds number of turbulence, approximate Equation [24].) 


The use of Equation [24] corresponds to the application of 
quation [23] in computing the values of \o/M. While it was 
not possible to measure Xp» on the experimental correlation curves, 
it can be verified that the values of \») obtained from Equation 
[23] agree satisfactorily with these curves. 

It is easy to verify by using Fig. 2, that the experimental decay 
does not agree with the theoretical decay for small Reynolds 
number of turbulence. In this case, one makes the comparison 
with the theoretical curve for Ry,0o = exp(|r|/Ly,0) which repre- 
sents approximately Dryden’s transverse correlations. 

Corrsin’s Experiments. Very complete investigations of decay 
of turbulence behind grids of mesh size M = !/, in., 1/2 in. and 
1 in. (M/d = 4) were made by S. Corrsin (7) of the California 
Institute of Technology. His curves of decay of longitudinal 
turbulent energy are studied hereafter. In experiments made 
at 10 m/s behind the two grids of !/, in. and 1 in., Corrsin meas- 
ured the peaks of the transverse correlation curves and deter- 
mined the values of \/M. For use in theoretical formulas, the 
values of \o/M for these two cases are determined as follows: 
The uncorrected (for wire length) \/M are taken at x/M = 40 
on each of Corrsin’s experimental curves and multiplied by the 
ratio of the corrected L,/M to the uncorrected L,/M. The ex- 
perimental points in Fig. 8 have been plotted using these values 
of \o/M, and are compared with the @urve corresponding to Equa- 
tion [6]. As is seen, the agreement is quite good. It must be 
noticed that the correction for wire length just described is not 
completely satisfactory, and there may exist a slight error in the 
measured value of \o/M. 

For the other experiments made by Corrsin, the value of 
/M was not measured. In order to compare these results with 
the theoretical equation it will be assumed that Rey(A/M)? at 
z/M = 40 can be carried over from the results at 10 m/s just de- 
scribed. This assumption is consistent with Equation [22]. 
The mean value of this quantity at 10 m/s, for the two grids, is 
322 (see Fig. 5). The experimental results in Fig. 9 have been 


6 Reference (8), Table III. 
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velocity of 10 meters per second and theoretical decay of 
large Reynolds number of turbulence. (7)] 


plotted using this value, and are compared with Equation [6], 
for large N. The agreement of theory and experiment seems 
satisfactory. 


VARIATION OF EXPERIMENTAL SCALE OF TURBULENCE BEHIND 
A GRID 


It has been shown in a preceding section that the application 
of the equations for isotropic turbulence to turbulence behind a 
grid, which is only nearly isotropic, may be more erroneous when 
the variation of the scale of turbulence is measured than it is 
for the decay of turbulent energy. This difficulty is increased by 
the fact that the equations give the law of variation of the dis- 
turbance length, which is not measured in the experiments. 
Thus the comparison between the experiments and the theory 
has only a qualitative meaning. 

In the case of large Reynolds number of turbulence, the law of 
variation of the disturbance length L* is given by Equation [7]. 
The experimental results which will be studied hereafter give the 
transverse scale of turbulence Ly. If the turbulence is isotropic, 
L, = 21, and 


According to von Ké&rmdén’s assumption, the correlations 
curves at large N may be separated by a value 7 in two parts, 
i.e., for small r where the shape is a function of the distance be- 
hind the grid, and for large r where the shape does not change. 
If the curves of correlation are presented as functions of r/L*, 
then their parts for r/L* > r,/L* should be identical as long as 
r, is not very large. Equations [7} and [8] show that \/L* in- 
creases, Fig. 10, with the time t — t% = 2/U. Thus if Lp and 
Lo* are the longitudinal scale of turbulence and the disturbance 
length at an initial moment fo and L,, L* the same lengths at the 
moment t, then 


If the two longitudinal correlation curves are superposed for 
r/L* > r,/L*, the corresponding parts of the transverse corre- 
lation curves R, will also be superposed. But even if in the 
entire interval from zero to r:/L*, R,(r/L*) is larger than Ro(r/ 
Lo*), this will not be the case for R,, as compared to Ry,». Equa- 
tion [16a] shows that, in such a case, the first moment of the 
areas of the transverse correlation curves from zero to 7,/L* must 


Reynolds number of turbulence.) 
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Fig. 11 Variation or TRANSVERSE SCALE or TURBULENCE Ly 


(Comparison of Dryden's experimental results with theoretical curve for 
disturbance length L* at large Reynolds number of turbulence.) 


be the same at the two moments t and t. The two curves must 
then be disposed as drawn in Fig. 10. 

Dryden’s Experiments. Fig. 11 represents Dryden’s experi- 
mental points giving L,/Ly,» as a function of z/z. In the same 
figure is drawn the theoretical curve L*/Lo* corresponding to the 
approximate Equation [25] for large Reynolds numbers of turbu- 
lence. 
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The experimental points show a very important scatter. As 
Dryden explains, the main cause is the uncertainty of the posi- 
tions of the point where the correlation is zero. It is believed 
that, with increasing scale of turbulence, the area of the part of 
the transverse correlation curve with negative Ry may be under- 
estimated, 

The experimental points representing the variations of the 
transverse scale of turbulence are compared in the figure with 
the theoretical curve which gives the variation of the disturb- 
ance length related to the longitudinal correlation. Account 
must then be taken of corrections which have to be introduced 
to allow such a comparison. 

The first will be due to the inequality given by expression [27 ]. 
This correction might also include the deformation of the shape 
of the correlation curve resulting from the wake effect. 

A second correction may be necessary for underestimating the 
importance of negative correlation coefficients. 

Both of these corrections would tend to move the theoretical 
curve closer to the experimental points. 

Finally, a difference will remain because of the lack of iso- 
tropy, Which has as its consequence that Equation [26] is not 
exact. It should be noticed that for increasing mesh lengths 
the results are improved. This improvement may be due to a 
better isotropy. It may indeed be expected that since the 
same relative distance 2/M corresponds to a larger time interval 
r/U, the isotropy may be improved. 

Corrsin’s Experiments. In Fig. 12 are presented the measure- 
ments made by Corrsin of the variation of the transverse scale 
of turbulence at the mean velocity of 10 m/s. As in the case of 
Dryden’s experiments, these points are very far from the theo- 
retical curve of the disturbance length. 
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(Comparison of Corrsin'’s experimental results with theoretical curve for 
disturbance length L* at large Reynolds number of turbulence. The square 


point represents experimental L*/Le* if isotropic turbulence is assumed for 
experiments.) 
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Using Corrsin’s experimental data, it is possible to attempt a 
direct comparison of L*/Lo* between theory and experiment 
in a typical case. To accomplish this, one may employ, for 
example, the measured transverse correlation curves for the 
1/-in. grid shown in Fig. 13, for z/M = 37 and 231, respec- 
tively. Assuming that the turbulence is isotropic and that the 
corresponding curves of R, preserve their shape for large r, one 
should find a characteristic length L for each curve, such that, if 
they are plotted against r/L, they coincide for large r/L. This 
length Z is approximately proportional to L*. With the aid of 
Fig. 13 it is found that 


L* 
= 0.83 — 


Accordingly, it is assumed that the ratio L*/Lo* is approximately 
0.83 times L,/Ly,o for 2/M = 231, and the square point in Fig. 12 
is obtained. Judging from this single point, one would conclude 
that the first two corrections just mentioned are important and 
explain much of the disagreement between theory and experi- 
ment. 


MacGnrrups or ReyNotps NUMBER OF TURBULENCE 
The values of the Reynolds number of turbulence Vo = 
VuL, 'y at 40 mesh lengths behind the grid, for the experiments 
which have been studied in the two preceeding paragraphs are 
given in the following: 


Hall for M = and Lin., V = 42, and 81 

Drvden for M = 1/4, '/s, 1, and 3'/,in., N = 72, 128, 279, and 
642 

Corrsin at U = 
218. 

N decreases with the inereasing distance z/M 

According to the comparison of theoretical and experimental 
decay curves given, all these experiments correspond to the case 
of large Reynolds number of turbulence, ie., it is possible to 
assume that R, is independent of » except at smal] r/V v(t — te), 
and that the shape of the correlation curve is preserved for large 
r V v(t — to). 

Perhaps VutL*/» would represent a better characteristic 
Reynolds number for the decay of turbulence. It is not used here 
because of the difficulty of measuring it with sufficient precision. 


10 m/s for M = '/;, and Lin., V = 101, and 


CONCLUSIONS 

The equations of decay of homogeneous isotropic turbulence in 
un incompressible viscous fluid have been given by applying to 
the von Kaérmaén-Howarth relations, the theories of Loitsianskii, 
Millionshtchikov, and Kolmogoroff. The theoretical equations 
give the turbulent energy and the disturbance scale in terms of 
characteristics of the turbulence at a chosen initial moment. 

Von Ka&rmian’s cases of small and large Reynolds number 
of turbulence have been considered. In the small it was as- 
sumed that the third-order correlation coefficient might be 
neglected. For the large, it was assumed that the correlation 
curve preserves its shape, except near the origin, where its form 
depends on the viscosity. 

Comparison with the experimental measurements of the decay 
of turbulent energy behind grids shows good agreement with the 
equations for large Reynolds number of turbulence. 

By using equations similar to these, but containing arbitrary 
constants, Millionshtchikov arrived at a quite different con- 
clusion regarding Dryden’s experiments, namely, that they cor- 
respond to the small Reynolds number case. Millionshtchi- 
kov’s treatment is discussed in the Appendix. 

Although the theoretical variation of the transverse scale of 
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turbulence has not been found, an attempt has been made here 
to study the experimental results, using the equation giving the 
disturbance-length variation. This comparison has only a 
qualitative value. The errors made by the improper use of the 
equation have been discussed. Moreover, it was pointed out 
that less weight should be given to the comparison for the varia- 
tion of the scale of turbulence, than for the decay of the turbu- 
lent energy, the former being more affected by the nonisotropy 
of the experimental turbulence. 

The results obtained here suggest the necessity of measure- 
ments in turbulence as nearly isotropic as possible. It seems 
useful to study the decay of turbulence behind fine grids and with 
low intensity of turbulence, in order to determine whether an ex- 
perimental case of small Reynolds number of turbulence may be 
found. Measurement of the third-order correlation coefficients 
would evidently be useful. 

It was proposed that the effect of a grid on turbulence may be 
divided in two parts, i.e., a filter effect, changing the spectrum of 
turbulence without change of the turbulent energy, and a wake 
effect, which introduces a supplementary high-frequency turbu- 
lence. It is desirable to complete this study by experimental 
investigations of the effect of the grid on the shape of the corre- 
lation curve and the spectrum of turbulence. 

It might be emphasized that the application of the theoretical 
equations is not limited to turbulence created by grids. They 
may be used for any isotropic turbulence, whether there is a mean 
flow or not, provided that the initial characteristics of turbulence 
at some chosen moment be given. 
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Appendix 


The experiments made by H. L. Dryden and his collaborators 
have been studied also by M. Millionshtchikoy (6), but in a quite 
different way from the one used here. He assumes that the 
presence of the grid is responsible for an addition of an intensity 


V U, following the relation 


= V + [28] 


He shows then, that the experimental results are represented by 


the equation 
U“grid = C* | 


M 


with an arbitrary constant c = 1.3. Miéillionschtchikov at- 
tempts to prove in this way that Dryden’s experiments corre- 
spond to the case called here small Reynolds number of turbu- 
lence (when the third-order correlation may be neglected) with a 
longitudinal correlation function 


Ro(r) = 


To this case corresponds the Equation [19], represented by one 
of the curves drawn in plain line in Fig. 2, As has been shown 
before, the experimental points correspond to the case of large 
N (with lo = 0.415, = 0.305, = 0.2, and = 0.141 to be inter- 
polated between the dotted curves in Fig. 2) and do not agree 
with the curve for 


Ro(r) = exp(—rr?/4L¢?) 


for small 

It seems to the author that the approximation expressed by 
[Equation [28] introduces an important error. It would be more 
exact to assume the summation of the turbulent energies (u’? = 
u'gria + Unogria) instead of the turbulent intensities. More- 
over, it seems that in these experiments, the separation of u,ria 
and neglect of the decay of usogria, Would introduce another 
nonnegligible error. Such an assumption must presuppose that 
the characteristics of the turbulence are not changed by the grid 
(no filter effect) and that an independent turbulence created in 
the wake of the grid has a law of decay quite different from the 
decay of the stream turbulence, the latter being neglected. At 
least one of the following conditions seems to be necessary, but 
not sufficient, in order that such a difference exists between the 
two laws of decay: 
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Luria >> grid. 

2 (Ly )gria >> (Ly)no grid- 

3 Great difference between the shapes of the correlation 
curves, 

4 Magnitude of N in the two cases quite different. 


It is immediately seen (8) that the first two conditions are not 
verified because 0.0085, (Ly)nogria 0.26 in. 
The same can be said for the third condition, because the decay 
of uno grid IS SUpposed to be at a final stage and in this case the 
longitudinal correlation curve is, according to the theory (2, 6), a 
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Gaussian error-curve, which has also been assumed for wugria. 
The fourth condition may not be assumed for Millionshtchikov’s 
comparison, because the law of decay of ugria With the exponent 
—5/2 corresponds to small \V, and as Na, gria is of the same order 
of magnitude as Ngria, the Reynolds numbers of turbulence would 
be small in both cases. 

Thus besides the arbitrary constant c, the assumption of a 
superposition of the turbulence caused by the grid and the use 
of Equation [28] correspond to an introduction of a second arbi- 
trary constant. These two constants allow one to obtain an 
appearance of agreement. 
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A general semigraphical method, a combination and 
continuation of the solutions indicated by Stodola and 
Timoshenko, was found by which the thermal and centrifu- 
gal stresses in a rotating disk of any arbitrary profile 
could be determined. This relatively simple and rapid 
method of solution requires for its application elementary 
arithmetic involved in the completion of a tabular form 
sheet, a temperature gradient along the radius of the disk, 
which may be approximated by an exponential function 
of the radius, and easily accommodates changes in the 
physical properties of the disk material at elevated 
temperatures. A disk profile and expected radial tem- 
perature gradient, as determined from heat-transfer 
analysis, were taken as an example, and the complete disk 
stresses calculated directly to demonstrate the use of the 


method. 


NOMENCLATURE 


The following nomenclature is used in the paper: 

r = radial distance of a point from horizontal axis, in. 
a radius of bore in disk, in. 

b = radius to rim of disk, in. 
y 


= thickness of disk at radius r, in. 
= angular speed of rotation, radians per sec 
o, = radial stress, psi 
co, = tangential stress, psi 
oo = equivalent simple tensile stress, psi 
€, = unit radial strain 
€, = unit tangential strain 
y = density of material, lb per cu/in. 
g = acceleration of gravity, 386 in. /sec? 
un = Poisson’s ratio 
FE = modulus of elasticity, psi 
U = radial displacement of end point of radius r 


a = temperature coefficient of linear expansion in./in./deg F 
n = exponential power of r 
k = temperature proportionality constant 
8, = radial rotational constant 
g 8 
Y = radial temperature factor 
Eak(b" — a”) — g*t2 (62 — 
(n + 2)(b>— a?) (b" — a") r? 
8 = tangential rotational constant 
y 1+ 
g 8 
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Centrifugal and Thermal Stresses in 
Rotating Disks 


By W. R. LEOPOLD,’ WOOD-RIDGE, N. J. 


Z = tangential temperature factor 
Eak(b" — a") +3 — 
(n + 2)(b? — a?) b" — a” 


(6* — a*) 


INTRODUCTION 


Much work has been done to determine stresses in rotating 
disks accurately. The problem has been approached both from 
completely mathematical solutions and from sum-and-difference 
graphical methods. The mathematical methods give complete 
solutions to the problem but are laborious and time-consuming 
and therefore not readily applicable to present-day design 
procedures. The sum-and-difference methods are useful and 
accurate for solutions to the problem of centrifugal stresses, 
but, with the exception of certain rough approximations, neglect 
completely any radial temperature gradient and hence thermal 
stress. With the present trend of higher operating tempera- 
tures found in recent steam- and gas-turbine developments, 
thermal stresses are becoming more important and can no longer 
be neglected. 

It is known that in conjunction with elevated temperatures, 
physical properties of disk materials change. Therefore, for 
accurate analysis, it is desirable to vary values of the physical 
properties of the material as the temperature dictates along the 
radial gradient. To date, only limited data are available on 
these property changes: However, more accurate and complete 


_data on the properties of materials, particularly high-temperature 


alloys, are being obtained and should be available in the near 
future as valuable additions to the stress analysis of rotating 
disks. 

The following solution was developed to obtain a rapid and 
accurate method of solving the problem and its many variables. 
The assumptions made in the development of the method are 
that the radial temperature gradient may be expressed as kr", 
where both k and n may have any value and sign. Through this 
type of function it is possible to approximate closely most com- 
mon temperature gradient curves. The temperature distribu- 
tion used is considered to be constant across the axial thickness 
of the disk. . 

All variables should be symmetrical about the axis of rotation, 
and the disk is considered thin in that all axial stresses are 
neglected. 

Stresses calculated hold only for values below the yield point 
of the material. If yielding occurs, a redistribution of stress 
takes place which can only be approximated. The over-all 
effect, however, is that the maximum stress in the yielded section 
is lowered and the stresses in the adjacent sections are raised 
slightly from those shown by this calculation. 


MATHEMATICAL DEVELOPMENT 


Consider first a section of a circular cylinder of constant wall 
thickness subjected to uniformly distributed internal and ex- 
ternal pressure, as shown in Fig. 1. 

From the condition of symmetry, there are no shearing stresses 
on the sides of the ring such as mnmn. If o, is the normal hoop 
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Sor dr 


m, nh, 
Cc, 


Fic. 1 Equiniprium DiaGRAM For Section oF TuicK-WALLED 


CYLINDER 


stress acting on the sides mm, and nn; and o,, the normal 
radial stress on the sides mn, the stress varies with the radius 
r and changes,by an amount (do,/dr)dr in the distance dr. 
Summing up the forces indicated and neglecting small quantities 
of higher order, the equation of equilibrium is obtained as 


If the condition of rotation is imposed upon the evlinder, an 
additional inertia force acts on the element which is equal to 
yw*r? 
——drdo 
9 


The equation of equilibrium then becomes 


dr q 

The fundamental law of an elastic body indicates that a pure 
tensile stress, causing a unit strain ¢ in the direction of the stress, 
causes a contraction which occurs in all directions at right angles 
to it, the value of which is we. An element of a rotating disk 
undergoes a radial elongation, due to radial stress ¢,, equal to 
o,/E. The tangential stress o, acting at the same time produces 
the cross-sectional contraction yo,’ to be added algebraically. 
The resultant unit elongation radially becomes 


6 = — yo,) 
= — yo,) 


To express unit strain in terms of displacement U, consider an 
infinitely thin ring of radius r, having before expansion a circum- 
ference 2xr which becomes 2x(r + U) after expansion. There- 
fore the unit strain circumferentially is 


+ U) U 
r 


As the displacement of the point A at the distance r is given 
by U, the displacement of the point B at a distance originally of 
r + dr will be 


U'=U+ = dr 
dr 
The original length of distance AB is dr, becoming after expansion 
dr’ = (r + dr + U’) — (r + 'U) 


J 
ar 
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Unit strain is therefore 
dr dr 
Substituting the values of ¢, and ¢, in Equations [1a] 
i— i— r 110) 


BE E dU 4 U 


This is an expression for stress in terms of the radial displace- 
ment or strain. To include the effect of temperature in this ex- 
pression, assume a temperature ¢ to be a function of radius r, 
creating a uniform temperature excess over the initial tempera- 
ture at all points on the circumference of radius r. Let the 
radius after stressing and heating be r + U. A ring of radius r 
will, by heat alone, be elongated in radius an amount 


U’ = art 


Only the excess U" = U — U’ is an elastic deformation; there- 
fore the tangential clastic elongation is 


Similarly the radial displacement of a point at a distance dr from 
the one just considered is U* = U + (dU /dr)dr and the total 
elongation of the element dr is (dU/dr)dr. The temperature 
aone furnishes the part afdr, so that the elastic elongation in the 
radial direct ion is 


- dr — atdr 
dr dU 


E U dU 
Go, = 1 E (2 + dr «| 
E U dU 
= «) + yu (2 «)| 


If temperature ¢ is expressed as t, = t; + kr," where t, is the 
temperature at any point 2, ¢; is the initial temperature at the 
absolute center of the disk, and r, is the radius at point z, sub- 
stitution into Equation [2] gives 


E U dU 

— t. — apt n 
E at; — akr ) + at; — akr | | 
E U dU 

at; — akr” + EX al; — akr” 
1— \r dr } 


From this it may be seen that ¢, and o, are not independent since 
they can be expressed in terms of the functions U and t. There- 
fore, by substituting Equations [3] into Equation [1], an equa- 
tion can be obtained for determining U. The resulting equation 


ll 


| 


1s 

1 dU U yw*r(1 — 

(1 + p)nekr + 0 [4] 


It should be noted that the initial temperature ¢; is not present 
in this expression. This is expected, as only a temperature 
difference within the disk proper can cause a disk thermal stress. 


dr m n 
dr 
U 
r 
dr dr 
Expressions [1b] for stresses in terms of strain then become tent 
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The general solution of this equation can be obtained by adding 
any particular solution of it to the solution of the corresponding 
homogeneous equation. From this the general solution is deter- 
rgined as 


Mrs 
where 

(1 — yw? 
M = 

ak(1 + p) 
(n + 2) 


in which C; and C, are constants which must be determined such 
as to satisfy the conditions at the edges of the disk. For a disk 
with a hole at the center and no external forces acting on the 
edges, the conditions necessary are 
(¢,),- = 0 (oy) 
The general expression for o, is obtained by substituting Equa- 
tion [5] in the first of Equations [3] giving 


7 


+ Fr® (n +1 + —at(1 + —okr"™(1 + ae (6) 


When r = a, r = b, this equation must equal zero. Making this 
substitution and solving for the constants C, and C: 


C, = M (3 + »)(a* + 6?) Fl +1 +4y)(a" 
8 (1 + x) (1 + »)(a* — 
(a? — b?) 


M B+ 
8 


F(n + 1 + p)a%(b" — a”) 
a) 
ak(1 + — a") 
(1 — mu) (b? — a?) 


C, = 


The general expression for U is obtained when these values 
are substituted in Equation [5], which becomes 


_ Mr + 1 + w) (art? 


8 (1 + (1 + »)(a? — 6°) 
ark(a®*? — M(3 + u)(a*b?) 


F(n +1 + w)a%?(b" — a”) 
r(1 — p)(b? — a?) 


ak(1 + (b" — a") 
r(1 — u)(b? — a?) 


Mr* 
+ 


Substituting this value of U in Equations [3] and simplifying, the 
values of stress become 


(3 + u)r(wb)? | — a") 
8g bor? | (n + 2)(6?— a?) 
+2 enw a"™t2 (b? a*)r” a*h2 
_ 3 +) rub)? 4 
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Jak(b" a”) (n+ 1)(6?— a9" 
(n + 2)(6?—a)| —a" — a") 
23,2 
[7b] 


These are the equations for the stress in a rotating disk of unit 
thickness without forces acting on the rim. If, however, there 
are uniformly distributed tensile or compression forces acting on 
the edges of the disk, the stresses due to them are found by using 
the theory of thick evlinders and can be represented in the follow- 
ing form 


p 


in which A and p are constants depending upon’ the dimensions 
of the disk and magnitude of the external forces acting on the 
edges. If these stresses are superposed upon the stress of Equa- 
tions [7], the total stresses may be represented in the following 
form 


RB ) 
A + | 
\ 


o, = 
| 
o, = A — — — Bw’? + Z 
where 
3 
= 
g 8 
8 


~ (n + 2)(b? — a) (b» — a®) 


(b* — a*) 


— —a" 


_Bak(b" — a") tide 
~ (n + 2)(b? — a?) 


and A and B are constants of integration which may be calculated 
in each particular case. Using the notation 


@ + Biw*r? — Y 
t =¢, + Bw*r? — Z 


Equations [8] become 


If s and ¢ are known for any point of the disk, their magnitudes 
for any other point can easily be obtained by using the following 
graphical method developed by R. Grammel (1).? Let s; and ¢, 
denote the magnitudes of s and ¢ for the point where w = w,, as 
shown in Fig. 2. Then the magnitudes sz and t2 of s and ¢ for any 
other point where w = we are obtained from the intersection of the 
vertical line through w. with the straight lines s; and 


2 Numbers in parentheses refer to the Bibliography at. the end of 
the paper. 
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which have their point of intersection on the vertical axis of the 
co-ordinates (w = 0) and are equally inclined to this axis. These 
lines represent Equations [10] graphically, having the common 
ordinate A on the axis w = 0, and have equal and opposite slopes, 
+ B, 

To apply the foregoing to a disk of variable thickness, the actual 
profile must be replaced by a system of disks of uniform thickness. 
The stresses in the individual disks are calculated as previously 
described. Conditions at the boundaries of the individual disks, 
where abrupt changes of, thickness occur, may be revised as 
follows: If y and y + Ay denote the thickness of the two disks 
under consideration, the corresponding change Aco, in the magni- 
tude of the radial stress o, is deseribed as 


= + Ao,)(y + Ay) 


in which it is assumed the stresses are uniformly distributed over 
the thickness of the section. Then 


From the condition that the unit circumferential elongation is the 
same on both sides of the section, the change Ao, in tangential 
stress is found as 


o,— uo, = + Ao,) — + 
or 
Ao, = yuo, 
From Equations {9] 
Ay 
As = Ao, = — ———,,, | 
y + Ay {11] 


Alt = Ao, = wAs 


From Equations [9], [10], [11], and the graphical construction 
described in Fig. 2, the stresses in adisk of variable cross section 
may be determined. 

As an example, consider the disk shown in Fig. 3, to be made 
of Inconel X material. The temperature gradient shown, and 
the added conditions of 8080 rpm and 25,000 psi radial rim 
stress are acting on the disk. The first ten columns in Table 1 
are filled from these data, modifying lines 1-6 for the changes in 
physical properties of the material as dictated by the radial 
temperature gradient. 

Inasmuch as ¢, at the rim of the disk is unknown, it is assumed 
that s and ¢ are equal. The value of o, can then be determined 
from Equations [9], and the values of s and ¢, since they are 
equal, form a straight line in the construction shown in Fig. 2. 
Equations [9] are used to determine the value of ¢, and ¢, at each 
section after the values of s and ¢ are determined by the con- 
struction of Fig. 2. Knowing o, and o,, Equations [11] are used 
to determine the effect of the change in disk thickness. The 
values s + As, and ¢ + At are then plotted in Fig. 2, on the 
corresponding 10°w line and, by repeating the foregoing process, 
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the data for all sections may be obtained, thus completing the 
upper lines of columns 11 to 14 of Table 1. 

Since the tangential stress (s,) at the periphery of the disk was 
assumed arbitrarily, the conditioms at the inner edge will usually 
not be satisfied. In order to satisfy these inner-edge conditions, 
an additional calculation of columns 11 to 14 of Table 1 are re- 
quired. For this complementary solution it will be assumed 
that (o,), = 0, w = O, temperature gradient equals zero, and 
assume an arbitrary value of (o,) and, as before, obtain a stress 
distribution. The results of the calculation are shown in the 
lower lines of columns 11 to 14, Table 1. The solution satisfying 
the actual conditions at the inner edge is obtained from com- 
bining the foregoing two stress distributions. Allow (¢,), and 
(o,),’ to be stresses at the inner edge of the disk, i.e., the hub, 
obtained from the first and second calculations, respectively, 
and (¢,),° denote the actual stress at the inner edge. The solu- 
tion for the actual condition is obtained by superposing on the 
first stress distribution stresses of the second distribution multi- 
plied by 

(a,),° — 
c= 
The stresses at the sections at which the thickness 
changes abruptly may be calculated as follows 


As’ 
At At’ 

r= (a+ + 


The results of such caleulations for the case of zero radial stress 
at the inner edge are given in columns 15 and 16, Table 1, and 
are plotted against disk radius in Fig. 3. 
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TABLE 1 TABULAR FORM SHEET COMPLETED 


we 3 4 5 6 7 8 9 | 10 T 12 13 14 15 16 
cy Buw<r“| z Y | Fr | oS at | 
=33106 
| | 156 | 641 | 35100 |20200| |-73000 -32696| 25000 
1.2 
40110 | 8022] 2407 | 11400 
a4 
121 | 8.26 | 27200] 15700 | 7210 |-32500 |. 2290 | '3268| 44056 
63418 |-10600| - 3180 [50424 
434/57 
3 | 9 | |1235 |18250]10500 | 12150 | -194 06? | | see 50 | 2923 | 49434)57932 
61784 |-15446| - 4634 |65614 
4 | 7 | 49 | 20.4] 11000] 6350 113550 |14350 250] iss | | [53692 
43384 |-2603 |79864 
5 | 45 |20.25| 49 550 | 2620 |10650 |23000 7 345 | e567 | 20343 | 37990 
3239 18306] o 
6 |2.75 | 7.58 | 132 | 1705 | 983 38700 


To evaluate the strength of the disk under the action of the 
two principal stresses o, and o;, it is necessary to combine their 
effect to obtain an equivalent tensiJe stress, oo. The method 
outlined by A. Nadai (4) is suggested which gives 


2 oo? = — o,)* + (o, — o,)? + (c, — 


Since only two principal stresses are considered in this problem, 
the equation for the equivalent simple tensile stress becomes 


oo = o,? — 


The values of equivalent simple tension obtained from this cal- 
culation are also shown in Fig. 3. In materials of sufficient duc- 
tility, where the maximum-shear theories are not considered 
applicable, the value of the equivalent simple tensile stress is 
the criterion for yielding. 

It will be noticed from Fig. 2, the illustration of the required 
graphical construction, that stress is the ordinate, while the re- 
ciprocal of the radius squared is the abscissa. It is evident that 
in the case of a solid disk, where at the absolute center the radius 
equals zero, the reciprocal of the radius squared approaches in- 
finity. Recalling that in the case of a solid disk the tangential 
and radial stresses are equal at the absolute center, and since the 
terms 8,w*r? and Bw*r? vanish at this point while Y and Z become 
equal, it is obvious that for the hub, w = = in Fig. 2, s and ¢ must 
coincide and form a horizontal line from the (NV -— 1) to the Nth 
or infinity station on the graph. Therefore the method is re- 
versed for the case of a solid disk so that a stress of ¢, = o is 
assumed at the hub, and, working from the hub to the rim the 
stresses are calculated throughout the disk as in the sample 
problem. If the radial-stress condition at the rim is not satis- 
fied, a second trial must be made. If this fails to satisfy the 
radial-stress condition at the rim, a third and final assumption 


may be made by assuming a straight-line propertion between the 
first two trials. 
CoNncCLUSION 

’.The method described is a rapid and versatile method of cal- 
culating stresses in rotating disks. Its use results in a quicker 
method of solution than offered by tabular methods in common 
use and is more complete than present sum-and-difference sys- 
tems. Use of the method for a direct solution requires the fol- 
lowing procedure: 


1 Replace the actual disk profile by a series of constant- 
thickness cylinders. 

2 Approximate the radial temperature gradient with the func- 
tion kr”, 

3 Completion of a tabular form sheet using the physical 
properties of the disk. 

4 Graphical integration, using values determined in step 3. 

5 Correction of values obtained in step 4 to obtain the actual 
stress throughout the disk. 


Values determined through this type of analysis are of course 
accurate only up to the yield point of the material. 
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Vibration of a Cantilever Beam With 
Prescribed End Motion 


By G. A. NOTHMANN,? ITHACA, N. Y. 


A cantilever beam, vibrating as a result of prescribed 
motion of its end, is studied with particular regard to the 
force required to maintain such motion. The end 
motions in the four basic problems solved are, respec- 
tively, uniform acceleration; uniform acceleration, uni- 
form velocity; uniform acceleration, uniform velocity, 
uniform deceleration, rest; and sinusoidal pulse, rest. 
Figs. 5, 6, 7, and 8, respectively, of the paper show the 
end-force variation for each of the problems considered. 
The method of analysis indicates that the end force on 
the beam may be obtained in each instance by super- 
position of certain basic components. The results show 
how the parameters of the prescribed motion determine 
the magnitude of the fluctuations and the direction of 
the corresponding end force. 


NOMENCLATURE 
The following nomenclature is used in the paper: 


({L], units of length; (T], units of time: [F], units of force) 


a, b, ec, d, p, D, T are dimensionless constants 
g = acceleration due to gravity, [LT~?] 
l = length of beam, [L] 
q = transformation variable 
s = transformation parameter 
t = time, (T] 
x = co-ordinate along beam, [1] 
y = deflection, [L] 
A = beam cross-sectional area, [L?] 
k = modulus of elasticity, [FL~?] 
I = cross-sectional moment of inertia, [L*‘] 
p = mass density of beam, [FT?L~‘] 
¢ 
7 = dimensionless time = t|—- @-— 
I? Ap 
£ = dimensionless co-ordinate along the beam = x ? 
= dimensionless deflection = y —— 
gl*Ap 


Partial differentiation is indicated by subscript. Thus % 
is the partial derivative of 7 with respect to & Laplace trans- 
formation is indicated by a horizontal bar above the transformed 
function. 


INTRODUCTION 


The class of beam-vibration problems which deals with the 


1 Taken from Ph.D. thesis presented to Cornell University, Ithaca, 

? Instructor in Mechanical Engineering, Cornell University. 
ASME. 

Presented at the National Meeting of the Applied Mechanics Divi- 
sion, Chicago, Ill., June 17-19, 1948 of THe AMERICAN SOCIETY OF 
MECHANICAL ENGINEERS. 

Discussion of this paper should be addressed to the Secretary, 
ASME, 29 West 39th Street, New York, N. Y., and will be ac- 
cepted until January 10, 1949,’for publication at a later date. Dis- 
cussion received after the closing date will be returned. 

Nore: Statements and opinions advanced in papers are to be 
understood as individual expressions of their authors and not those 
of the Society. Paper No. 48—APM-3. 
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effects of prescribed motion of some element of the beam has not 
been discussed extensively in the literature. The analysis 
which follows concerns a cantilever beam whose moving end is 
subject to a prescribed displacement law. Expressions for the 
deflection and for the shear force at stations along the beam are 
derived. The shear force at the moving end, which is equal to 
the applied end force, is investigated in detail. 

Among the practical problems related to this analysis are 
vibration studies of aircraft wings and fuselage during landing, 
and of electric switch blades during opening and closing of the 
switch. In the latter instance, if the switch blade is idealized 
as a cantilever beam, it is useful to know whether the direction 
of the force on the beam end may be opposite to the direction of 
motion, a condition which would indicate blade separation. 


SUMMARY AND CONCLUSIONS 


Fig. 1 shows the problem considered. The prescribed end 


CANTILEVER BEAM SHOWN DEFLECTED BY A MovING 


TRANSLATIONAL CAM 


Fic. 1 


(The end motion preseribed by the cam profile is represented by /[r}.) 


motion may be visualized by assuming that a translational cam 
displaces the beam end as shown. The differential equation, 
initial and boundary conditions for the problem are as follows® 


{1} 


= ne (0, r) = Nee (1, r) = n(, 0) = 7,(€,0) = O \ 


n(1, r) = f(r) - [2] 


The analysis is restricted to problems in which the usual as- 
sumptions of the small-deflection bending theory are valid and 
in which damping may be disregarded. For convenience, the 
variables involved are put in dimensionless form, as defined in 
the nomenclature. The end displacement function, f(r), in the 
four fundamental problems studied, is as follows: 


Problem A: Uniform acceleration of the end, Fig. 2(a) 


3 ‘Vibration Problems in Engineering,’’ by S. Timoshenko, second 
edition, D. Van Nostrand Company, Inc., New York, N. Y., 1937. 
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Problem B: Uniform acceleration followed by uniform velocity, 
Fig. 2(b) 


f(r) 


pr’, 0<r<a) 
< 


2par — pa*, a 


Problem C: Uniform acceleration, uniform velocity, uniform 
deceleration, and rest, Fig. 2(c) 


Dr? 

f(r) = —, O<r<a | 

Ta 

D(2r — a) | 

—, agr<atbh 

T (5) 

) 

Tc | 

=D, at+bte<r 
where 


T=e+2+e 
Problem D: Sinusoidal pulse followed by rest, Fig. 2(d) 
f(r) = DsintF, <a 
=Q@Q, d<r 
Expressions for the deflection and shear force at stations along 


the beam, as given by é, and at a time given by 7, are derived 


PROBLEM A 


DISPLA 


i 
TINE 
(a) Uniform Acceleration 
PROBLEM C 
8) 


TiMs 


(c) Uniform Acceler .tion 
Uniform Velocity —= 
Uniform Deceler tion 
—> Rest 
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in the Appendix. For the four problems cited, the expressions 
for the force applied to the beam end are furnished by the follow- 
ing functions: 


For problem A 


neee(1, 7) 4p 
= — — p — Spr? — — — 
70! Lsinh q,, sin q,, 
n=1 
+ (7) 
tan? q,, 
where 


tang, = tanh gq, # 0 
For problem B 


33 =" dy 
Neee(1, = — 3pr? — 


n=1 


1 1 


= 3pa? — 6 par — - - —— 
q.? Lsinh q, sin q,, 


n=1 


| 

| 

l | 

COS g,27 — COS gn*(r—a)|, 
tan? q,, } 


For problem C 


. [8] 


PROBLEM B 
4 
r=) 
TIME 
(b) Uniform Aéceleration 
—» Uniform Velocity 
2 PROBLEM D 
2) 


TIME 


(4) Simusoidal Pulse 
—= Rest 


Fic. Four FuNDAMENTAL Types or ENp Motion 
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33 
Nee(1, 7) = — — p— Spr? — 


= | 
70 | 


sinh q, sin q,, tan? qh 


4p | 
= dpa? — 6 par — —| - 
sinh q, SID 


1 
cos r — cos ¢,*(7 — a) 
tan? q,, 
agr<ath 
= 3pa? — 6par + — 
: 70c | 
sapb? batpr babpr bathp =" 4p | 
| 
n=1 
l 
+ COs q,2 | 
sinh Qn Sin q,, tan? 
a 
c 
fate 
1 
= — dpar — + —— 
Lsinh q,, sin tan? q, 
n=l | 


a 
: 2 2 
COS T COS (7 a COS q,,° 


a 
COS q, 2(r a b 
c | 


at+b+eRr 


(r—a b) + 


where 


For problem D 


3 
2) = — 5 D =D | 


d? 


4+ —_ | eos q.27, O< r<d 


sinh q,, sin q,, 


cos q,,2 7 — cos q,?(7 — d< 


<r 


The shear force in the beam is proportional to the third partial 


tan? q,, 
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derivative of the deflection with respect to the co-ordinate along 
the beam, viz. 


Shear force = = —glApeee.. 


At the moving end it may be identified with the force applied 
there and producing the desired motion. 

The variation of this end force is of particular interest. As 
indicated in Figs. 3 and 4, the end force may be represented as 
the result of superposing components of a fairly simple. nature. 
Figs. 3 and 4 illustrate this for problems A and C, respectively. 
Similar laws of superposition apply to problems B and D, as 
is evident from Equations [8] and [10]. 


WAVE COMPONZNT — 


FORCE 


CONSTANT 


END 


PARABOLIC COMPONENT 


TOTAL END FORCE 


Vig. Scuematic REPRESENTATION OF END-ForRCE VARIATION 
BY SUPERPOSITION OF THREE CoMPONENTS. ENp Motion: UNI- 
FORM ACCELERATION 


END FORCE 


TOTAL END FORCE = 


SUM OF COMPONENTS 
I, II, IIZ, Iv—/ 


Fie. 4 Schematic REPRESENTATION OF END-FoRCE VARIATION BY 
SUPERPOSITION OF COMPONENTS. END Motion: UNtrorM 


ACCELERATION, UNirormM Vetoctry, UNtrorM DeEcELERATION, 
Rest 
The variation of the end force for the four problems con- 


sidered is shown graphically in Figs. 5,6, 7,and 8. The following 
results may be noted: 

Problem A. The force which must be applied to the beam 
end in order to give it this type of motion is always in the direc- 
tion of the displacement. It consists of three superposed com- 
ponents (see Fig. 3), a constant, a parabolic, and a wave 
component. The force at all times is somewhat larger than that. 
for the corresponding static problem (see Equation [33]). 

Problem B. The end force required to maintain this type of 
motion of the beam end may be found by superposition of two 
forces of the type derived for problem A. This is to be expected 
inasmuch as the end motions for problems B and C may be 
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on 6 8 1.0 1.2 1.4 6 
-1 
-2 
-3 
P 
-4 
-5 ome - +. 
END FORCE = 5 | 
-8 


Fic. 5 Env Force Versus Time ror PRoBLEM A 
(Dotted curve represents force variation for corresponding static problem.) 


T T T ; 
26 1.4 | 1.6 
0 ag, 
| a | 
Ly ar | 
TIME = T- (2 | 


hic. 6 
Curvel: a = 0.204 
Curve II: a = 0.408 


Exp Force Versus Time ror Prostem B 


Curve III: 
Curve IV: 


a = 0.612 
a = 0.816 
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obtained by superposing several motions of the type of problem 
A. The end force, after some initial fluctuations during the uni- 
form acceleration period, oscillates about a mean whose value 
is equal to the force in the corresponding static deflection prob- 
lem (see Equation [37]). For values of the uniform accelera- 
tion period, given by the parameter a, below a minimum of ap- 
proximately a = 0.34, the end force reverses its direction dur- 
ing a time interval following the change-over to uniform velocity 
motion. If the uniform acceleration period is extended beyond 
this minimum of a, no reversal in the direction of the force 
takes place. The magnitude of the oscillations of the end force 
depends upon the phase relationship of the wave components 
involved. 

Problem C. The end force here is again the result of super- 
posing components of the type found for problem A. The 
magnitude and direction of the force depend on the length of 
the time intervals of uniform acceleration, uniform velocity, 
and uniform deceleration involved, as represented by the pa- 
raméters a,b, and c. After the beam end comes to rest, the end 
force fluctuates about the value corresponding to the static 
deflection problem given by Equation [40]. Fig. 7 shows the 
end force for three combinations of the parameters. The method 
of superposition indicated in Fig. 4 may be used for any par- 
ticular case to be investigated. It should be noted that if the 
time intervals represented by a, 6, and c are relatively long, 


Fig. 7(c), the end force may remain continuously in the direction 
of the displacement. On the other hand, reversals in the direc- 
tion of the force occur for low values of these parameters, i.e., 
for a relatively sudden end motion. 

Problem D. The end force in this problem is given by the sum 
by superposition of fundamental components of a type similar 
to those found for the previous forms of end motion. The 
direction of the end force depends on the length of the pulse, d. 
For large values of pulse length, tt remains in the direction of the 
displacement until the pulse is over. Immediately after the end 
of the pulse, the direction of the end force is opposite to that of 
the pulse itself, irrespective of the duration of the pulse. 

The four types of motion considered here do not exhaust the 
forms of end motion of the beam which may be of practical 
interest. However, they are of a fairly general nature, and it is 
hoped that the method of approach here presented may serve 
as a basis for solving other problems of this kind in the future. 
In particular, a study of types of end motion in which the accel- 
eration is continuous would be fruitful. It is to be expected that 
for such end motions the end force will vary smoothly rather 
than exhibiting discontinuities as in problems B, C, and D of 
this paper. 
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‘ Appendix 


The steps leading to the expressions for deflection and shear 
force along the beam and the end force on the beam will be given. 
The methods of the Laplace operational calculus are followed 
throughout.‘ 

Transforming the fundamental differential Equation [1] avith 
respect to r and using the initial conditions, the transformed 
problem is 


with 
n(O) = (0) = Me(1) = [13] 

and® 


Its solution is given by 
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the transformation gives 


= 2 
[24] 
Also 
2 
[25] 
so that 
= qa? 
-) 
q,° sinh q, SiN 


To obtain the residue of ye*’ at its third-order pole s = 0, let » 
be expanded in its Laurent series about this pole as 


A 
8 8 8 


Comparing this expression with the form taken by Equation 
[24], when both numerator and denominator are expanded in 


[15] their respective power series 
where A = — — [28] 
Q = (cosh g& — cos gé)(sinh g + sin q) — (sinh g§ — sin gé)(cosh q + cos q) ) 
2(cosh sin — sinh cos q) 116) 
and | 
| 
= — 8? 
The inverse transformation will be taken in two parts. Let B=0.. 29] 
Ng and m are the sums of the terms corresponding, respectively, = 3p E = — 33 
to the simple poles of Equation [15] at the points, where 7 6 314 7 215! - 
and to the singularities due to f(s); f(r) is restricted to be such 
that the singularities of f(s) in the s-plane are distinct from those so that 
leading to nq. 
ne 
— (7, cos q,2 7 + R, sin q,? r]. .[19] 1 1 1 3 3 3 
215! 6!” 7! 6! 


where 
tan g, = tanh g, ~ 0, n = 1, 2,3........... [20] 
U,(Qn, §) = [(cosh g,£ — cos q,£)(sinh g, + sin g,) — 
(sinh qg,,£ — sin q,£) (cosh Qn + cos q,)]....[21] 


R, = [22] 
and 
I, = [23] 
For problem A, where 


4“*Modern Operational Mathematics in Engineering,” by R. V. 
Churchill, McGraw-Hill Book Company, Inc., New York, N. Y., 
1944, 

* Only functions f(r), whose transform with respect to 7 exists, 
are admitted. 


Thus Equations [26] and [31] give the beam deflection with 
Equation [17] directly. Triple differentiation leads ta 
= — Spi + SP\ | 
= | 


(sinh g, + sin g,) — (cosh q,£ + cos q,£) 


(cosh g, + cos q,)] 


Evaluating this expression at the beam end € = 1 gives Equa- 
tion [7]. 


Fig. 3 shows this function schematically as the sum by super- 
position of the three terms on the right-hand side of Equation 
[7]. The second of these, — 3pr?, represents the static force 


. 
0 
f 
a 
{ 
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- 
F 
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| 
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on the beam end, i.e., the force needed to give the end a de- 
flection of pr? without regard to any dynamic effects, or 


Static end force = pr? 
. .[33] 
l 
= (—— dpr?)(— glppA 
p 


The third component of Equation [7] is an infinite series whose 
predominant term, for which 

Qn = = 3.927... [34] 

has a period of 0.408.... For the graphs in which this funetion 

appears, calculations were limited to the first sixteen terms of 

this series. The remainder is then less than 0.03 p 


For problem 


f(r) = pr?, Ogr<a 
[4] 
= 2par — pa’, agr 
so that 
2p : 
Therefore 
n(t, r) = na(é, rT) + m(é, rT), rca 
= na(E, 7) — 7 — 4) + 7 


where n, and », are defined by Equations [26| and [31], re-" 


spectively. Again, triple differentiation leads to an expression 
for "gee, which, at the beam end, may be evaluated to give 
equation [8]. For comparison, in the corresponding static 
problem, the force needed to give the beam end a deflection as 
represented by Equation [4], without consideration of dynamic 
effects, is 


1 
Statice force = (— 3pr?)(— glppA), O<r<a 
p 
. 
= — (— 6par + 3pa?)(—glppA), a<r 
Pp 
For problem C the end motion is represented by 
Dr? 
(1) =—, O<r<a 
T'a - 
D(2r — a) 
[5] 
DiTe— —e—b—c)* | 
. Te 
where 


T=a+2b+e 


so that 


as (atb)s e—(atbtc)s 
- Blt — + 


Consequently 
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7) = na(&, 7) + 7), OS r<a 


agr<a+t+bhb 


a 
c 


a 
ps 


+ n,(é, 7) n, — a) 


atb<r<atht+e 


a 


| 

. . [39] 
| 


= tT) — — @) na(é, — a — b) 
a | 
nalé, T a b m(é, T) 
c 
a | 
c 
a 


+ -#(t, —a—b—oc),atb+e<r 


with », and n, given by Equations [26] and [31], respectively. 
A relation for the third derivative may again be found and 
evaluated at £ = 1 to give Equation [9]. 

Fig. 4 gives a schematic representation of the fact that the 
end force is the result of superposing four components of the type 
of Equation [7] and shown in Fig. 5. These,components are 
translated by different amounts along the 7-axis as shown. The 
second and third are inverted, while the third and fourth are 


multiplied by the faetor lhus the constants a and c, aside 


from determining the translation along the 7-axis, also affect the 
. a . . 
resulting curve through the factor - by which the third and fourth 
components are multiplied. 
As before, the static force needed to give the beam end a deflec- 
tion equal to that of Equation [5] without dynamic effects may 


be derived aS 

- Ta 3Dr? D ) 

Static foree = — — —— —glpA — }], O< r<a 
Ta Ta 


D 


| 
| 
bo 
| 
& 
| 


Ta 3D,, - -[40] 
=> Te [Te — (r 
D 

(— oie >, a+t+b<r<atb+e 

Ta D 

Problem D is represented by 
(r) = Dsin?—, O< d 
=0, d<r 


which leads to 


— 


7 = 
ad? (= + 8 


Summing of the residues over the poles of this function 


: 
| 
: 
3 
3 
| 
. 
; 
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= 7), OS d 
[42] 
= r) — —d),d <r 
where 
n=1 d*q,, In 
and 


0s — — sin @— cos 


Triple differentiation, partially with respect to ¢, aud evaluation of the result at € = 1 give Equation [10]. 
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This paper develops a ‘‘power-series’’ method which may 
be applied to the bending and buckling, of long, thin, rec- 
tangular plates when the deflection and curvature are 
large and the loading is a function of the transverse co- 
ordinate only. The method depends upon the constancy 
of a certain quantity, N + M”/2, whenever the loading is 
continuous. The condition of continuity may be removed 
and the results applied to any general loading. Explicit 
expressions, to any degree of accuracy, are obtainable for 
the bending moment, transverse force, and deflection. 
The method is applied to verify the theory of bending of a 
plate under uniform load, edges clamped or pinned. The 
problem of the elastica and the effect of discontinuous 
loads are discussed briefly. 


NOMENCLATURE 
The following nomenclature is used in the paper: 


w(x) = deflection measured positively upward from plate 


center 
de 
M(x) = bending moment = D 
N(x) = membrane force 
Q(z) = shear force 
p(x) = pressure 
2a = distance between supports 
h = plate thickness 
uw = Poisson’sratio = 0.3 
E = modulus of elasticity = 30 X 10° psi 
u(z) = horizontal displacement of point of middle surface 
€, = transverse strain 
l = distance to point of middle surface measured from 
origin z = 0 along are 
D = flexural rigidity 
N(z)a? 
D 
M(z)a 4 da 
D ds 
Q(x)a* 


1 Part of the work was done under contract between the Office of 
en Research, ‘Navy Department, and Cornell University, Ithaca, 

* Formerly with the Department of Mechanics, Cornell Univer- 
sity. Now in the Engineering Research Department, Standard Oil | 
Company (Indiana). Jun. ASME. 

Contributed by the Applied Mechanics Division and presented 
at the Annual Meeting, Atlantic City, N. J., December 1-5, 1947, 
of Tae AMERICAN SocreTy oF MECHANICAL ENGINEERS. 

Discussion of this paper should be addressed to the Secretary, 
ASME, 29 West 3th Street, New York, N. Y., and will be accepted 
until January 10, 1949, for publication at a later date. Discussion 
received after the closing date will be returned. 

Nore: Statements and opinions advanced in papers are to be 
understood as individual expressions of their authors and not those 
of the Society. Paper No. 47—A-145. 
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a 

pa’ 
x 
a 

l 

a 
= M 
uw = Q 
uu = MN—B8B 
ue = N—M? 
N, 


R 
- 
ll 


Dimensionless quantities are characterized by the absence 
of their arguments. The argument of a dimensional quantity is 
always explicitly written. 

Subscript o refers to the value of a variable at the origin. 

Subscript e refers to the value of a variable at the edge. 


INTRODUCTION 


It is known that a thin plate may deflect under loads many 
times its thickness without overstrain. The curvature may not 


d*w(zx) 
then be expressed adequately by + 


. and the loading may 
x 


itself introduce nonlinear terms in the equilibrium equations. The 
nonlinear differential equations which result can be solved in 
many ways, but the “power-series” method adopted here has 
the advantage comparative to other methods of leading to co- 
efficient equations which are simple in form. 

The method depends on a theorem which may be stated as 
follows: When variations of stress through the thickness of a 
plate are negligible and there is cylindrical bending under a vari- 
able pressure, then in each portion of the plate throughout 
which the pressure is continuous, V + M?/2 isinvariant. If Dis 
replaced by EJ, the result holds for a thin bar bent without 
twist. This theorem will be proved in the section immediately 
following. 

If circumstances arise in which there is doubt about the ade- 
quacy of an elementary solution arising from linear differential 
equations, the present method enables us to calculate as many 
additional terms as we please. The magnitude of these addi- 
tional terms can be compared with the elementary solution to 
provide a quantitative measure of the adequacy of the latter. 


ANALYSIS 


A long (infinite) rectangular plate is bent under load, as shown 
in Fig. 1. The two edges may be fixed or movable and the mode 
of attachment is any whatever. The loading is assumed to be 
a function of x only where the origin of co-ordinates is any point 
of the deflected middle surface. In the interior of the plate, the 
axial displacement v and axial strain e, vanish. 

The following assumptions are made: (1) The plate material 


Ng, 
o = 
4 
q = M, 
= = 
rd 
= 
= 


5 


2a 


Fia. 1 


is homogeneous and isotropic; (2) the thickness is small in com- 
parison to the plate width, ie.,h << a. It is to be noted that 
2a denotes distance between supports in a deflected state. This 
is not the plate width when the supports are free to move. 

When the loading is symmetric, p(—zx) = p(x), the assump- 
tions together with the symmetry of the problem lead to the con- 
clusions that (1) Q(z) is an odd function of x, vanishing at the cen- 
ter of the plate; (2) N(x),M(x) and w(x) are even functions of z. 

It is assumed that every cross section normal to the deflected 
middle surface has acting on it a uniform stress o, due to stretch- 
ing of the plate (together with the usual flexural stress). Then 
the force N(x) = o,h and acts at the middle surface. 

Fig. 2 shows the forces and moments which determine the 


Fic. 2 


equilibrium of an element of unit length axially. The force 
and moment equations of equilibrium are 


N(O)cos 6, + Q(O) sin 6, = N(x)cos 6 + Q(z) sin 0 +f, p(é) 


N(z) sin @ — Q(z) cos @ = N(O) sin 0, — Q(O) cos 0, + p(é)dé 
M(x) = M(6) + [N(O) cos 6, + Q(O) sin (w(x) — w(0)] 


— [N(O) sin 6 — Q(O) cos 6,]z — (x — 


It is convenient to solve the first two equations for N(z) and 
Q(x) and to introduce the dimensionless variables M, N, 8, Q, 
andz. This process leads to 


N = N, cos(6— @,) — Q, sin(@ — 0,) — F, cos @ + F2 sin @. . [1] 
Q = N, sin(@ — @,) + Q, cos(@ — 0,) — F; sin @ — F; cos @. . [2] 
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M = M, + [N, cos@, + Q, sin 0,] [w — w,] — [N, sin 0, 
— Q, cos Fe... [3] 


where = B(n) dn 
0 dn 
F, = f B(n) dy 
0 
dw 
Fy = B(n + — a 
0 


= 2F; + w(2z) Fi — B(n) E + w(n) | dn 
0 dn 


It may readily be verified by differentiating with respect to s, 
that dF;/ds = F, sin @ + F, cos @, and then that Q = dM/ds 
Differentiating Equation [1] with respect to s we have 


dN 
[N, sin (@ — @,) + Q, cos(@ — — sin 6 
— F, cos =—QM = — {4] 
Integrating 
M,? 
N—N,=— — 
2 2 
or 
M M 
N+—=N, = const (5) 


Dividing by a?, the equivalent dimensional result is 


D - 


The theorem stated in the introduction has now been proved 
provided there are no discontinuities of force or moment present. 
Without attempting to determine the widest conditions under 
which N + M2/2 is invariant, it is physically clear that when 
discontinuities exist the plate can still be divided into spans in 
each of which Equation [5] is applicable. This follows immedi- 
ately from the fact that the origin may be placed where we 
please. 

That N + M2/2 is invariant for the elastica under edge thrust 
is well known.* The circumstances that obtain here are consider- 

ably more general for it may be noted that, since the 


= const 


dust) deflection is unknown, the integrals F; and F; cannot 
dé dé be explicitly evaluated except for certain simple 


loadings, in particular when £ is constant. There is 
no restriction on the manner of support, and varia- 
tions in flexural rigidity may be permitted, provided the 
plate remains sufficiently thin. 

The limiting forms of the integrals F,, F2, F; are 
applicable when concentrated forces and moments are 
present. If the concentration is at z, where 0 < z, <z 
the additions to the integrals become 

For vertical force V at z; (positive downward) 


F, = 0 F, = V F; = V(z— 2) 2> 2 
For horizontal force H at z: (positive to right) 
Fi =H F,=0 F; =H(w—w) 


“Theory of Elastic Stability,” by S. Timoshenko, McGraw-Hill 
Book Company, Inc., New York, N. Y., 1936, pp. 69-73. 
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For moment M, at z: (positive counterclockwise) 


F, =0 F, =0 F; = M, z> 2 
Differentiating Equation [2] 
dQ 


[N, cos(@ — 0,) — Q, sin (@ — 0,) — F; cos 


dé 
+ F;sin6] — — 6 = MN—8 
ds 
and further 


dg 


d 
(MN — 8) = QIN — — 


d 
- (N — = 
| ) 


To summarize these relations, let vu, = M, w = Q, uu = NM — 8, 


us = N— M*. Then if ’ denotes differentiation with respect to 
8 


Equations [6] show that all the derivatives of N can be com- 


puted in terms of the quantities w, w:2, us, ws, and B(s). Thus 
writing 
N—N, = ) a,,3” 
I 
where 


N™ 
bad 


the necessary derivatives at s = 0 may be computed to any 
desired degree of accuracy from Equations [6] when §(s) is 
specified. 

To satisfy the boundary conditions it is frequently more con- 
venient to obtain a power series in z, Since 


d dds d 


6 
ae a 


the Equations [6] are replaced by 


= us sec 0 
Us’ = sec 6 
= — B’]sec | (7] 
[sec = usec? | 
[tan 6]’ = sec® 


where ' denotes differentiation with respect to z. 


1 


Now if 


where 


the necessary derivatives at z = 0 may be obtained from Equa- 
tions [7] when 8(z) is specified. 

The first few derivatives are listed in Tables 2 and 4 for 
8 = const. 
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Regarding the coefficients b,, as known, we take 


M=M,+ d,,2™ 
1 


and then 


N—N, 


In an alternative form, this is 
t=m-—1 


1 1 


and the coefficients d,, are then readily found. 
To obtain a power series for the déflection, we write 


wo = 
1 


This series together with that for M may be placed in Equation 
[3] and the coefficients f,, found from the coefficients d,,. 

The procedure to be used in a given problem is best illustrated 
by the subsequent examples. In general, the power series sug- 
gested is not sufficiently convergent. An elementary solution 
to a given problem usually suggests how we may rewrite the 
power series in order to obtain rapid convergence. Considera- 
tions of symmetry simplify the work involved. It is then con- 
venient to take the origin of axes at the plate center, for the power 
series is even in z (or s), and the even derivatives of N simplify 
by the vanishing of Q uz. All the odd derivatives vanish. 
The even derivatives are listed in Tables 3 and 5, where the 
quantities 1, u3, us are replaced by a1 = Mo, a; = M,N,— 8, 
and a, = N,— M,?, respectively. 

The necessary modification of the tables for a more general 
state of loading or will be apparent. When or 
8(z) are represented by polynomials or by a power series, the 
relation 


cos 6 
— 
ds 


enables us to find one from the other. 
given 


Thus suppose we have 


A(z) = Ant =A,+Azt.... 
0 
and wish to determine 
B(s) = =b, + bs + +.... 
0 


if s and z are measured from a common origin b, = Ay. To de- 
termine b,, we have 


d d 


The subsequent coefficients can be found in a similar manner. 
The result can be expressed in the form 


z=0 


- 
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RECTANGULAR PLatTe UNpER UNriFoRM LoAp 


Introduction. The procedure just outlined may be applied to a 
uniformly loaded plate when the edges are pinned or clamped to 
fixed supports. The solution for small deflections when the curva- 
ture is (1/a) [(d*w)/(dz*)] has been completely discussed by Timo- 
shenko‘ but is considered here in a somewhat different manner 
in order to take advantage of symmetry. 

The present theory is applied to obtain two additional terms 
for the deflection, moment, and membrane force. The results 
show that the elementary theory is extremely accurate and this 
conclusion can be anticipated from the fact that (M* — M,?)/2 is 
everywhere small. Then Equation [5] indicates that N is very 
nearly constant as assumed in the elementary theory. 
Approximate formulas, applicable when N, is large, are de- 
duced and found to agree with the results of Love. 

Elementary Theory. When 8 is constant, the functions F;, F2, 
and F; become 


F, = Bw 
= Bz 


w? 
F; = - 


where the origin is taken at the center of the deflected middle 
surface, and the deflection is measured upward from this point. 
Since Q, and @, vanish, Equation [3] is 


M =M, + Nw— ... [9] 


2 
For small deflections the term _ is negligible and 


d*w Bz? 
M = = M,+ Nw — 


The differential equation has the solution 


MN. — 8] 
w 


2 
[cosh 1} + 


2 
From the definitions of a, a3, and a, we have 
B = M,N, — a3 = — a3 = ajay + a3 — ay 
No = + a? 


which will be frequently used to eliminate 8 and N,. 
The elementary solution thus leads to 


a3 Bz? 
w = [cosh xz — 1] + 


dw a. Bz 


as 


B 
cosh + 


For a pinned edge E = 0 
then 


B = — a; cosh dA or a = 


4“‘Theory of Plates and Shells,” by S. Timoshenko, McGraw-Hill 
Book Company, Inc., New York, N. Y., 1940, pp. 1-17. 

’“The Mathematical Theory of Elasticity,”’ by A. E. H. Love, 
fourth edition, Cambridge University Press, The Macmillan Com- 
pany, New York, N. Y., 1934, p. 561. 
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For a clamped edge (*) = 0 
z=1 


then 


We are free to choose N, and M, (i.e. a, and a). Equation 
[10] or [11] then determines 8 (or a;). They show further that 
as is negative for positive values of a and d. 

The ratio (h/a) is determined from the condition that the sup- 
ports are fixed. Variations in V may be neglected and we have 


Now 


1 1 2 
12a? du 1 dw 
Nds a N, = — 
f E + h(a) Ja 


since u vanishes at both limits. 
When the integration is effected, the tesult is 


a;?| sinh A cosh A 


This can be written in the equivalent form 


where 
a;? 
= — 
3? 
‘ om, 


sinh 
cosh. —1 | 


sinh 
= x — | 


Present Theory. To examine whether the approximation to 


2 
the curvature or the omission of . is significant when the de- 
flections are large, we write 
M,? M* a? 
N—N, = —— = —]1— 
N N, | cosh ae | 


x 
a 
‘ 
2 
o,ha?* Ke, ha’ a? 
NwawWN, = = 12—¢, 
D D h? 
where the strain 
2 
~, 
* dz 2\dz 
*1 2 ] 
dw 
h 0 dz 
aS — = — + —]| cosh \ — ——— 
I 
a 
d 
is 
F 


LANG 


ay Bz? 


In each expression, the leading terms, suggested by the elemen- 
tary theory, remove slowly convergent portions of the power 
series. 

Differentiating Equation [14] 2n times with respect to z and 
setting z = 0, we find 


2n'c, = + as(ay + (2-2 — 1) as 
+ aya + a3} r= 2, 


Using the values of V“@” from Table 5, and rearranging the re- 
sults slightly, the first two coefficients are 


= —— 
8 
arr 
= — — a,'a; — —— 
12 80 40 


Forming 9 from Equation [15] and comparing with 


2 
Equation [14], there results 


Cy did.-; | = — dz 
t=2 


? 
x > (17] 
2 


Again differentiating 2r times with respect to z and setting z = 0, 
the result is 


t=n—2 
t=2 
d; 1 dr— 1 
wt 2! (18) 


Here Leibniz’s theorem for the differentiation of a product is 
applied to the two factors on the right of Equation [17]. c is 
determined by removing a factor z‘ from Equation [17] and let- 
ting 0. 


We find 
2 
= — and, or d= 
‘ asd, ajas? Taytas — 
When the series for M and w are placed in Equation [9], the result 
is 


The derivatives at the origin are then 
AN [dz — = — }*,=0 
6!(d; — = — 158 [0 wo 
From Equation [16] 
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w'?), =0 = 


= as + 


Introducing these, we may solve for the coefficients f,. The 
first two coefficients are 


16 
Evidently the process could be extended to obtain subsequent 


coefficients. 
Confining attention to the case of pinned edges, the condition 
replacing Equation [10] is 


The condition replacing Equation [12] is 


h? a3” 
N, + — cosh + [1 — cosh dz] 


6a? 


Retaining d, and d; in Equation [19], the condition determining 
a3 is 


[21] 


where the quantities a,, b,, and c, are defined in the Appendix. 
Performing the integration in Equation [20], the final result 
may be put in the form 


where the series in Equation [20] terminate with c; and f;, respec- 
tively, and terms to z* inconclusive are considered. The quan- 
tities s, to ss are defined in the Appendix. 

Choosing M, and N,, Equation [21] determines 8, and Equa- 
tion [22] determines h/a. The maximum deflection can be ob- 
tained from Equation [9]. Denoting it by 6 and observing that 
M vanishes at z = 1 


wae 
N.6—M, + 0 
whence 
3 
The maximum stress occurs at the center and is 
N(z) 6M (z) 
h h? 
This is equivalent to 
Omax 1 h h 
— = — -| 6M 
E121 — p?) ot (24) 


Timoshenko has plotted values of omax for values of V, from 0 


ay B > 
M = —cosh Xz + — + 
i 
0 = — coshvA + — + 
2 
a, 
+ ) ¢ dz = — sinh Az + — z 
+ dz..... . [20] 
n= 
es 
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to 144. For N, = 144, M, varies from 0.218 when h/a = 1/40 to 
0.076 when h/a = 1/110. Thus since M, is small, Equation [5] 
leads to the conclusion that N = N, (very nearly). We may 
anticipate from this that the elementary theory is very accurate 
within this range. 

Some results for VN, = 100, M, = 0.2, u = 0.3, are com- 
pared in Table 1. This represents an extreme case for which the 
stress is very high. For the range of values tabulated by Timo- 
shenko the agreement is even closer. 
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12(1 — +/2 \a (1 — 
Equations [28] and [29] correspond to the equations deduced by 
Love. 
For a clamped plate a; is determined by the condition 


dw asnhrs 
— = ( 
( Qnf, = 0 


TABLE 1 
h 5 22) omax 
a a B a E p/E 
Elementary theory..... —0.001816 0.02753 20.001816 0.09801 0.009968 0.004559 
Present theory......... —0.001814 0.02785 20 .001816 0.09899 0.010182 0.004733 
Approximate formula... 0 0.02828 20 


For No = 100, Mo = 0.2, u = 0.3. 


It may be concluded that, in all cases, the elementary theory 
is very accurate. The more exact results based upon Equations 
(21] and [22] will always lead to slightly smaller values for a3 and 
slightly greater values for h/a, p/E, omax/E. The greatest dif- 
ference occurs in the deflection. In the present theory, the de- 
flection is greater but the difference is generally much less than 
1 per cent. 

Approximate Formulas for Large N,. Simplified formulas, 
appropriate when N, is large, are readily obtained. As No in- 
creases, a; approaches zero and we have, very nearly 


Equation [13] can be simplified to 
h2 
6a? 
whence 
26) 
a 


8 M, 2 


where the last term follows from the relation 8 = M,N,. 

Results based upon Equations [25], [26], and [27] are included 
in the last line of Table 1. 

When it is desired to determine the load p/E for a given plate, 
consistent with a limiting elastic strain (or stress), we may de- 
duce simplified formulas in a different manner. Denoting the 
maximum strain by e,, we have 


From this 


h /12¢, 
- = & (very nearly)... . [28] 
a »+3°/2 N, 


provided >>3 */2or N, >> 18 


(*) 
wR” 121—p) 120 \a 


A development similar to that for pinned ends is possible and 
again shows that the elementary theory is sufficiently accurate for 
practical computations. 

It is of interest to note that the approximate equations for 
large NV, do not depend upon a; (which is nearly zero). It may 
be concluded that for the same values of N, and M,, the ratio 
h/a is the same for a plate whether it is pinned or clamped. The 
conclusion holds also for an elastically built-in edge. 


Tue Evastica 


The simplest class of problems includes those in which the only 
loads are applied along the edges of the plate. Replacing D by 
EI, the conclusions hold for a thin rod, bent’ without twist, 
by forces and couples applied at its ends only. The functions 
F,, F2, and F; vanish. 

If there is symmetry, we take the origin at the plate center 
and measure the deflection upward from this point. Q,, @,, , 
vanish and Equations [1], [2], and [3] reduce to 


N = N,cosé 
Q = N,siné 
M = M,+N.w 


The exact solution of problems governed by these equations in- 
volves elliptical function. As a particular illustration, we may 
verify the exact solution for a plate under horizontal edge thrust. 
If \2 = —N, represents the thrust per unit length of plate in 
dimensionless form, we may write 


N—N, = ) 
2 
N (2m) 
2m! s=0 


Using the derivatives of Table 3, this is 


where 


2 4! 


The quantities a1, a3;, and a, of Table 3 may be written in the 
equivalent forms 

a = M, = —N,6 = 0% 

a; = N.M, = —md* = 

a, = N,— M,? = —r\?— 8? 


- 


eee If the radical of Equation [23] is expanded, the result is 
5 
e 
12 aL 
Using Equation [26] to eliminate M, 
1 A? 6X 
u 


LANG 


where 6 is the (dimensionless) maximum deflection. 
for N — N, becomes 


This represents the first two terms of the expansion of the exact 
solution® 


The series 


J 
N — N, = — modulus = 
Since V = N, cos 6, Equation [5] can be written in the form 
0+ M? 4 M,? 
N,, cos — = N, + — 
2 2 


But WM vanishes at the edge so 


V (cos 1 2d? si 
2 2 )= sin 


whence 


which again agrees with the exact solution. If 
eo 
M = M, — \*w = 4d? cos As + ) d,s** 
2 


the coefficients may be found by a procedure identical with that 
used to determine the coefficients d, of the preceding example. 
The deflection can be shown to be 


24 720 720 


which represents the expansion of the exact result 


w(s) = 5[1 — cas As] — 


5X 
w = 6{1 —cos ds] modulus = 2 


Discontinuous Loaps 
The general procedure is as follows: 


1 Measure the deflection w from an arbitrary origin 0. The 
values of M,, Q,, N,, and @, are unknown. Proceeding as in the 
examples, we may obtain series determining M, Q, N, @, and w to 
the desired degree of accuracy. These series will extend to a 
point at which concentration of loading or discontinuity in 8 
exist. 

2 If the discontinuity occurs at z = z, then the series for @ 
determines the slope 6; which is continuous. The effect of the 
concentrations upon N and its derivatives can then be deter- 
mined. For example, a concentrated force P acting vertically 
downward produces a discontinuity in N of amount P sin 4, 
and in Q of amount —P cos 6. There is of course no discon- 
tinuity in bending moment M. 

3 Changing Q, N, M, and 6 as required, new values of w, 
U2, Us, and uy are obtained and series extending to the next dis- 
continuity found. 

4 We may proceed in this manner until the points of support 
are reached. In every case there are two conditions at each 
support to determine M,, Q,, N,, and 


This outline shows that, in principle, discontinuities can be 


, °“The Mathematical Theory of Elasticity, footnote 5, pp. 402, 
03. 
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permitted. Modifications to facilitate the labor involved in any 
particular problem will readily suggest themselves. 

The foregoing procedure can be illustrated by a plate under 
horizontal end thrust and carrying a single lateral load. In 
dimensionless symbols, the thrust is P = \?, the downward load 
V, the span unity in the deflected state. The load is located a 
distance ¢ from the right support and the deflection w, is positive 
downward. Subscripts a and b denote quantities at the left 
and right supports, respectively. Measuring z from the left 
support and noting that 


6, = we have 


= 
I 


= Q, cos 0, — N, sin = Q, cos0@, + N, sin @, = Ve 
P = —N, cos 0, — Q, sin @, = —N, cos 0, + Q, sin 6, 
where R denotes the vertical reaction 
F,, F2, and F; vanish and Equation [3] is 
M = Pw + R,z. 


As suggested by the elementary solution,’ we write 


= — sin \z — z 
Pr sind P 


V sin aA = 
M=-— sin \z + P 
sInA 7 


Now 


Since 


Q, 
uy = N,M,— 6 =0 
WN, 

the first nonvanishing derivative from Table 4 is 


N, = — sec? 0,Q,? = —[P tan 0, + R,]? = —[M,]? 


So 
KES Pas | 
sin » 


> tan 6 
x, an 6, 


the positive sign applies and 


P tané, + R, = 


Since 


d Ve V sin Xc 
= tan 


Restricting the development to one term in addition to the 


* elementary theory, we have 


V sin Xe 
Pr sind 


w {sin Xz — Az] + ztandé, 1—c.. [31] 


Now a similar series could extend from the right support and so 
V sin A(1 — c) 
Pr sin \ 

+-(1 — z) tan 
7 Footnote 3, p. 2. 


[sin (1 — z) —A (1 — 2)] 


“te 
Sets 
E 
Og 
2 sin — 4 
. 
ge 
. 
= 


Since the bending moments vanish at the ends, there remains 
only the determination of @, and 6; from the continuity of de- 


flection and slope at the load point. Thus 
V sin X 
[sin (1 — c) — —)] + (1 —c) tan 

=— gs 

Pr sin b 
cos 
P sind an Uq 

sin (1 — ¢) [ + 1] 

sin an 4, 
These simplify to 


(1 — c) tan 6, — c tan 6, = 
{(1 — c) sin Ac — sin A(1 — 


V Vj] sin Ac + sin A (1 — c) 


V sin Ac 
PL sind 


sin A (1 — 
ung, = 


Equations [31] and [32] become 


and solving 


Vssindc , Ve 
sin \z — = 
sind 


Ve sind (1 — 
= A(1 — 2) 
r sin 


—pa—ad l—c<z<1 


The deflection is identical with the elementary solution but the 
addition term dz, enables us to avoid the simplification @ = tan 
6. The use of more coefficients d, would modify the expressions 
for tan 6, and tan @,. 

Finally, consider the discontinuities at the load point z = 1 —c. 


® From Equation [30] continuity in deflection w, leads to con- 


tinuity in bending moment 


AN = — Na-o- =| > 


Also, since 
di 
Q = Paino + R, b—e 
dM 
Q= = Psin@—R,cos?@ 1—c<z<1 
AQ = —[R, + R,] [cos = — V [cos 
Since 
dQ 
de = MN 


from Equation [7] we have more simply 
AN = [R, sin 6 sin = V [sin 
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The discontinuities are thus as predicted. It will be evident that 


they are unaffected when more terms of the deflection series are 
used. 


Appendix 


Definitions of a,, 6,, c, from Equation [21]: 


ay 

48 
2 8 80 40 
Co = a 


Definitions of s, to ss from Equation [22] 


» | 280] 80x? 


a3 3 a5 
= + [0% — 3%] + — 504) 
at 
5\! 140.2 
where 
20 = 120 
2; = cosh 
sinh 12 24 
/ 6 
Q = cosh A} 1 + x? 


Pn sinh \ 1+ 2 


TABLE 2 DERIVATIVES OF N WITH RESPECT to s WITH 
8 CONSTANT 


N® = — 

N® = —u? — wus 

N® = —Suaus — 

N® = —Sus? — — + 

N® = + 18 — + 


N® = —15ug? ug + — + — 
+ + 9,243? 


TABLE 3) DERIVATIVES OF N WITH RESPECT TO s 
WITH 8B CONSTANT, AND Q = 6 = 0 
N® = 
NY = —3a;? 


N® = 54a + 297 63a;%a,? 


- 
> 
’ 
| 
~ 
Fin 
= 
SS 
0<z<1—c 
VE 
‘a 2 va 
ee 
. 
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TABLE 4 DERIVATIVES OF N WITH RESPECT TOz WITH TABLE 5 DERIVATIVES OF*N WITH RESPECT TO z WITH 
8 CONSTANT 8 CONSTANT, Q = 0=0 


= —sec N® = —ma; 


N® = —sec? + uiu3] — sec? 6 tan 


N® = —sec® 0[3uzus + — — sec® 6 tan N — Say’ — deniers 
+3uy?us] —sec® N® = —T5ay2a3? — — 64 aya®; — — 20a Fazer, 
NM = —sec! + + — — 
—see® 0(25u,2u2? + 15u:%u3] — sec® tan 6(15u; —3704 a; 'a;? — 2304a;’a; — 784 
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Investigations of the Flow in Curved Ducts 
at Large Reynolds Numbers 


By J. R. WESKE,' PROVIDENCE, R. I. 


It is found that the flow in curved ducts at high Rey- 
nolds numbers may be analyzed by methods adapted from 
the theory of boundary layers. Integration of the equa- 
tion of motion of the “‘shedding layer”’ led to relations for 
the net pressure drop of curved ducts as a function of ra- 
dius ratio and of Reynolds number. 


NOMENCLATURE 


The following nomenclature is used in the paper: 


‘developed length of axis of curved duct 
distance from wall of duct 
radial distance from center of curvature of duct 
radius of curvature of duct 
= Reynolds number 
= radius of circular cross section 
= 2rdiameter of circular cross section 
= axial velocity component 
mean axial velocity 
= radial velocity component 
= peripheral velocity component 
= static pressure 
= static pressure drop across curved duct 
total pressure 
= mass density of the fluid 
= absolute viscosity 
= u/p = kinematic viscosity 
= ‘angle of bend with respect to inlet plane 
= angle in transverse plane with respect to outward direc- 
tion of symmetry line 
6 = thickness of shedding layer 
3% = momentum thickness in curved duct 
@ = momentum thickness of profile upstream of curved duct 
5; = displacement thickness in curved duct 
A: = displacement thickness upstream 
N = number 
’ =  nondimensional pitch of helix of secondary motion 


Seas & 
ll ll 


b> 
ll 


A 
C, = “P | pressure-drop coefficient 
puy? 
2 
INTRODUCTION 


Recent experimental research of the flow in curved ducts 
has greatly increased the information available to the engineer 
regarding pressure drop and velocity distribution in duct bends. 
Comparatively slight progress has been made, however, toward 
a comprehensive theoretical analysis of the flow in curved ducts, 


1 Brown University. Mem. ASME. 

Contributed by the Applied Mechanics Division and presented 
at the Annual Meeting, Atlantic City, N. J., December 1-5, 1947, of 
Tue AMERICAN Society OF MECHANICAL ENGINEERS. 

Discussion of this paper should be addressed to the Secretary, 
ASME, 29 West 39th Street, New York, N. Y., and will be accepted 
until January 10, 1949, for publication at a later date. Discussion 
received after the closing date will be returned. 

Nore: Statements and opinions advanced in papers are to be 
understood as individual expressions of their authors and not those 
of the Society. Paper No. 47—A-149. 


such as exists for the straight duct. Such analysis would be all 
the more desirable since the need for correlation of the available 
data grows with their increasing volume. 

A theoretical investigation of the flow in curved ducts of 
circular cross section has been carried out for the case of laminar 
flow by Dean (1, 2)? and was amplified by Adler (3). Dean 
was able to derive from the equations of motion of a viscous non- 
turbulent fluid (Navier-Stokes equation) by a process of suc- 
cessive approximations a relation between the pressure gradient 
for a given rate of flow of a pipe coil of relatively large ratio of 
mean radius to diameter as a function of the radius ratio and of 
Reynolds number. Making use of one set of experimenial data, 
he was able to establish quantitative correlation of the theoretical 
and experimental results which is valid for subcritical Reynolds 
numbers. Dean’s correlation parameter loses its significance for 
flow above the critical Reynolds number. An extension of the 
theory to supercritical flow by the introduction of the equivalent 
eddy viscosity, as Dean suggests, has not been found fruitful, 
no doubt because the range of Reynolds numbers, for which the 
molecular as well as the turbulent shear stresses are factors of 
major importance, cannot be dealt with effectively by such a 
simple device. 

The present investigation concerns itself with the flow in 
curved ducts of circular cross section at very large Reynolds’ 
numbers, i.e., for flows in which turbulent momentum transport - 
is the predominant factor to such an extent that the effect of 
viscosity may be disregarded, except in a very thin layer adjacent 
to the wall. 


FEATURES OF FLOW IN CuRVED Ducts 


Preliminary to the formulation of the problem, we shall con- 
sider certain well-known features of flow in curved ducts at 
large Reynolds numbers, with reference to Fig. 1 (a and b). 
Fig. 1(a) shows schematically the various phenomena of flow 
in a curved duct of finite angle of curvature, while Fig. 1() 
represents the velocity distribution in a typical cross-sectional! 
plane. The latter figure shows the ‘‘two-dimensional” aspects 
only, disregarding changes of the pattern of flow along the axis o! 
the duct, whereas the former illustrates the two- as well as the 
three-dimensional nature of the flow. Featurgs of the flow in the 
third dimension here signify the changes along the axis of the duct, 
among them the variations of the axial-flow velocity profile ac- 
cording to the constant-moment-of-momentum relation at inlet 
of the curved duct, corresponding changes at outlet, and the 
initial displacement of the fluid of lower kinetic energy toward 
the inner portion of the duct; two-dimensional features are those 
appearing in the equilibrium profile of axial flow and of secondary 
flow in curved ducts. The former, when viewed from a system 
of co-ordinates traveling at the mean speed of the fluid, become 
nonsteady, whereas the latter remain steady. An attempt will 
be made here to formulate a theory based upon the two-dimen- 
sional aspects (to which Dean confined himself by treating a pipe 
coil), and thereafter to consider the three-dimensional aspects. 

Fig. 1(b), which was prepared from measured data at R = 


2 Numbers in parentheses refer to the Bibliography at the end of 
the paper. 
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WESKE—INVESTIGATIONS OF FLOW IN CURVED DUCTS AT LARGE REYNOLDS NUMBERS 


INLET 
\ ~= FLOW IN THE 
\ SHEDDING LAYER 
| —* FLOW IN THE 
| ~ \\ Core 
| 
A 


CORE, 
SCHEMATIC. 
SHEDDING 
LAYE 


™ | CORE 
PROFILE OF 
TRANSVERSE 
VELOCITIES 
QUTLE 
A ~EDDYING ZONE 
\ / 
(b) (a) 


ScHEMATIC PRESENTATION OF FLOW IN CuRVED Ducts aT 
HicuH ReyNno_ps NUMBERS 
(a, Variations of flow in axial direction. 6, Motion in a transverse plane.) 


Fic. 1 


600,000, suggests that, at Reynolds numbers of this magnitude, 
three distinctive regions of flow in curved ducts may be defined as 
follows: (a) The central body or ‘‘core” of the fluid, in which 
velocities parallel to the axis of the duct are large compared with 
transverse velocity components. (b) The layer near the wall, in 
which velocity components normal to the wall of necessity are 
small, the transverse components parallel to the wall, i.e., in 
peripheral direction, however, of the same order as the compo- 
nents parallel to the axis of the duct. This peripheral motion 
serves to shed the fluid of lower velocity surrounding the core, 
hence it will be referred to as shedding motion, and the layer as 
the shedding layer. (c) The region near the inner portion of the 
duct area occupied by fluid of relatively low total energy moving 
in swirling or random turbulent motion. 

It is significant that for flow in curved ducts at high Reynolds 
numbers—quite in analogy to flow past immersed bodies at high 
Reynolds numbers—distinction may be made between a core 
corresponding to the free stream, in which velocity gradients are 
small, hence shear stresses a factor of minor importance, and the 
shedding layer, for which assumptions may be made similar to 
those applicable to the boundary layer. In formulating the prob- 
lem of flow at high Reynolds numbers in a curved duct of circular 
cross section, the fluid will be assumed to be incompressible and 
the motion steady. Variations of conditions of flow along the 
axis of the duct will be disregarded, thus reducing the problem to 
one in two dimensions. 


EquaTIoNn OF Morion OF THE SHEDDING LAYER 
The equation of motion of the shedding layer in two dimen- 
sions may be stated as follows (see Fig. 2) 


ow ow 1 Op Ow 


= — —— siny {1] 
ry dy pry dy? R 
and the continuity equation 
ov ow 


—-+ = 
oy = roy 
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Ro 


Fic.2 Forces on A PARTICLE IN SHEDDING LAYER 


Aside from the pressure forces and the centrifugal force due to 
curvilinear motion of the fluid parallel to the axis of the duct 
shown in Fig. 2, account has been taken of the shear forces due 
to viscosity only. 

The thickness 6 of the shedding layer is assumed to be equal 
to the distance from the wall to the point where the peripheral 
velocity component changes its sense, hence 


w(y=8) = 0, w, >Ofory< 6, w,< Ofory > 6 


The thickness of the shedding layer is assumed to be small 
compared with the diameter of the duct. Variations of the static 
pressure within the layer normal to the wall are neglected. The 
static-pressure gradient along the wall is assumed to be equal 
to the gradient of centrifugal force per unit area corresponding to 
the axial velocity us just outside the boundary layer at the radius 
of curvature R, thus 


— =—p— siny...............-. [3] 


or, when substituting this into Equation [1] 


ow + ow 
w— = 
roy oy 


ow 


R lla} 


Integration of this equation over the shedding layer leads to 


6 
ra) 2 sin y 
foe R (u25 u?)dy + F.....[4] 


where R has been assymed constant with y. The integral of the 
second term on the left is zero since peripheral momentum forces 
do not act on the shedding layer. When introducing the root- 
mean-square peripheral velocity component of the shedding 


layer 
' 1 
= - wd 
w Jo 


the friction term F may be expressed in terms of this quantity 
and of an over-all friction coefficient C,; which combines the effect 
of skin friction along the wall and of turbulent stresses along the 
outer surface of the shedding layer 


w? 

F =—C,— 

Equation [4] then reads as follows 
3 
2 sin y w* 
(u?s — u*)dy — 2c, [5] 
Writing 


us? — u? = u (us — u) + us (us — U) 


w 
2 
/ 
dy 
| 
Re | 
. PLANE OF CURVATURE, | ¥ 
¥\/ OF THe DUCT ~ \ 
\ 
= 
ae, 
° 2 Sa 
Z 
|) 
5 
4 
hee 
; 
- 


in the first term on the right leads to 


aa) ) sin ydy + 
=— — wu) sIn € 
roy. 


R 
us(us — u) sin .. 


As in the theory of the boundary layer the integrals on the 
right may be expressed by quantities corresponding to the mo- 
mentum and. displacement thickness of the axial velocity pro- 
file as follows 


f, u(ug — = (7] 


and 


us(us — u)dy = [8] 
This leads to 


w? 


urs 
= + a) sing [9] 


= (dw?) + 


Let us = u, where u = mean velocity on radius R. Substitute 
further, from the constant-moment-of-momentum relation 


u? uo? Ro 
(*) (10) 


and R = Ry + rcosy, Fig. 2 and obtain 
“) uo? 2(8 + 4) siny 


.. 


( ~ Ry (1 + r/Ro cos 


To simplify the relations, the friction coefficient, at best an 
empirical quantity, is assumed to be zero in this equation. The 
quantities # and 4,, which vary with ¢ and y, may be assumed to 
be proportional to the momentum and displacement thickness 
of the upstream profile, @ and A, calculated over the entire radius 
of the duct. 

The relation corresponding to Equation [11] then reads, 
omitting a nondimensional constant of proportionality 

roy Ro (1 + r/Ro cos y)* 


It may be integrated readily. The general integral is 


1 
(1 + r/Ro cos 


but = + &) 


Since w = Oat y = 0, the constant of integration is 


ue? 1 
C=— 9 (0 + Ai) +r/Re)? 
and the definite integral 
1 1 
(1+ 1r/Rocosy)? (1+ 


2 
(w*)y = (0+ ao 
for y = 90° 


1 


or, in nondimensional form, omitting the index on the left 


bot 10+ 4)[, 1 


(dw*)y =90 (0 + Ai) 
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For purposes of discussion of this equation both sides are mul- 

tiplied by w/(ruo) where 

uo/w = number X - = N)’ 

r 

\’ having the significance of the pitch, in terms of r, of the helix 
formed on either side of the plane of curvature of the curved 
duct by the streamlines of an idealized secondary motion. These 
helixes were observed and discussed by Eustice (4) and are 


discernible particularly in elbows of small radius ratio. The 
equation then reads, with a further expansion 
N = —— — {15] 
=r r (1 + r/Ro)? 


Except for a numerical constant the expression on the left 
represents the ratio: Kinetic energy of peripheral velocity of 
the quantity of flow displaced in the shedding layer per axial 
length equal to the radius, relative to kinetic energy of mean 
axial velocity of the quantity of flow through the duct. 

The form of the ratio is that of a friction-loss coefficient, ap- 
proximating wo ~ vo 


réw* 

z/r Ap 

r pug? 
r 2 


where the pressure loss Ap may be related to the kinetic energy 
of the fluid displaced in the shedding layer, the greater portion 
of which is converted into losses in the eddy region. This dis-* 
sipation of kinetic energy will be investigated in greater detail 
in the last section. 

Multiplying both sides of Equation [15] with the nondimen- 
sional length of the bend x/r leads to the equation 


Ap z/r\ A; 1 
“p puo? (24 ) r (1 + [16] 


The pressure-drop coefficient, Cp, applicable only to bends 
in which the effect of the upstream velocity profile represented by 
(@ + A,)/r is predominant rather than that of the equilibrium 
secondary flow, is a function of the radius ratio (term in square 
brackets) and of the ratio of the axial length of the curved duct 
to the equivalent pitch of helix of secondary flow. 

The function of the radius ratio 


r (1 + r/Ry)? 

was plotted in Fig. 3. For the purpose of correlation there 
has been plotted into this figure the net bend-loss coefficient 
for a series of 90-deg elbows of circular cross section, of various 
radius ratios measured at R = 0.5 X 10° approx, from reference 
(5). It is believed that the deviation of the measured data from 
the curve of the foregoing function evident at small radius ratios 
may be ascribed to the effect of the first quantity (2/r)/X’ in 
Equation [16]. 

The quantity (6 + A,)/r was calculated for the fully developed 
velocity profile of the straight duct as a function of Reynolds 
number,* and plotted in Fig. 4. Corresponding experimental 
data from reference (5) are for a 90 deg elbow of radius ratio Ro/d 
= 1.5. While satisfactory correlation exists at higher Reynolds 
numbers, test data exceed theoretical values as R is decreased to 
150,000. 


3 See reference (6), p. 241. 
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WESKE—INVESTIGATIONS OF FLOW IN CURVED DUCTS AT LARGE REYNOLDS NUMBERS 


REYNOLDS NUMBER R 


VARIATION OF Net Benp Loss Raprivus Ratio 
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Fic. 5 Prorites or PeripHeERAL VELOCITIES OF SHEDDING LAYER 

Atone Diameters NorMAL TO PLANE OF CURVATURE IN VARIOUS 

TRANSVERSE PLANES OF A CurveD Duct or 6-IN-D1AmM CrrcuLarR 
Cross SECTION 


Re = 1.5; R = 0.259 x 10°. ) 


Quantitative information is’ not available in regard to the 
effect of the first factor on the right of Equation [16]. 
It has been intimated that the bend losses may be assumed to 


be proportional to the product of the quantity of flow displaced 
in the shedding layer and its velocity pressure. If the kinetic 


3 CURVES] AND 
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45 DEGREES 90 

Fic. 6 Rate or FLow anp QUANTITY OF FLOW IN SHEDDING 
LAYER 
(Correlation with net bend loss for curves in Fig. 5.) 


Fic. 7 Prorites oF PeripHERAL VELOcITIES OF SHEDDING LAYER 
AtonG DIAMETER NORMAL TO PLANE oF CURVATURE IN VARIOUS 
TRANSVERSE PLANES OF A CurvEeD Duct or 55/i¢ In. X 55/i¢ IN. 
SquaRE Cross SECTION 


(* = 1.5; R = 0.53 x 108. ) 


45 ? , Dearees 90 


Fic. 8 Rate or anv Totat Quantity or FLow 1n SHEDDING 
LAYER 
(Correlation with net bend loss for curved duct in Fig. 7.) 


energy of axial motion is of the same order of magnitude as the 
kinetic energy of peripheral motion, the losses should vary as the 
cube of the quantity of shedding flow. If, on the other hand, 
the kinetic energy of peripheral velocity is small compared 
with the kinetic energy of axial motion, the losses may be ex- 
pected to vary as the first power of the quantity of shedding flow. 
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To establish facts relative to this question the following meas- 
urements were taken on a 90 deg elbow of circular cross section, 
of radius ratio Ro/d = 1.5 at R = 0.259 X 10%. The elbow was 
mounted between straight ducts of which the upstream duct 
was long enough to produce a fully developed profile. Profiles of 
the peripheral velocity components of the shedding layer were 
measured along the diameter normal to the plane of curvature 
in various transverse planes or stations defined by the angle of 
bend ¢ of the duct, Fig. 5. Their variation from station to sta- 
tion, though in part explainable by changes in the axial-velocity 
profile, are evidence that the equilibrium condition of secondary 
flow was not reached before the outlet of the elbow. 

From the velocity profiles were calculated the rate of flow in the 
shedding layer, plotted in Fig. 6, curve a, versus angle of bend, 
and by further integration, the total quantity of flow in the dis- 
placement layer versus angle of bend, curve b. It is of interest 
that the shedding of the fluid of relatively low kinetic energy 
surrounding the central portion of the fully developed turbulent- 
velocity profile, starting gradually, reaches a maximum at ¢ = 
60 deg and decreases thereafter to approach an equilibrium value, 

Also plotted in Fig. 6, curve c, are the net bend loss coefficients 
Cp = (Ap)/(puo?/2) measured by the author for curved ducts of 
circular cross section and of the same radius ratio as the 90-deg 
elbow, but of various angles of bend at Reynolds numbers cor- 
responding to that of the elbow. The fact that curve b in Fig. 
6 applies to various stations of the 90 deg elbow, while the cp 
values of curve c apply to elbows of various angles of bend, calls 
for caution in dealing with the evidence; however, proportionality 
between pressure loss and quantity of secondary flow is strongly 
indicated. 
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A series of corresponding curves for a 180-deg curved duct of 
square cross sections of radius ratio Ro/d = 1.5 tested at Reyn- 
olds number R = 0.53 X 108, is shown in Figs. 7 and 8, curves 
a and b, together with the curve of net bend-loss coefficient, Fig. 
8, curve c. In this case proportionality also appears to exist be- 
tween quantity of fluid displaced in the shedding layer and net 
bend loss for angles of bend up to 180 deg. 

These results appear to support the validity of the hypothesis 
that the net bend losses (not including direct friction pressure 
drop) are proportional to the product of quantity of flow in the 
shedding layer and of velocity pressure of mean axial velocity. 
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Thermodynamic Properties of Gas Mixtures 
Encountered in Gas-Turbine and 


Jet-Propulsion Processes 


The presentation of data for gas mixtures on a molal 
basis reduces greatly the number of gas tables required 
for calculations of processes in a wide variety of mixtures. 
This simplification of the tabular data is illustrated in 
“detail by consideration of several gas mixtures and of the 
processes encountered,in the design of gas turbines. 
Three tables of products of combustion of a hydrocarbon 
fuel with air are sufficient to permit calculations of all 
processes of interest, with an average error of about 0.1 
per cent over a large range of hydrogen-carbon ratios of 
the fuel and over the range of fuel-air ratios for lean mix- 
tures. Furthermore, these three tables may be used with 
the same error for calculations involving mixtures of air 
and octane vapor as well as for mixtures of air and water 
vapor. 


INTRODUCTION 


SURVEY of current engineering literature shows that 
A power-producing devices dependent on the gas turbine 
in its diverse forms are being developed intensively in 
this country and abroad. This development may be compared 
in a general way with that in the field of the steam power plant 
at the turn of the century. The lack of adequate data on the 
thermodynamic properties of steam was one obstacle facing the 
designer of steam turbines. Here the situation was remedied 
only through international effort, in the second decade, which 
resulted in securing the necessary data by experimental means 
and which led to the international steam tables conferences. 
The present development of the gas turbine is hindered to some 
extent by the lack of adequate thermodynamic data on the work- 
ing fluids used. 
The problem of obtaining and correlating the necessary data 
in the gas-turbine field is much more complicated than that in the 
steam field of 30 years ago for several reasons, as follows: 


1 Oneis not treating a single pure substance such as steam but 
always a mixture of several gases in which chemical changes 
occur. Hence a new independent variable, namely, the com- 
position, must be added to the others which define the state of 
the mixture. But it is evident that the composition of the mix- 
ture is dependent upon the type of fuel, the type of oxidizer, 
and the mass ratio of fuel to oxidizer. When one considers the 
many available fuels and oxidizers, the complexity of the prob- 
lem of merely presenting data for such mixtures is readily evident. 
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2 One needs not a single ‘‘steam” table, but a whole series of 
such tables representing mixtures of a given fuel with a given 
oxidizer over a range of mass ratios of fuel to oxidizer. For 
each mixture separate tables would be required for reactants 
and for products. 

3 In the steam-power field, the temperature is sufficiently 
low so that dissociation of steam is not important today nor in 
the near future whereas the dissociation of the gases used in the 
gas turbine becomes of increasing importance as the maximum 
temperature rises. 

4 The design of a highly efficient gas turbine demands ac- 
curate secondary data, such as the thermal conductivity and 
viscosity at high temperatures of each of the components and of 
the mixtures, whereas in the design of a steam plant such data 
are necessary for steam alone and over a smaller range of tempera- 
ture. These data are almost completely missing at the present 
time. 

Fortunately, satisfactory thermodynamic data are available 
for the more common component gases over a large range of 
temperature and pressure. However, data on the properties 
of the multicomponent mixtures are practically nonexistent 
except in the region of zero and of low pressures. As the pres- 
sures of these mixtures increases, the deviations from simple 
combination rules, such as the Gibbs-Dalton law, (1)? or the 
Beattie rules (2), may become important for engineering applica 
tions. For most designs of gas turbines contemplated at pres- 
ent, these deviations are probably small since the maximum 
pressures are of the order of 200 psia and since most of the com- 
ponent gases have low critical temperatures. 

The foregoing discussion indicates that a large-scale co-opera- 
tive effort, extending perhaps over one or two decades, will be 
required to obtain experimentally all the data needed in this 
field. A parallel effort must be exerted simultaneously on the 
major problem of presentation of these data in a simple and 
usable form. A partial solution of this latter problem is given 
here. 


METHOD oF ANALYSIS 


An analysis of the problem of presentation of data for gas mix- 
tures becomes complicated and laborious if many fuels, many 
oxidizers, and several mass ratios of fuel to oxidizer are con- 
sidered. By limiting the fuel to the type commonly employed in 
the gas-turbine field and the oxidizer to air, it is possible to ob- 
tain some useful results. The fuel considered here is a hydro- 
carbon with the general composition (CHx),. The fuel-air 
ratios are limited to the region of lean mixtures, between zero 
and 100 per cent of theoretical fuel. Mixtures of both reactants 
and products are considered. The processes examined are those 
encountered in the design of the gas-turbine plant, such as 
isentropic compression and expansion, heat transfer at con- 
stant pressure and constant volume, combustion, flow, mixing, 
etc. 

In view of the large variation in specific heat of the component 


2? Numbers in parentheses refer to the Bibliography at the end of 
the paper. 


e 
2 
2 
3 
“+ 


350 JOURNAL OF APPLIED MECHANICS 


gases over the range of temperature of interest, no simple analyti- 
cal method was found for making the necessary comparisons with 
a precision of 0.1 per cent. Instead a table of each particular 
mixture was constructed by using the Gibbs-Dal]ton law to com- 
bine the properties of the component gases. Some of these 
tables were of necessity in skeleton form with a large interval 
in the independent argument, the temperature. However, three 
major tables, available for this work, were in completely de- 
tailed form. These three tables, based upon the assumption 
that the mixtures behave as perfect gases, were constructed for 
products of combustion of a fuel of composition (CHg), with 200, 
400, and infinite per cent (or pure air) of theoretical air. They 
will be published soon as part of a new book of gas tables (4). 
With the aid of these three tables and the various skeleton 
tables, comparisons of isentropics for the mixtures could be cal- 
culated easily with a precision better than 0.1 per cent. The 
units are the same as mentioned previously,’ but the funda- 
mental physical constants correspond to those selected by 
Rossini and his co-workers (5). 
RESULTS 
A great simplification in the number and scope of the required 
tables occurs if each table is based on a ‘‘pound-mole”’ of mixture 
in place of a “pound” of mixture. In fact, only three major 
tables, for products of combustion with 200, 400, and infinite 
per cent of theoretical air, are sufficient to permit one to calculate 
all the processes encountered in the design of a gas turbine over 
a wide range of hydrogen-carbon ratio of the fuel and over the 
range of fuel-air ratios corresponding to lean mixtures. The 
maximum error is a few tenths of one per cent and the average 
error is Jess than one tenth of one per cent. In addition, these 
three tables can be used with the same precision for other gas 
mixtures constructed on a molal basis; for example, the molal 
products table for 400 per cent of theoretical air is shown to be 
equivalent to a mixture of air with 6.70 per cent by mass of water 
vapor. 
This simplification in the number of tables required occurs for 
two reasons: (a) The major components of the three products 
mixtures, namely, nitrogen and oxygen, have low critical tem- 


3 Similar to Table 1, reference (3). 
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peratures so that even though they are real gases they conform 
very closely with the assumption that they are perfect gases over 
the temperature range of interest. (b) The major component 
gases have specific heats which are alike in order of magnitude and 
in variation with temperature. Hence the specific heat of the 
mixture for a given fuel-air ratio is almost independent of 
the hydrogen-carbon ratio of the fuel. 


Errect or HypROGEN-CARBON Ratio ON Propucts 


Tables 1, 2, and 3 present a sunimary of the molal specific 


heats and ratios of specific heats k, for products of combustion | 


with 100, 200, and 400 per cent of theoretical air, respectively, 
and for three compositions of the hydrocarbon fuel. For a given 
fuel-air ratio, as the hydrogen-carbon ratio of the fuel increases, 
the specific heats remain nearly the same. 

The specific heats of the products based on a fuel composition 
of (CH2), deviate from the specific heats of products based on 
(CH,), or (CHs), by 0.5 per cent for 100 per cent of theoretical 
air, Table 1, by about 0.2 per cent for 200 per cent of theoreti- 
cal air, Table 2, and by less than 0.1 per cent for 400 per cent 
of theoretical air, Table 3. Tables 1, 2, and 3 show that the k 
values of products based on (CH), deviate from the k values 
based on (CH)), or (CH), by less than 0.1 per cent for all fuel-air 
ratios between 100 and zero per cent of theoretical air. Hence 
for processes such as mixing, flow, heat transfer, etc., which are 
to be calculated primarily from specific heats, a single table for 
each fuel-air ratio based upon a fuel composition of (CH2), will 
suffice to cover the range of hydrogen-carbon ratio used in 
Tables 1, 2, and 3, with an error of 0.1 per cent or less for the 
fuel-air ratios of interest in the gas-turbine field. The indica- 
tions are that such a table could be used for an even greater range 
of hydrogen-carbon ratio with a slight increase in error. 

For processes of compression and expansion, which are com- 
puted primarily from specific heats and from k, further calcula- 
tions are necessary to prove that for each fuel-air ratio a single 
table based upon a composition of (CH), is sufficient. Isen- 
tropics of various mixtures were computed on the basis of the 
same initial state and the same pressure ratio. To accomplish 
this, four skeleton tables of enthalpies and relative pressures 
were first computed for mixtures of products with 200 and 400 
per cent of theoretical air and for fuel compositions of (CH;), 


FOR 100 PER CENT THEORETICAL AIR 


400 7.180 5.195 1,382: 7.200 5.215 1,381 7.24 5.228 1,380 
800 7.614 5.628 1,353 7.580 545% 14355 7.557 5.57. 14356 
1200 8,104 6.118 1,325 8.050 6.064 1,327 8.01, 6,028 14329 
1600 8,578 6.592 1.301 8.522 6.536 14304 8.483 6.497 14306 
2000 8.972 6.986 1.284 8.923 6.938 1,286 8.890 6.905 1,288 
2400 9.266 7.280 1.273 9.231 7.245 1427 9.208 70222 14275 
2800 90493 7.507 14265 9.472 7486 1.265 9.458 7472 14266 
3200 9.667 7.682 14259 9.660 7.6% 1.4259 9.655 7.669 14259 
3600 9.803 7.817 14254 9.807 7.821 1.254 9.810 7.82, 1.256 
4000 9.912 7.92% 1.251 9.926 7.941 14250 9.936 7.950 14250 
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KAYE—THERMODYNAMIC PROPERTIES OF GAS MIXTURES 


TABLE 2 PRODUCTS OF COMBUSTION FOR 200 PER CENT THEORETICAL AIR 


T k a, k C, k 

400 7.058 5.072 1.391 7.071 5.085 1,392 7.079 5.093 14390 
800 7.338 5.352 1.37 74324 5.338 14372 7.316 
1200 16.149 5.763 14345 7.726 5.740 1.346 7.710 14347 
1600 8,166 6.180 1,321 8.143 6.157 1.323 8.12% 6.140 1.323 
2000 8.512 6.526 1.304 8.493 6,508 1.305 8.481 6.495 1.306 
2400 8.768- 6,783 1,293 8.757 6.771 1.293 8.749 6.764 142% 
2800 8.965 6.979 1,285 8.962 6.9% 1.285 8.959 6.973 1.285 
3200 9.118 7.132 1.278 9.121 7.1% 1.278 9.12% 70138 1.278 
3600 9.238 7.252 1.27% 9.248 7.262 1.273 9.255 7.269 1.273 
4000 9.336 7.351 1.270 9.352 7.366 1.270 9.362 7377 1,269 


TABLE 3 PRODUCTS OF COMBUSTION FOR 400 PER CENT THEORETICAL AIR 


FUEL (CH), 


400 6.996 5.010 1.396 7,003 5.017 1.396 7,007 5.021 1.395 
800 7.195 52210 1,381 7.189 52203 1.382 7.185 5.199 1,382 
1200 7.566 5.580 1.356 7.555 5-570 1.357 7.548 5.562 1.357 
1600 7.954 5.968 1.333 7.943 52957 1.333 7.9% 5.950 1.33% 
2000 8,275 6.289 1.316 8,267 6.281 1.316 8.262 6.276 1,316 
2400 8,512 6.526 1.304 8,508 6.522 1.304 8,505 6.519 1.305 
2800 8.693 6.707 1.2% 8,693 -6.707 1.296 8.693 6.707 1.296 
3200 8.834 6,848 1,290 8,838 6.852 1.290 8.841 6.855 1.290 
3600 B.946 6.961 1.285 8.953 6.968 1,285 8.958 6.973 1.285 
4000 9.040 7.054 1,282 9.050 7.064 1,281 9.057 7.071 1,281 

and (CH;),. The method of calculation of such isentropics is of the fuel in calculations of isentropic processes with an average 


illustrated elsewhere (3). 

The comparison of isentropics of mixtures with different fuel 
compositions is given in Tables 4A and 4B for products with 400 
per cent of theoretical air, and in Tables 5A and 5B for products 
with 200 per cent of theoretical air. In order to save space, 
only one half of the total number of isentropics examined is 
presented in these tables. The first column shows the pressure 
ratio (reduced to three figures), the second and third the tem- 
peratures at the end of expansion, the fourth and fifth the change 
in molal enthalpy, and the last column is the percentage differ- 
ence in change of molal enthalpy. The pressure ratios vary 


from unity to over 100; the temperature ranges from 400 to 4000 
F abs; these variations cover the field of interest in gas-turbine 
and jet-propulsion plants. Tables 4A, 4B, 5A, and 5B demon- 
strate that a single products table based on a fuel composition of 
(CH), can be used for a wide range of hydrogen-carbon ratios 


error of less than 0.1 per cent. 

These tables show also that the error made in computation 
of the isentropic change of temperature is larger than the error 
made in the corresponding change of molal enthalpy. The ex- 
planation of this effect is given in the Appendix. 


Errect or Fvet-Arrk Ratio on Propucts 


In the preceding section it was shown that a products table, 
for one fuel-air ratio, based upon a fuel composition of (CH2), 
was satisfactory for a large range of fuel compositions. In this 
section, results are given of an investigation of the number of 
such products tables required to cover the range of fuel-air 
ratios from zero to 100 per cent of theoretical fuel. The problem 
was to determine the minimum number of tables, which with the 
aid of linear interpolation, would permit calculations for any 
fuel-air ratio with a maximum error of about 0.1 per cent. 
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TABLE 4A PRODUCTS OF COMBUSTION FOR 400 PER CENT — AIR—EFFECT OF FUEL 
COMPOSITION ON ISENTROP 


PRESSURE RATIO I._(F abs) Oh, (Btu/lb-mole) Ber cent Difference 
in Ah, 
FUEL (CH), (CH), (cH), (cH), 
1 3500 3500 0 fe) —— 
1.99 3000.0 3000.0 4424.1 4423.4 0,02 
440 2500.0 2500.3 8759.7 8759.4 
11.3 2000.0 1999.9 12973.6 12973.6 
36.5 1500.0 1499.4 17013.2 17012.3 201 
172 1000.0 999.0 20822.0 20818.2 02 
1 2500 2500 0 ft) — 
2.58 2000.0 1999.7 4213.9 4213.4 0.01 
8.29 1500.0 1499.2 8253.5 8251.8 02 
19.7 1200.0 1199.0 10568.8  10565.6 203 
39.2 1000.0 998.9 12062.3 12057.4 204 
88.7 800.0 98.9 13518.3 13511.5 205 
1 1500 1500 — 
2.38 1200.0 1199.6 2315.2 2315.1 0.01 
4.72 1000.0 999.4 3808.8 3807.6 203 
10.7 800.0 5264.7 5262.6 204 
17.3 700.0 699.3 5980.9 5978.6 204 
57h 500.0 499.5 73%.3 73923 005 
TABLE 4B PRODUCTS OF AIR—EFFECT OF FUEL 
PRESSJRE RATIO T_(F abs) 4h, (Btu/lb-mole) Per cent Difference 
in Ah, 
(CH), (CH), (CH), (CH), 
2 3500 3500 
1.99 3000.0 2999.9 4427.5 4426.8 0.02 
4.41 2500.0 2499.9 8762.6 8762.0 201 
11.3 2000.0 2000.1 1297.8  12971.5 
36.4 1500.0 1500.4 17003.2  17003.6 
171 1000.0 1000.7 20803.0 2080§.5 - .01 
1 2500 2500 — 
2.57 2000.0 2000.2 4209.2 4209.7 
8.27 1500.0 1500.5 8240.5 8241.9 = .02 
19.6 1200.0 1200.8 10550.2 10552.1 = .02 
38.9 1000.0 1000.8 12040.4 12043.7 - 03 
87.9 800.0 800.7 13493.7  13498.6 = .04 
1 1500 1500 
2.37 1200,0 1200.3 2309.9 2309.7 -0.01 
4.70 1000.0 1000.4 3799.9 3800.6 = .02 
10.6 800.0 800.5 5253.2 5254.8 = .03 
17.2 700.0 700.5 5968.6 5970.6 = .03 


57.0 500.0 500.3 7383.6 7386.4 = 204 
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TABLE 5A PRODUCTS OF COMBUSTION FOR 200 PER CENT THEORETICAL AIR—EFFECT OF FUEL 
COMPOSITION ON ISENTROPICS 


PRESSURE RATIO T_(F abs) 
(CH), (CH), 
1 3500 3500 
2.03 3000.0 3000.0 
4.62 2500.0 2500.0 
12.2 2000.0 1999.2 
40.7 1500.0 1498.2 
199 1000.0 997.5 
z 2500 2500 
2.65 2000.0 1999.2 
8.81 1500.0 1498.2 
21.4 1200.0 1197.7 
43-2 1000.0 997.5 
99.5 800.0 797.5 
1 1500 1500 
2.43 1200.0 1199.2 
4.90 1000.0 998.8 
11.3 800.0 798.6 
18.5 700.0 698.6 
62.3 500.0 498.9 


TABLE 5B PRODUCTS OF 


PRESSURE RATIO 


COMBUSTION FOR 200 PER CENT THEORETICAL AIR—EFFECT OF FUEL 
COMPOSITION ON ISENTROPICS 


abs) 
(cH), (CH), 
3500 3500 
3000.0 2999.9 
2500.0 2500.0 
2000.0 2000.5 
1500.0 1501.2 
1000.0 1001.7 
2500 2500 
2000.0 2000.5 
1500.0 1501.2 
1200.0 1201.7 
1000.0 1001.7 

800.0 801.7 
1500 1500 
1200,0 1200.7 
1000.0 1000.9 

800.0 801.0 

700.0 701.1 

500.0 500.8 


4h, (Btu/1b-mole) 


(CH), 
0 
4566.0 
9036.4 
133748 
1752542 
2427.1 


2373.6 
3901.9 
5388.7 
6118.4 
755507 


(CH,), 
4565.1 
9036.0 
1337329 
17520,.8 
21415.8 


0 

4337.9 

8484.8 
10854.8 
12379.7 
13862,5 


4h, (Btu/lb-mole) 


(cH), 
4569.5 
9035.9 

13362.1 

1793.7 

21376.1 


(cH), 


4568.8 

9035.7 
13363.2 
1749627 
21384.0 


2361.3 
3883.8 
5366.6 
6094.2 
753304 


Per cent Difference 


in 4h, 


in Ob, 
01 
202 
205 
433804 0,01 
8488.8 205 
10862,3 .07 
12390.7 .09 
1387.5 
2372.9 0.03 
3899.4 207 
5384.1 
6112.7 
754647 
1 — 
40.3 02 
196 204, 
2.64 4326.3 432704 0.03 
8.73 8457.9 8460.8 203 
21.1 10819.2 10824.3 205 
42.5 12340.3 12348.1 .06 
97.6 13821.3  13831.9 
1 0 —- 
4.86 3882.4 0.04 
11.2 5363.4 .06 
18.2 6091.1 +06 
61.5 752701 208 
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Three products tables for 100, 50, and zero per cent of theo- 
retical fuel were found to be sufficient to permit calculations over 
the range of fuel-air ratios for lean mixtures. Since a prgducts 
table for 100 per cent of theoretical fuel is beset with problems 
of dissociation at the higher temperatures, and since such a table 
would correspond to temperature limits well beyond those used 
now or contemplated in the near future in this field, it was de- 
cided to limit this study to three tables for 50, 25, and zero per 


cent of theoretical fuel. Even with these three tables it was | 


found that extrapolation to 100 per cent of theoretical fuel 
yielded accurate results up to a temperature of about 3000 F abs 
where dissociation begins to be important. It should be noted 
that the products table for zero per cent of theoretical fuel is in 
reality the table for pure dry air, that the tables for 25 and 50 
per cent of theoretical fuel are the same as tables for 400 and 
200 per cent of theoretical air, respectively. 

Inspection of Tables 2, 3, and of the specific heats and k for 
dry air in Table 7, shows that linear interpolation between the 
specific heats or between the k values with respect to the per- 
centage of theoretical fuel is satisfactory with an average error 
of less than 0.1 per cent for calculations of processes dependent 
only upon specific heats or only upon k and for fuel-air ratios 
between zero and 50 per cent of theoretical air. 

For calculations of isentropics dependent on both specific heats 
and k, additional comparisons were made and are summarized 
in Table 6. The first column gives the initial temperature, the 
second the pressure ratio, and the remaining columns contain 
the quantity p, which is the ratio of change in molal enthalpy 
of the products to the change in molal enthalpy of dry air from 
the same initial] temperature and for the same pressure ratio. 
The quantity, p, is used here to effect a normalization of the isen- 
tropic changes of enthalpy, or reduce the magnitudes to about 
unity, and to permit a simple test for linearity. Inspection of 
Table 6 shows the quantity (0 — 1) is very nearly proportional 
to the percentage of theoretical fuel. Hence linear interpolation 
between two adjacent major tables with respect to the percentage 
of theoretical] fuel will result in an average error in the isentropic 


TABLE 6 PRODUCTS OF COMBUSTION FOR FUEL 


PERCENT OF THEORETICAL FUEL 


Pressure Ratio 
(F abs) 


1500 
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change of enthalpy of less than 0.1 per cent over a large range of 
pressure ratios and initial temperatures. Furthermore, it was 
found that linear extrapolation works well for fuel-air ratios 
greater than 50 per cent of theoretical fuel. 

An objection to this procedure of interpolation is that it re- 
quires calculating the isentropics from two tables. This process 
is not as burdensome as it would first appear, however, since 
the amount of interpolafion for an isentropic in each major table 
is greatly reduced if this table is given in sufficiently detailed 
form, such as Table 1 of reference (3). 


REACTANTS 


By selection of a hydrocarbon fuel with the general composition 
(CHx)a, which is burned in air, the products of combustion al- 
ways have the same component gases for lean mixtures, namely, 
nitrogen, oxygen, argon, carbon dioxide, and water. Hence the 
properties of the products can always be computed for a given fuel 
composition and fuel-air ratio without fixing on a particular 
fuel. However, for the reactants, that is, for mixtures of air and 
unburned fuel, properties of the mixture cannot be determined 
until a specific fuel has been selected. Since many hydrocarbon 
fuels of the same chemical composition are available, it was 
recognized that only a cursory study of the reactants could be 
made at this time. 

Octane was chosen as the fuel for the following reasons: 
It is quite similar to the fuels used in the gas-turbine field. (6) 
Data on its specific heat were readily available (6). (c) Its molal 
specific heat is the largest of about 25 hydrocarbons shown in 
reference (6), so that if the methods of calculation proposed later 
are successful with octane, they will probably be successful with 
fuels having lower specific heats. 

The specific heats of octane were calculated by Stull (6) and 
are probably accurate to within 3 per cent. Since the reactants 
consist mainly of air with small amounts of octane vapor, an 
error of 1 or 2 per cent in the specific heat of octane would not 
alter significantly the results given. The specific heats of octane 
given by Stull (6) were first extended by higher-order interpola- 


(a) 


(CHs)n—EFFECT OF FUEL-AIR RATIO ON ISENTROPICS 


25% 

1.0027 0.0027 1.0054  0,0054 
1.0061 .0061 1.0117 .0117 
1.0097  .0097 1.0187 .0187 
1.0122 .012 1.0234 
1.0138 1.0267 .0267 
1.0039 .0039 1.0073 0073 
1.0065° 1.0123 .0123 
1.0083 0083 1.0160 
1.0104 1.0200 .0200 
1.0125 0125 1.0243 +0243 
1.0029 1.0052 
1.0048 1.0091 -0091 
1.0069 .0069 1.0133 .0133 
1.0092 ,0092 1.0178 .0178 
1.0116 1.0226 .0226 


Of 
3000 2.22 1 0 
5.11 . 
43.6 
86.4 
/ 
2000 3.21 1 
7.64 
15.1 
96.2 
|| 2.38 1 
29.9 
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tion to secure a table with small intervals of temperature. These 
specific heats were then used in numerical integration procedures 
previously described,‘ to obtain enthalpies and relative pressures 
for octane vapor. The assumption that octane vapor is a perfect 
gas is valid here in view of the low partial pressure of octane in the 
reactants. 

Several skeleton tables of mixtures of octane vapor and air were 
constructed and were compared with the products tables. A 
reactants table for 1 lb-mole of mixture of air and octane vapor 
with 31 per cent® of theoretical fuel was found to be closely equiva- 
lent to a molal products table with 50 per cent of theoretical 
fuel. Table 7 compares the specific heats and k for these two 
mixtures up to 1800 F abs. The agreement between the specific 
heats and k of the corresponding tables is not uniform with tem- 
perature, nor is it as good as could be obtained over a more 
limited range of temperature. For special] cases it is believed 


Reference (3), pp. 57, 58. 

5 This number becomes 28 if the more recent data on octane. 
by F. D. Rossini of the U. S. Bureau of Standards, are uged in place 
of Stull’s data. 


TABLE 7 


Products for 50% of 
“Theoretical Fuel 


Poe Btu Btu Btu 
IbmoleF Ib-moleF 
400 7,071 5.085 1.391 7,069 
600 7.181 5.195 1.382 7.158 
800 7.324 5.338 1.372 7.315 
1000 7.515 5.529 2359 7.528 
1200 7.726 5740 1.346 7.757 
1400 7.941 5.955 1.333 7.985 
1600 8.143 6.157 1.323 8.193 
1800 8,327 6.341 1,313 8.380 


TABLE 8A 


Reactants for 31% of 
Theoretical Fuel 


that by judicious selection of the composition of the reactants 
mixture, the specific heats of the corresponding tables could be 
made to agree within 0.2 per cent. 

When the reactants tables are used for calculations of isen- 
tropics, the compression process is the one of interest. Table 
8A presents several isentropics computed from the 31 per cent 
reactants table and from the 50 per cent products table. The 
agreement of the increase of mola] enthalpy, shown in the fourth 
and fifth columns, between the two tables is excellent; the aver- 
age difference is less than 0.1 per cent over a large range of pres- 
sure ratio and of initial temperature. The agreement of the 
isentropic temperature rise between the two mixtures is not as 
good, for reasons which will be found in the Appendix. Tables 
7 and 8A prove that it is entirely practical to use a products 
table of a definite pércentage of theoretical fuel to calculate 
with small error al] the processes involving a reactants table 
(using octane) of a different percentage of theoretical fuel. 

The remaining question on the reactants tables is whether linear 
interpolation and extrapolation will yield satisfactory results 
over a wide range of fuel-air ratios. Table 8B summarizes the 


COMPARISON OF PRODUCTS AND REACTANTS 


Btu Btu Btu 

: Th-aole F 
5.083 1.391 6.932 42946 1.402 
5.172 1.384 6,962 4.976 1.5999 
5.329 1.373 7.050 5.064 1.392 
5542 1.358 7.201 5.215 1.381 
5.71. 1.344 7.379 5.393 «i368 
5.999 1.331 7.565 5.579 1.356 
6.207 1.320 7.737 5.752 1.345 
6.39% 1.311 7.89% 5.908 1.336 


COMPARISON eS ISENTROPICS OF REACTANTS TABLE A 31 PER CENT FUEL WITH 


PRODUCTS TABLE FOR 50 PER CENT FUE 


Pressure Ratio 31% 50% 

Reactants Products 

1 400 + 400 
4e27 599.5 
12,2 800.0 798.8 
28,0 1000.0 998.6 
104 1400.0 1399.9 

1 600 600 
2.85 800.0 799.5 
6.56 1000.0 999.4 
1400.0 1400.9 
68.6 1890.0 1803.8 

1 800 800 
2.30 1000.0 1000.0 
8.55 “1400.0 1401.8 
1800.0 1804.8 


h, (Btu/lb-mole) ——~ 


31% 50% Percent 
Reactants Products Difference 
in Ah 
0 — 
1421.6 1421.3 0.03 
2868.2 2866.3 
4352.0 4347.9 209 
7h556 209 
0 0 
U46.5 1446.3 0.02 
2930.4 2929.2 204 
6033.6 6031.6 203 
9309.8 9312.7 = .03 
0 
1483.9 1483. 0 
4587.1 4588.6 
7863.3 7871.0 210 


4 
- 
2 
Me 
° 
‘ 
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comparisons of isentropic compression between two reactants 
tables (or the equivalent products tables) and air. The quantity 
p, is the ratio of the increase of molal enthalpy of the reactants 
to the increase of mola] enthalpy of air for the same initial tem- 
perature and the same pressure ratio. It is evident that the 
quantity (po — 1) is very nearly proportional to the percentage of 
theoretical fuel. Hence for the pressure ratios encountered in 
gas-turbine design, linear interpolation or extrapolation, with 
the aid of two major tables, will result in an error in the isentropic 
increase in enthalpy of less than 0.1 per cent over a wide range of 
fuel-air ratios. 


MIXTURES OF AIR AND WATER VAPOR 


The products tables can be used in engineering applications for 
other gas mixtures in which one of the major components is air. 
To test this hypothesis for mixtures of air and water vapor, 
skeleton tables of such mixtures were constructed and compared 
with the products tables. Table 9 presents the specific heats and 
k for a mixture of air and 6.70 per cent water by mass. Com- 
parison with Table 3 for products with 400 per cent air and fuel 
composition of (CH2)n shows satisfactory agreement between 
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the specific heats and k. Hence the products table for 400 per 
cent air can be used to calculate with good precision processes for 
a mixture of 6.70 per cent water vapor and air. 

Table 10A shows some of the isentropics calculated from the 
products table for 400 per cent air and from the tables of a mix- 
ture of air and 6.70 per cent water. A compression process was 
chosen as it represents the more common one encountered in 
engineering applications of mixtures of air and water vapor. 
The agreement of the molal increase of enthalpy between the 
two mixtures is excellent; the average difference is less than 0.1 
per cent over a large range of pressure ratio and of initial tem- 
perature. 

Table 10B shows that the quantity (o — 1) is nearly propor- 
tional to the percentage of water vapor. Hence linear interpola- 
tion with respect to the percentage of water vapor yields satis- 
factory results for calculations with mixtures of air and water 
vapor containing less then 6.70 per cent water by mass. The 
quantity p, is defined here as the ratio of the isentropic increase 
of mola] enthalpy of the mixture of air and water vapor to the 
increase of ‘mola] enthalpy of dry air for the same initial tem- 
perature and same pressure ratio. The error made by use of this 


TABLE 8B EFFECT OF FUEL-AIR RATIO ON ISENTROPICS OF MIXTURES OF AIR AND OCTANE VAPOR 


Percent of — 31g 62% 
Theoretical Fuel 

T, (F abs) f fa f- f 

400 4e27 a 0 0.9949 -0.0051 0.9951 -0.0097 

12.2 29898 20102 981, 20186 

28,0 29849 20151 29730 20270 

104 «9762 = 20238 29576 20424 

600 2.85 1 0 Q.9949 -0,0051 0.9906 -0,0094 

6:56 29900 = .0100 0184 

heh .0185 29654 - 

68.6 ITLL 20256 29509 = 20491 

800 2.30 1 0.9951 0.0049 0.9908 ~0,0092 

29798 20202 29611 20389 


TABLE 9 COMPARISON OF A MIXTURE OF AIR AND 6.70 PER CENT WATER VAPOR BY MASS WITH PRODUCTS 
FOR 25 PER CENT OF THEORETICAL FUEL AND FOR COMPOSITION OF FUEL OF (CH2)n 


Products For 25% of Fuel Air and 6,70% Water Vapor 
F abs Btu Btu Btu Btu 
Tb-mole F Th=mole F 
400 7.003 5.017 1.396 7.039 5.053 1.393 
800 7.189 5.203 1,382 7.177 5.191 1.383 
1200 72555 5.570 1.357 7.533 5.547 1.358 
1600 7.943 5.957 1.333 7.922 5.936 1.335 
2000 8.267 6.281 1,316 8.258 6.273 1,317 
2400 8.508 6.522 1.304 8.517 6.532 1,304 
2800 8,693 6.707 1.296 8.722 6,73€ 1.295 


waste 
. 
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TABLE 10A COMPARISON OF ISENTROPICS OF AIR AND 6.70 PER CENT WATER WITH PRODUCTS OF COMBUSTION 
FOR 400 PER CENT AIR AND FUEL (CHz2)n 


Pressure Ratio 


400 4004 


Air - 6.7% H0 Products Air - 6.70% H,0) Products Percent 
Difference 

‘ 600 600 ® 0 
2.81 800.0 799.8 1424.4 1424.2 0.01 
6.34 1000.0 999.2 2875.5 2874.8 203 
22.7 1400.0 1397.6 5889.5 5384.7 208 
61.7 1800.0 1795.9 9057.6 9046.6 212 
142 2200.0 2194.8 12359.6 12341.4 ol5 

i 800 800 0 0 —_ 
2.26 1000.0 999.5 1451.2 1451,0 0,01 
8,08 1400.0 1397.9 4465.42 4461.4 208 
22.0 1800.0 1796.3 7633.3 7624.3 212 
50.7 2200.0 219502 1093523 10919,8 old 
104 2600.0 2594.9 14341.4 14318.6 216 
1000 1000 0 0 
1.98 1200.0 1199.4 1487.3 1486.6 0.05 
6.06 1600.0 1597.9 4579.9 4576.7 207 
15.0 2000.0 1996.6 7818.3 7809.9 ell 
32.5 2400.0 2396.0 11175.8 11162,2 212 
6304 2800.0 2796.3 14625.3 14605.2 


TABLE 10B EFFECT OF VARIABLE WATER CONTENT ON ISENTROPICS OF MIXTURES OF AIR AND WATER 


VAPOR 
Water by Mass 
T, (F abs) Pressure -1 -1 -1 
600 2.81 0 0.9984 -0,0016 0.9972 -0,0028 
6.34 09974, = +0026 = 
22.7 09955 > 20045 29905 = 20095 
61.7 29938 = 20062 29869 = 20131 
142 29923 = 20077 29837 20163 
800 2.26 3 0.9988 -0,0012 0.9977 0.0023 
808 0031 9933 = 20067 
22.0 29953 = 20047 29898 20102 
50.7 29938 20062 29866 20134 
104 29924 = 20076 29837 163 
1000 1.98 0.9991 -0,0009 0.9976 0.0024 
6.06 = 20026 = 
15.0 09958 20042 = 
32.5 20056 29878 20122 
63.4 29929 29849 - 0151 


‘ 
4 
i 
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simple interpolation rule will be on the average less than 0.1 per 
cent in the isentropic increase in mola] entha)py for a large range 
of pressure ratios and initia] temperatures. 


ExampLes 


The examples given in this section ilJustrate the method of 
using the three major products tables (4) (for 0, 25, and 50 per 
cent of theoretical fuel) for problems involving gas mixfures. It 
is evident that space limitations would permit neither the in- 
clusion of these tables, comprising about 90 book pages, nor a 
useful condensation of the same. 

Example 1. The products of combustion of benzene with 200 
per cent of theoretical air expand in a turbine from an initial 
temperature of 1500 F abs and an initia] pressure of 10 atm to 
an exit pressure of 1 atm. The efficiency of the turbine is 80 
per cent based on the isentropic work of expansion. Calculate 
the turbine work per pound of products. 

Solution. The composition of benzene is C,He. It has been 
shown that a molal products table based on a fue] composition of 
(CHz)n will yield precise results for the products of combustion of 
a hydrocarbon with the same composition as benzene. Using 
such a table for 200 per cent of theoretical air, one obtains for the 
isentropic expansion 


T, = 1500F abs, h; = 11050.2 Btu/Jb-mole, p,, = 63.88 


63.88 X 1/19 = 6.388 
= 825.46 F abs, he, = 5863.0 Btu/lb-mole 
where subscript 1 refers to the inlet of the turbine and subscript 
2s refers to a state at the exit for isentropic expansion. 
The work per pound of products is given by 
W = 0.8 (he, — hi)/M = 0.8 (11050.2 — 5863.0) /29.445 
= 140.93 Btu/Ib 


3 


where M is the molecular weight of the products of combustion 
for benzene with 200 per cent of theoretical air. 

Example 2. The products of combustion of benzene with 300 
per cent of theoretical air flow through a heat exchanger and 
drop in temperature from 1200 to 800 F abs at a constant pres- 
sure of 1 atm. Calculate the heat transfer per pound of prod- 
ucts. 

Solution. Asin example 1, the molal products table based on 
a fuel composition of (CH:)n may be used with considerable ac- 
curacy for this mixture. However, linear interpolation between 
the molal tables for 200 and 400 per cent of theoretical air is 
necessary to obtain the answer for 300 per cent of theoretical 
air. The following table presents the values obtained from the 
two products tables: 


Products for 200 per cent air or Products for 400 per cent air or 
for 50 per cent fuel for 25 per cent fuel 


T, = 1200 F abs T: = 1200 F abs 


hi = 8683.6 Btu/lb-mole hi = 8563.4 Btu/Ib-mole | 

T: = 800 F abs T: = 800 F abs 

he: = 5676.3 Btu/lb mole he = 5617.5 Btu/lb-mole 
hi — he = 3007.3 Btu/lb-mole hi — he = 2945.9 Btu/lb-mole 


Since 300 per cent of theoretical air is equivalent to 33.33 per 
cent of theoretical fuel, linear interpolation with respect to the 
percentage of fuel leads to the heat transfer per pound of mix- 
ture, as 


33.33 — 25.0 


= 101.28 Btu/Ib 


where the molecular weight of the mixture is 29.289. 
Example 8. A mixture of air and octane vapor, corresponding 
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to 25 per cent of theoretica] fuel, is compressed isentropically in 
steady flow from 500 F abs and 15 psia to 90 psia. Calculate 
the work of compression per pound of reactants. 

Solution. It has been shown that a molal table for air and 
octane vapor corresponding to 31 per cent of theoretical fuel is 
equivalent to the molal products table for 50 per cent of theo- 
retical fuel, i.e., 200 per cent of theoretical air. Linear interpola- 
tion is necessary to obtain the solution. The results are tabu- 
lated as follows: 


Air-octane for 31 per cent fuel Air-octane for 0 per cent fuel 


or products for 50 per cent or dry air 

fuel 
T: = 500 F abs, pr = 1.0330 T, = 500 F abs, pr = 1.0590 
hy = 3511.2 Btu/lb-mole hy = 3461.3 Btu/lb-mole 
Pro = 6 X pri = 6.198 pe = 6X pn = 6.354 
T: = 818.71 F abs T: = 832.04 F abs 

he = 5813.6 Btu/lb-mole he = 5783.0 Btu/lb-mole 
(he — hi)s = 2302.4 Btu/Ib- (he — hi), = 2321.7 Btu/Ib- 


mole mole 


Linear interpolation with respect to the percentage of theo- 
retica] fuel, yields the following expression for the work of com- 
pression per pound of reactants: 


; 0.25 
W= 031 (2302.4 — 2321.7) + 2321.7 | / 29.326 


= 78.64 Btu/Ib 


where the molecular weight of the mixture is 29.326. 

Example 4. A mixture of air and water vapor at 560 F abs 
and 15.0 psia has a specific humidity of 0.030 lb of water per lb 
of dry air. The mixture is compressed isentropically in steady 
flow to 60 psia. Calculate the work of compression per pound 
of mixture. 

Solution. The molal products table for 400 per cent of theo- 
retical air corresponds to a mixture of air and 6.70 per cent by 
mass of water vapor. Linear interpolation is necessary to ob- 
tain the solution. The results are tabulated as follows: 


Air with 6.70 per cent water or Air with zero per cent water 


products for 400 per cent air or dry air 
T, = 560 F abs, pn = 1.5632 T, = 560 F abs, pr = 1.5742 
hi = 3909.2 Btu/lb-mole hi = 3877.9 Btu/lb-mole 
Pr = 4X pn = 6.2528 Pr = 6.2968 
T: = 824.35 F abs T: = 829.92 F abs 

he = 5792.8 Btu/lb-mole he = 5768.0 Btu/Ib-mole 
(he — = 1883.6 Btu/]b- (he — = 1890.0 Btu/Ib- 


mole mole 


Since the mixture is (0.03/1.03) X 100 or 2.91 per cent by mass 
of water vapor, linear interpolation with respect to the per 
cent of water vapor yields the following expression for the work of 
compression per pound of mixture 


2.91 
W = E (1883.6 — 1890.0) + | 
= 66.29 Btu/lb 


where the molecular weight of the mixture is 28.466. 

Example 5. A.turbojet is to be designed for a speed of 400 
mph at an altitude of 30,000 ft, see Fig. 1. Air is diffused 
isentropically from section 1 at entrance to the diffuser to zero 
velocity at section 2, the exit. The air is then compressed isen- 
tropically in steady flow through a fourfold increase in pressure 
from section 2 to 3. Liquid octane at 500 F abs is introduced 
into the stream of compressed air at such a rate that the resultant 
homogeneous mixture at section 4 contains 25 per cent of theo- 
retical fuel. The octane burns completely at constant pressure 
and the products of combustion leave the-combustion chamber 
at section 5. The products of combustion expand isentropically 


a> ana 


: 
: 
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> 
ars = | 3007.3 — 2045.9) + 2045.9 | / 29.280 
50.0 — 25.0 
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F@ 
Combustion 
Chamber 
Diffuser 
Compressor 
Turbine 
Fic. 
TABLE A 
State 1 2 
412 440.73 6 
98.41 105.28 1 
A(Btu/lb-mole)..... 2850.9 3050.1 45. 
0.5386 0.6815 
Be). . 8.88 11.24 


through a turbine to that pressure at section 6 which results in 
equality of power output of the turbine and power input to the 
compressor. Then the products expand through a reversible 
adiabatic nozzle to atmospheric pressure at section 7. 


Calculate the efficiency of the power plant. 

Solution. The solution follows: 

Diffusion: The air enters the diffuser with a velocity of 400 
mph or 586.7 fps, a temperature of 412 F abs, and a pressure of 
8.88 in. Hg. For zero exit velocity, application of the “‘first 
law of thermodynamics” results in 


586.7) (586. 
hk + (586.7) (586.7) 


= 98.41 + ( 


105.28 Btu/Ib 
Hence 
T, = 440.73 F abs, p»» = 0.6815, and po = 11.24 psia 


These values are summarized in Table A of this section. 

Compression: The work of isentropic compression in steady 
flow is the increase in enthalpy across the compressor if the ve- 
locities are small. State 3 at the exit of the compressor is identi- 
fied through the relative pressure, 


Prin = 4 pre =4*xX 0.6815 = 2.726 


Hence 7; is 654.93 F abs and h, is 156.69 Btu/Ib of air. 
work of compression is given by 


The 


W. = hy — hy = 51.40 Btu /Ib of air 


Mizing: Application of the “first law’’ to the adiabatic process 
of mixing liquid octane and air shows the equality of the enthalpy 
of the resultant air-fuel mixture and of the sum of the en- 
thalpies of the air and fuel before mixing. To evaluate the 
temperature of the air-fuel mixture, a common base state must 
be selected from which the enthalpies of the mixture and of the 
components may be reckoned. 

The enthalpy of air is taken to be zero at a temperature of 
0F abs. This is the base state employed by Rossini (5), and the 
one used in the three major gas tables to be published in book 
form (4). 

The enthalpy of octane vapor is taken to be zero at a tempera- 
ture of 0 F abs. Fortunately, some data are available in the 
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TURBOJET 


STATES IN THE TURBOJET, FIG. 1 


3 4 5 6 7 
54.93 640 1832.3 1651.1 1215.8 
56.69 153.54 468 .26 417.69 300.40 
39.4 4502.7 13534 .5 12072.8 8682.8 

2.726 - 133.86 87.70 26.45 
44.95 44.95 44.95 29.45 8.88 

0 0 0 0 2423.4 


literature (7, 8) on the enthalpies of paraffinic and other hydro- 
carbons reckoned from this base. The enthalpies of gaseous oc- 
tane given by Pitzer (7) were used here. The enthalpy of liquid 
octane was then related to that of the vapor by means of the 
latent heat of vaporization, and is given with satisfactory pre- 
cision over a range of temperatures centering on 500 F abs by the 
simple equation 


0.5 T — 287 Btu/Ib 


where h, denotes the enthalpy per pound of liquid octane at the 
temperature 7 deg Fabs. The effect of pressure on the enthalpy 
of the liquid may be safely ignored in problems involving com- 
bustion. 

The theoretica! fuel-air ratio for octane (C3H;s) is 0.06621 Ib of 
octane per lb of air. For 400 per cent of theoretical air, each 
pound of fuel-air mixture contains 0.01628 lb of octane and 
0.9837 lb of air. The enthalpy of each pound of liquid octane 
at 500 F abs is 


h, = 0.5 X 500 — 287 = —37 Btu/Ib 


The enthalpy of the fuel-air mixture at State 4 before combustion 
is then 


hy = 0.01628 (—37) + 0.9837 (156.69) = 153.54 Btu/Ib 


The temperature 7’; of the mixture could be obtained directly 
from hs in a table of enthalpies of the given mixture of air and 
octane vapor based upon a zero of enthalpy for both air and oc- 
tane vapor at 0 F abs. However, since an exact value of 7, is of 
small consequence here, only an estimate of 7, was made in this 
fashion and yielded 7, as 640 F abs. 

Combustion: The application of the first law to the process 
of adiabatic combustion between States 4 and 5 results in the 
equation 


hg = h; 


where A, and A; represent the enthalpy per pound of reactants and 
products, respectively; in addition, hy and h; are to be reckoned 
from the same base state. If the enthalpy of each component 
gas of the reactants and of the products is zero at 0 F abs, then 
two such base states are available. One is the reactants base 
state corresponding to unburned mixtures of air and octane 
vapor at 0 F abs, and the other is the products base state cor- 
responding to completely burned gaseous products of combustion 
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at 0 Fabs. The enthalpy of the reactants base state is greater 
than the enthalpy of the products base state by the “enthalpy 
of combustion,” which for lean mixtures is precisely proportional 
to the mass of fuel present. Let the symbol ho* represent the 
enthalpy of combustion per pound of fuel at 0 F abs. 

An investigation of he* for octane showed that it could be taken 
as constant over the range from 0 to 100 per cent of theoretical 
fuel, and that its value is 19,328 Btu/Ib. 

It is convenient to select the products base state as the com- 
mon base state in order to evaluate the enthalpy hg. Hence the 
enthalpy Ay, which is for a mixture of air and octane reckoned 
from the reactants base state, must be augmented by the amount 


where uy, and w, denote the rate of flow of fuel and air, respec- 
tively. Hence the enthalpy h, reckoned from the products base 
state is 


hy = 153.54 + .01628 (19,328) = 468.26 Btu/Ib 


Since hs equals hy, a products table for 25 per cent of theoretical 
fuel reckoned from the products base state may be used to evalu- 
ate the temperature 7; at the exit of the combustion chamber, 
because there is no change in chemical aggregation for such a 
mixture between the products base state and state 5. However, 
since the products table for 25 per cent of theoretical fuel is based 
upon 1 mole of mixture, the enthalpy A; is first converted to a 
molal basis by multiplication of the molecular weight of the 
mixture. Hence 


hs = 468.26 X 28.904 = 13534.5 Btu/Ib-mole 
Ts; = 1832.3 F abs, p,s = 133.86 


Turbine Expansion: The equality of compressor power and of 
turbine power is expressed by the relation 


hs — ho = (1 + wy/wa) (hs — he) 


where the enthalpy A, at the end of the turbine expansion is the 
only unknown quantity. Hence 


he = he —( ~s ) (hs — he) = 468.26 — (0.9837) (51.41) 
Uy 


= 417.69 Btu/lb = 12072.8 Btu/Ib-mole 
Ts = 1651.1 F abs, prs = 87.70 
Nozzle Expansion: For steady flow through the nozzle 
Vz? = 2g(he — hz) 


State 7 is obtained from the following value of the relative 
pressure at 7 upon noting that the nozzle expansion is isentropic 


= pre (Px/Ps) (ps/ps) = 87.70 (133.86/87.70) (8.88/44.95) 
= 26.45 


T; = 1215.8F abs, h; = 300.40 Btu/Ib 


Hence the velocity V; leaving the nozzle is 


V; = 050073 (417.69 — 300.40) = 2423.4 fps 


Performance: The thrust for a mass flow of 1 |b of air per sec 
is given by : 


T/w, = [(L + w,/w,) Vi — Vil/g 


The propulsive work for a mass flow of 1 lb of air per sec is 
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W/w, = (T/w,)Vi 


The propulsive efficiency, the ratio of the propulsive work to the 
heating value of the fuel burned in the same period of time, is 
given by 


+ w,/w,) Vi — Vi) 
g(w,/we ho 


_ 


where fy is an arbitrarily selected heating value of the fuel; for 
octane vapor at 77 F, ho is 19,256 Btu/Ib (8). 


586.7 [(2423.4) /(0.9837) — 586.7] 
32.174 Gar) (19,256) (778.16) 


0.9837 
n = 0.138 
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Appendix 


In the calculations of isentropics of two gas mixtures from an 
initial temperature 7' and a pressure ratio r, it was noted that 
the percentage change of temperature differences was almost 
invariably Jarger in absolute magnitude than the percentage 
change in the corresponding molal-enthalpy differences. In 
addition, the difference of température changes was often found 
to be of the opposite sign to the difference of enthalpy changes. 
The following simplified analysis gives an explanation of this 
favorable effect. 

Assume that each gas mixture behaves as a perfect gas and that 
the molal specific heats of the two gases, functions of temperature 
only, are nearly parallel or separated by a small constant differ- 
ence. This second assumption is equivalent to nearly equal k 
values over a range of temperatures; the difference of k be- 
tween the two mixtures is assumed constant. 

The isentropic change in temperature is given by 


k-1 
AT, = (™— T:), = Ti(l—r ® ).......... [1] 
By taking the logarithm of both sides of Equation [1], and dif- 


ferentiating with respect to k for constant 7’; and r, there is ob- 
tained 
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k-1 
d( AT,) r k In r 


A satisfactory approximation of Equation [2] for a smal] change 
of k from k, to k,is 


. (2] 


(AT), — (AT,), 
— ( i(k, — k,) [3] 


where C; is 
Inr 
(, ) 
The isentropic change in molal enthalpy is given by* 


k-1 
RkT. 
Ah, = (hi — he), = 


where FR is the universal gas constant. Taking the Jogarithm of 
both sides of Equation [4] and differentiating with respect to k for 
constant 7’; and r, there is obtained 


d(Ah,) 
Ah, (k—1)k 


A satisfactory approximation of Equation [5] for a smal] change 
of k from k, to kyis 


dk .... [5] 


* Reference (3), p. 37. 


In Equations [3] and [6] the symbols 4h,, A7,, and k without 
subscripts a and b denote an average value over the temperature 
range from 7’; to 72. ‘ 

Note that C) is negative for an expansion process where r is less 
than unity and for a compression process where r is greater than 
unity. From Equation [6] it is evident that the two terms in 
the brackets on the right-hand side will tend to cance] and hence 
will result in a smaller percentage change for Ah, than for AT’, 
as given by Equation [3] for a given change in k between the 
two mixtures. In fact, if the first term in the bracket in Equa- 
tion [6] is larger in absolute magnitude than C; then the percent- 
age change in Ah, will be of opposite sign to the percentage change 
in AT,. 

Both of these effects were found on careful inspection of the 
comparisons of isentropics of two gas mixtures and of their re- 
spective values of k. Furthermore, both effects were substan- 
tiated by direct calculation of the two terms in the brackets in 
Equation [6] from data on k for two mixtures and from a given 
T, and r. Such calculations are imperfect since it is quite diffi- 
cult to assign an average k over a considerable range of tempera- 
ture and an average difference, k, — k,. One conclusion froin 
this analysis is that if one wants to calculate only AA, for a new 
gas mixture, one need not use extreme care in matching the k 
values of this mixture with those of a prepared table of another 
mixture. 

For a small change in temperature from 7; to T2, Equations 
[3] and [6] can be used to calculate directly the effect of variable 
kon Ah, and on AT, of a gas mixture. 
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Large Deformations of an Elastic Solid 


By E. G. CHILTON,*? SAN FRANCISCO, CALIF. 


Hencky’s stress-strain relation for large deformations 
of a rubberlike material is reviewed. It is then applied 
to the specific cases of pure tension, compression, bending, 
shear, and torsion. Each of these cases is verified experi- 
mentally on samples made from natural rubber. Par- 
ticular emphasis is placed on the shear and torsion analysis 
because of its importance to practical applications. 


that Hooke’s law is a close approximation for their stress- 

strain relation. Some materials, however, notably rubber, 
show a considerable elastic range, and it is necessary to develop 
for them a more fundamental relation which of course must 
include Hooke’s law as a special case for small deformations. 
Hencky (1, 2)* has developed such a relation, but it is worth while 
to review his assumptions in the light of present-day knowledge 
of the molecular structure of rubber. 

The body which is subject to large deformations was assumed 
by Hencky to be essentially homogeneous and isotropic but, 
nevertheless, made up of small spherical units evenly distributed 
throughout the body. The long chain molecules of high poly- 
mers such as vulcanized rubber can certainly not be considered 
as spherical. These stringlike molecules are connected into a 
network by sulphur bonds and this network is under constant 
thermal agitation (3). As stress is applied to the material, only 
those molecule chains or parts of chains that happen to lie nearly 
parallel to the direction of stress are capable of carrying stress. 
Due to the connecting sulphur bonds there will be a tendency for 
a group of them, all roughly parallel to the load direction, to lie 
together. Viewed statistically over the entire body the size 
and distribution of these bunches will be reasonably regular at 
any one time. 

Thus the system of spheres, although physically different, 
can be considered mechanically equivalent to the molecule net- 
work, 

The equations are based on the additional assumption that the 
material is volumetrically incompressible. This is quite valid 
for vulcanized rubber, for it may be treated as incompressible 
“for extensions up to 300 or 400 per cent’”’ (4), and its ratio of 
shear modulus to bulk modulus (1) is very small, G/K = 0.0002. 

In order to avoid the ambiguity of the common definition of 
strain AL/L which arises with large deformations, Hencky de- 
fines an increment of strain de = dz/z, the ratio of an infinitesi- 
mal change of length (dz) to the total length (x). Thus by inte- 
gration, the total strain becomés 


ik elastic range of most engineering materials is so small 


1 Abridged version of thesis submitted in partial fulfillment of the 
requirements for the degree of Doctor of Philosophy, Stanford Uni- 
versity, 1947. Jun. ASME. 

? Shell Development COmpany. Jun. ASME. 

3 Numbers in parentheses refer to the Bibliography at the end of 
the paper. 

Presented at the National Meeting of the Applied Mechanics 
Division, Chicago, Ill., June 17-19, 1948, of THe American Society 
oF MECHANICAL ENGINEERS. 

Discussion of this paper should be addressed to the Secretary, 
ASME, 29 West 39th Street, New York, N. Y., and will be accepted 
until January 10, 1949, for publication at a later date. Discussion 
received after the closing date will be returned. 

Nore: Statements and opinions advanced in papers are to be 
understood as individual expressions of their authors and not those 
of the Society. Paper No. 48—APM-8. 


b b 
dx b 
= de = — w log {1] 
a a o« a 


where a is the original and 6 the final length. 
He also defines the volumetric strain 


and the distortional strains ¢, = €, — ¢, etc., which cause no 
change in volume. Obviously, therefore, ¢z + ¢, + ¢, = 9. 

Under these conditions Hencky has shown‘ that the stress- 
strain relation can be written in the form 


= 2G| — + + | 


1 
o = + + | r .. 


1 
o = 2G | + + | 
= 


where o,, o,, o, are the principal stresses, and ¢ is the hydrostatic 
stress defined by 


te) 


In the following these equations will be applied to various 
common types of stress. 


TENSION AND COMPRESSION 


Since Equations [3] are given in terms of the principal stresses, 
the simple tension and compression tests suggest themselves 
immediately as perhaps the easiest application. 

Let the stress be acting in the X-direction and let ¢, = S; then, 
since o, =o, = 0 

o = + o, + 2,)/3 = 8/3 
Let the strain e, = \so that 


= =e, =X 
and 
= = —r/2 


Substituting this into Equation [3] gives 
S = 


This stress is based upon the deformed area. If it is desired to 
base a stress (S,) on the original area of the specimen, we can 
readily find 


3A 


These equations apply equally well to tension or compression tests 
and the results of such tests are shown in Figs. 1, 3, and 4.5 


4 See reference (1) or, for detailed development, reference (5). 

5 For convenience the curves are based on a quantity we may call 
the classical strain 7, defined as the ratio of change of length to original 
length. Using the notation of Equation [1] we can write 


nab = (b — a)/a, 80 that = log(1 + mab) or = — 1 
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Hencky’s tension tests (2) were made on thin rubber bands and 
show satisfactory agreement between theory and experiment up 
to elongations of about 170 per cent. Above this value strain- 
hardening occurs, probably in the form of crystallization of the 
polymer chains. 

The author’s tension tests were made on cylindrical samples 
1.57 in. diam and 4 in. long, molded to steel end pieces. To avoid 
the inaccuracies arising from the lateral constraint of these end 
pieces, the deflections were measured with a cathetometer over a 
small section in the center of the cylinder. The tests were 
limited to elongations of 100 per cent, since the specimen had to 
be preserved for the bending and torsion tests, and since it was 
felt that this elongation covers almost all practical applications. 

Compression experiments present certain difficulties, notably 
the friction between loading platform and specimen for short 
samples, and buckling tendencies for long ones. Hencky made 


tests on short cylinders with well-lubricated ends and obtained. 


satisfactory results up to about 63 per cent compression as shown 
in Fig. 4. 

Sheppard and Clapson (6) obtained even higher deflections by 
subjecting their specimen to two equal tensile stresses perpen- 
dicular to each other. Such tensile stresses in, say, the y- 
and z-directions produce the same effect as a compressive stress 
in the z-direction if the material is volumetrically incompressible. 
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Thus experiments were made on thin inflated rubber balloons. 
Strains were calculated from measurements of the circumference 
of the balloon, while the two tensile stresses could easily be com- 
puted from the internal pressure and then be converted into an 
equivalent compressive stress. The results are also shown in 
Fig. 4, and again agree well with Hencky’s theory. 


BENDING 


Saint Venant has shown a method for solving pure bending prob- 
lems* when the stress-strain relation in tension is known. This 
method can be applied graphically when the cross section of the 
specimen is rectangular and, with some approximations, alge- 
braically for any cross section.” 

Experiments were made in pure bending on the cylindrical 
samples just described, and the setup is shown diagrammatically 
in Fig. 5. The radius of curvature of the top fiber of the cylinder 
was measured for various values of applied bending moment, 
and Fig. 6 shows a comparison of the theoretical and experimental 
results. 


SHEAR 


The case of pure shear is probably of greater importance to 
engineering applications than all the previously discussed types 
of loading. Rubber in shear is used extensively in the design of 
engine mountings and other mechanical goods. Moreover, a 
discussion of shear is essential as a basis for a treatment of torsion. 

In a discussion of large deformations, secondary effects cannot 
be neglected and it is necessary therefore to distinguish between 
pure shear stress and pure shear strain. The latter defines a de- 
formation in shear in one plane only (as indicated by the distance 
d in Fig. 7) and requires secondary stresses in addition to the 
primary shear stress. 


A PB OF 
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In order to utilize the stress-strain relations, Equation [3], it is 
necessary to find the principal stresses and strains as functions 
of the pure shearing strain y. (See Fig. 7, where y = tan y’ = 
d/a.) These functions can be expressed as polynomials in 7, 
and, in order not to complicate the calculations too much, all 
powers of y higher than the second will be neglected. This there- 
fore becomes a second-order analysis which, to judge from the 
experiments, appears to be satisfactory for practical applications. 

When the principal stresses and their directions have been 
determined, they can be resolved readily into the primary shear 
stress and the secondary stresses. If one now applies to the 
body, stresses equal in magnitude to these secondary stresses but 
opposite in direction, one obtains pure shear stress. These second- 


6 See reference (7) and references given there. 
7 For detailed analysis see reference (5), pp. 32-36 and 75-78. 
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ary stresses are so small that the corresponding strains can be 
found quite accurately by the use of Hooke’s law alone. 

Principal Stresses and Strains. Consider a square ABCD, 
Fig. 7, of side length a, and let it be deformed into the parallelo- 
gram EFCD. The corresponding shear strain is y = d/a. Take 
any line DP of length r in the unstrained square, which becomes 
stretched to length p. The line for which p/r is a maximum will 
then indicate a principal direction. A brief consideration (8, 9) 
shows that for this principal direction 


4 4 
hence 
r=~V2a =V2a 3 
he 2° 327 


if powers of y higher than second are neglected. 
Thus the principal strain 


= = log (p/r) = 


within the accuracy desired. The second principal strain e:, at 
right angles to ¢,, can be obtained by reversal of sign of the strain 
Thus 


The third principal strain is zero by definition. 

The two principal stresses in the direction of ¢; and e; similarly 
must be obtainable from each other by reversal of the sign of y. 
If, as before, we limit ourselves to second-order polynomials in 
we may write 


= —ny + py* and = + ny + py’? 


where n and p are arbitrary constants. Since the third principal 
stress vanishes in a first-order analysis, it can here be proportional 
to y? only, and we can set o; = gy? where gis again an arbitrary 
constant. (It is convenient to assume that these principal 
stresses are compressive. ) 

By substitution into Equations [3], we can solve for the con- 
stants and obtain n = Gand q — p = G/2. 

Secondary Stresses for Pure Shear Strain. Fig. 8 shows a prism 
of unit thickness, its base parallel to the z-axis, and GD and GC 


© 
% 


Fie. 8 Principat PLANE Prism 


at right angles to the two principal directions.* Resolving forces 
on this prism and the one defined by GHC, we obtain 

(p + n/2)¥? 

(p — n/2)7? 


o, = 93 = qy’ 


2 


r= ny = Gy 
It will be noted that the primary shear stress + is identical to that 


5 For proof see references (5, 8). 
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in the first-order (Hooke’s law) analysis, while the secondary 
stresses are dependent only upon y? and thus vanish in first-order 
considerations. 

Secondary Strains Due to Pure Shear Stress. By applying 
stresses equal and opposite to o,, ¢,, and ¢, we can obtain a pure 
shear stress. These new stresses, however, will cause strains in 
the z-, y-, and z-directions which can be determined by the use 
of Hooke’s law, since all these strains are very small. 

Utilizing the familiar equations 


l 
E [o, — ule, + ete. 


and remembering that for a volumetrically incompressible solid 
uw ='/sandn =G = E/2(1 + 4) = E/3, we obtain 


1 
¢ = y? and « =e, = + - 7%........ [4] 
3 6. 
Experiments. It is not easy to obtain pure shear experimen- 


tally except through torsion (discussed later). However, it can 
be approached in a centrally loaded beam if the ratio of length 
to cross-sectional area of this beam is very small so that bending 
effects are minimized. 

The specimen used was made of two slabs of 5 X 5 X 0.475-in. 
rubber molded to three steel plates as shown in Fig. 9. These 
were mounted and loaded as shown in Fig. 10. The test repre- 
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sents closely the case of pure shear strain, due to the constraint 
of the molded faces. 

The primary shear stress r was measured, see Fig. 11, and 
shows that the linear relation given by the analysis holds within 
1 per cent to a value of y of about 0.62 which corresponds to a 
shear angle y’ of 32 deg, as large an angle as is ever encountered 
in practical applications. That the agreement extends also to the 
secondary stresses will be shown in the torsion test. 


TORSION OF A CIRCULAR CYLINDER 


Aside from the great practical importance of rubber torsion 
cylinders, the torsion test is the only practical way of demon- 
strating some of the shear phenomena pointed out previously. 

In order to adapt the shear theory it will be assumed that the 
torsion cylinder is constrained in such a way that its ends remain 
plane and perpendicular to its axis, but are free to move axially. 
It is evident therefore that intermediate cross sections will re- 
main plane also. We shall further assume that the angle of twist 
is constant at any one cross section, i.e., that radii remain straight 
(10). 

Application of Shear Theory. With this in mind, we can now 
consider a thin elemental tube, see Fig. 12, cut out of the cylinder 
and subjected to a shear stress in the tangential plane so as to re- 
sist torsion. If this is the only stress acting we can immediately 
find the corresponding secondary strains from Equation [4] 


in the radial, tangential, and axial directions, respectively, where 
the shear strain y = tan 7’ = r¢/L. 
When this tube becomes part of the whole cylinder, however, 
it will undergo different strains ¢,, eg, and e, due to the action of 
adjacent tubes. These strains are related to the displacements 
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Fic. 12) ELEMENTAL Torque TUBE 


u,v, and w by the familiar laws of elasticity (11) 
ou u 1 Ov ow 
= _ 
oz 
They can be modified by our assumptions of symmetry and then 
become 


du u 


= = €, = const = h 


Since the body is volumetrically incompressible, the sum of these 
must be zero, or du/dr + u/r + h = O, the solution of which is u 
= —hr/2+ A/r. But at r = 0, wu is finite, so that A must.be 
equal to zero, from which 


Since |, m, and n are caused by the pure shear stress, the differ- 
ences e, — l, eg — m, and e, — n must be caused by secondary 
stresses within the cylinder. Obviously, these stresses are of 
the same order of magnitude as those in the shear case, i.e., small 
enough to follow Hooke’s law, so that 


o, —S = 2G (e, — I) 
og —S = 2G (eg — m) 
—S = 2G (, —n) 


where 
1 
S too to) 


Furthermore, we have to satisfy the condition of equilibrium 
(11) 
% 4 ws 
dr 
and two boundary conditions, as follows: 


1 Since there is no net axial force on the cylinder (the end con- 
straints only equalize axial stresses at different values of r) 


a 
f 2nro, dr = 0 
0 


2 There are no radial stresses on the outside surface of the 
cylinder, so that ¢, = Owhenr = a. 


Substituting these conditions we can readily find 


| 

12 

h 1 

1 

€, = h = 


as well as 
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Fig. 13 shows the variation of these stresses along a radius of the 
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cylinder. It should be noted that ¢a/L is the shear strain at the 
outermost element of the cylinder. 

Torque-Twist Relation. ‘The torque M, is resisted in the eylin- 
der by the shear stress r only, which, it will be remembered, is 
linearly related to the strain. Thus we can write the familiar 
expression 


M, = 
2L 


[5] 
If this is to be corrected for the secondary change of L into L +h 


and the corresponding change of a into a/VV 1 + h, we can readily 


find 
1 M, 
M on," 
2h (1+A) 
Experiments. The cylindrical parts that have already been 


used for the tension and bending tests are mounted as shown in 
Fig. 14. The lower end is supported by a mandrel seated in a 
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Fig. 16 AXIAL STRAIN IN FREE-E.ND Torsion 


ball thrust bearing and fitted with a wheel through which torque 
is applied. The upper end of the cylinder is mounted in a yoke- 
and-lever arrangement which serves to measure the axial elonga- 
tion of the cylinder in free torsion. 

Results of the free-torsion tests are shown in Figs. 15 and 16. 
The theoretical curves are based on the material constants 
found in the tension test. Tests were also made in fixed-end tor- 
sion, i.e., the length of the cylinder was kept constant. In that 
case no correction on the torque is necessary and Equation [5] 
should apply. This is apparent from Fig. 15. 


CONCLUSIONS 


Hencky’s theory for large deformations of a rubberlike sub- 
stance can be used satisfactorily to determine the stresses and 
strains in vulcanized rubber if temperature changes can be neg- 
lected. It has been applied to five fundamental modes of stress- 
ing a body, i.e., tension, compression, bending, shear, and tor- 
sion, and has been verified by experiments in each case. 
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Gyroscopic Effects on the Critical 
Speeds of Flexible Rotors 


By R. B. GREEN,? CAMBRIDGE, MASS. 


The forces and moments on rotating disks are found for 
the general case, and the various possible criticals of 
common rotor systems are determined and plotted for all 
degrees of gyroscopic effect. Specific examples are shown 
of a cantilever system, two simply supported single-disk 
systems, a double-disk system, and an infinite-disk sys- 
tem. Methods of solution are indicated for any case. 
The gyroscopic effect is shown for all possible ratios of 
shaft rotating frequency to whirl frequency. 


NOMENCLATURE 
The following nomenclature is used in the paper: 


Q = angular velocity of shaft rotation 
w = angular velocity of disk whirl 


h = ~,ratio of rotation velocity to whirl velocity 
6 = lateral deflection of shaft from equilibrium 
¢ = angular deflection of shaft from equilibrium 
l = length of shaft 
m = mass of disk 
T, = diametral moment of inertia of disk 
1, = polar moment of inertia of disk 
modulus of elasticity of shaft 
I = moment of inertia of shaft cross section 
P = adownward force 
M = aclockwise moment 


= a dimensionless quantity 


d 
ml 
c,d = distances to a point from ends of a shaft 


c? — od + d? 
——, a constant 


., a dimensionless quantity 


mend? 

+ a)" 1 dimensionless quantity 
_ — cd + d*) 


4mc?d? 
a = lateral] deflection per unit force 
b = lateral] deflection per unit moment 
a= 
8 


~ 
| 


, a dimensionless quantity 


angular deflection per unit force 
= angular deflection per unit moment 


ml* 
kK; = 
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a dimensionless quantity 


. 
D; = dimensionless quantity 
m 


wu; = mass per unit length of shaft 

i, = diametral moment of inertia per unit length of shaft 
R = reaction upon shaft at a bearing 

n = aninteger 

= arunning constant 


= a dimensionless quantity 
D, = 1? a dimensionless quantity 


INTRODUCTION 


In the calculation of the critical speeds of flexible rotors, the 
mass of each disk is usually assumed to be concentrated on the 
shaft. When the disk is quite large in relation to its thickness, 
the gyroscopic mément is usually computed, but only for forward 
synchronous precession. In most practical systems these sim- 
plifications are true enough, justifying their widespread use. 
Exceptions occur to the first assumption when disks of reasona- 
ble thickness are placed far from the center of the shaft, and to 
the second when the rotor is subject to excitations other than at 
the primary critica] frequency. Possible excitations of this sort 
include the Soderberg and Stodola secondary criticals, internal 
hysteresis; oil whip, dry friction in the bearings, and vibrations 
from without the rotor system. For example, a torsional vibra- 
tion transmitted to the rotor would vary the gyroscopic moment 
on the disk periodically, having the effect of a rotating couple on 
the disk, should any initia] displacement occur. Thus cases 
might well exist for which a nonsynchronous precession could be 
critical. 

The problem of so-called gyroscopic effects has been recog- 
nized for many years. Stodola? described both positive and 
negative synchronous precession and made simple experiments 
with a cantilever system. Timoshenko? also presented a solution 
for synchronous precession. L. Féppl‘ investigated a cantilever 
system analytically and experimentally, confirming the Stodola 
results and finding one nonsynchronous whirl. Den Hartog® 
presented these results in dimensionless form and indicated possi- 
bilities of nonsynchronous precessions. In his book® he gave the 
methods of the next two sections of this paper in detail. In this 
paper, the gyroscopic effect is shown for all degrees and for all 
possible ratios of shaft rotating frequency to whirl or precession 
frequency, which is believed to be an origina] contribution. 


2“Steam and Gas Turbines,’”’ by A. Stodola, McGraw-Hill Book 
Company, Inc., New York, N. Y., 1927, pp. 430-437. 

3 “Vibration Problems in Engineering,’’ by 8. Timoshenko, D. Van 
‘Nostrand Company, Inc., New York, N. Y., second edition, 1937, pp. 
290-296. 

4 “Kritische Drehzahlgebiete der Fliegend Angeordneten Sheibe,”’ 
by L. Féppl, “Stephen Timoshenko 60th Anniversary Volume,” 
The Macmillan Company, New York, N. Y., 1938, pp. 45-50. 

5 “Mechanjcal Vibrations,” by J. P. Den Hartog, McGraw-Hill 
Book Company, Inc., New York, N. Y., third edition, 1947, pp. 317- 
323, 360-361. 
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Forces AND MoMENTs ON Roratina Disks 


Assume the disk to be thin, rigid, and rigidly mounted on the 
shaft. Consider only small deflections. 

The rotation gives no resultant force if the disk is properly cen- 
tered. Any whirl (precession) produces an outward force of 
mw*5 which is the resultant force acting. 

By the principle of angular momentum, the rate of change 
of angular momentum of any moving system about any fixed 
axis is equal to the resultant moment of the external forces about 
that axis. The angular momentum is represented by two vec- 
tors in Fig. 1(b), that due to rotation, normal to the disk, and 


center line 
of whirl 


(a) (b) (c) 
Fie. l(a) Roratine Disk 


Fie. 1(6) ANGuLAR MomMENTUM 
Fig. 1(c) Resu_ttant Force anp MoMENT 


that due to whirl, in the plane of the disk. The horizontal com- 
ponents of these vectors are constant and so involve no moment. 
The vertical components add to form a vector of magnitude 


(I,2 sin ¢ — Iw sin ¢ cos ¢) 


in the outward direction and rotating with the whirl velocity. 
Differentiating this quantity with respect to time gives us the 
moment acting upon the disk 


w sin — I, w sin ¢ cos ¢) 


which is positive in the direction tending to reduce the deflection. 
Using our initial assumptions, we may replace sin ¢ by ¢ and cos 
¢ by 1. Further, the polar moment of inertia of a thin disk is 
twice the diametral moment of inertia. So simplifying and in- 
serting h for Q/w, we obtain the resultant moment upon the disk 
in the form we shal] use 


(2h — 
which when positive acts to reduce ¢. 


CANTILEVER SYSTEM 


Assume the shaft to be massless; assume no damping. The 
deflections at the end of a cantilever are 


Ph, 
3EI 2E/ 
Pi Mi 

= EI 


Inserting our values for P and M and rearranging 


T¢(2h — 


I (2h — 1)wl 
(14 Jeno 


Deflections can exist only if the determinant of their coefficients 
in this homogeneous set of equations vanishes. Expanding this 
determinant, we obtain 


ml? 1,(2h — 1)l 4(2h — 1) 
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or, in dimensionless form 
3K,'D,(2h — 1) + K,? [4 — 12D,(2h — 1)] — 4 = 0 
K;? = 


6D,(2h — 1) —2 =°V/ [6D,(2h ~ 1) — 2]? + 12 D, (2h — 1) 
3D,(2h — 1) 


We can see that at 7, = 0 (D, = 0) K,? becomes unity or infinity 
and at J, = (D,; = goes toOor4. These values check 
with those found by other means. If A is Jarge 

—1 


Ky 4 or K, 6D,h 


Ath = '/2, the gyroscopic effect vanishes. In Fig. 2, K,*is plotted 
against al] values of the gyroscopic effect D, for various values 
of h. The modes of whirl are represented in Fig. 3. 
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Fic. 3(a) Lower Precession 
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Fig. 3(b) Positive Precession 
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Fie. 4 Ong CANTILEVER SysteEM 


Let us consider a particular example as follows, in order better 
to evaluate this effect: 


Disk diameter = 24in.; shaft length = 6in. 
Disk thickness = 1.2in.; shaft diameter = 1'/; in. 


The material is stee] (density 0.284 Ib per cu in.; modulus of elas- 
ticity 29 X 10° psi). Neglecting the mass of the shaft and the 
disk thickness, we obtain 


2 
D, = land = 


In Fig. 4 the whirl velocity w is plotted against the rotation 
velocity © for this example. 


Simpy SuprortTep SINGLE-D1sk SysTEM 


Assume the shaft to be without mass; neglect damping. From 
strength of materials we can derive expressions for the lateral 
. deflection of a shaft at a point at which are applied a force P and 
a moment M 
dP—M 
c+d 


cP+M 
e+d 3EI 


6=ce + 


6 = —dy + 


Inserting our values for P and M and rearranging 


metd? I,(e — d)ed(2h — 
_— = 


med(c — d) I,(c? — ed + d*) (2h — 
E 3EI(c + E 3EI(c + d) 


=0 


The determinant of the coefficients of these equations must be 
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zero for a solution to exist. Expanding this determinant 


| + — ed + d?) (2h — 
3EI(c + d) 3EI(c + d) 


ml — d)* (2h 1) 
+ d)? 


+ w 


Inserting our dimensionless quantities and reducing 


1 A 
K;' — 2 | — = 90 
| 2D.(2h — 1) 


(4 
D(2h — 1) ) 


(: + —) — 


When J, = 0 (De = 0) or = becomes 1 or ~. If J, 


(or D,) becomes infinite, K,? vanishes or equals 2A. For large h 


K;? = 2A or K;? = _ 


These values agree with those found by conventional methods. 
If the disk is centered on the shaft (c = d) 


K [ ta 


> 1 D: (2h — 1) 
(; 8D, (2h — 5 — =) 


This case is shown in Fig. 5 where K;? is plotted against gyro- 
scopic effect. D, for various values of h. 
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Fig. 5 Simpty Supeortrep Systems Sineie Disk 
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As a specific example of a centered disk, consider the following, 52 = @22m2w*d, — deel g2(2h — 1)w2g2 + aermwd; 
terial steel as before: 
material stee —bal g,(2h — 1) 
Disk diameter = 24 in.; shaft length = 12in. 
Disk thickness = 2.4 in.; shaft diameter = 11/2 in. $2 = a22Mqw*b, — Bool g,(2h — + 
Neglecting the mass of the shaft and the thickness of the disk — Bal a,(2h — lwo 
we have 
2 Rearranging these equations to a system of homogeneous equa- 
4 2 oe tions, we can then write the condition for the existence of a solu- 
D, = and Ky = 
tion (for deflections to occur) 
| bul a,(2h 1)w? biol a,(2h 1)w? | 
aymw? Bul a,(2h 1)w? + 1 Biol a, (2h 1)w? 
| bel a, (2h 1)w? bool a,(2h 1)w* 
| Bol a, (2h — 1)w* Bool a,(2h — 1)w* + 1) 
This example is shown in Fig. 6 where the whirl velocity w is This determinant can then be expanded into an eighth-degree 
plotted against the rotation velocity Q. equation in w, or rather a fourth-degree equation in w*. In any 
If the disk is one fourth along the shaft (c = d/3) particular problem simplifications can be made to reduce the alge- 
—- braic tedium. 
3 
A= 7 K; = \ = D, = 28 I The Holzer method might well be modified to include gyro- 
6 256EI 9 ml? scopic effects for more complicated rotor systems. Though be- 


K:? = yond the scope of this investigation, it provides interesting possi- 


- - 3Dx2h — 1) bilities for a later paper. 
6 24D,(2h— 1) 7(D, (2h — 1) — 1]? 


Suprortrep System 


In Fig. 7 this case is shown, as before; K,* versus D, for various 
values of h. 

We shall use the following specific example of a disk one 
quarter along a simple shaft (material steel) : 


Assume the shaft to be massless; assume no damping. Consider 
identical] disks, one a quarter along the shaft and the other three 
quarters. Using strength of materials, we can determine the 


Disk diameter = 24 in.; shaft length = 21 in. influence numbers. Assume first that both disks whirl in the 
Disk thickness = S tis shaft dlemeter = 1 17. in same direction. The genera] determinant found before now be- 
8 32 comes 
713 I? 
| 2 2 
256 EI” 768 EI” 32 — 32 py — Ve 
I? I? 5l 
2 2 2 2 
32 EI mw 32 El mw 48 EI Iq (2h — 1)w + 1. REI — 1)w 
713 318 
768 EI” 256 EI” 32 32 py — De 
32 El 32 El 48 EI as 


Neglecting the mass of the shaft and the disk thickness, we find Expanding and simplifying, this becomes 


1 ox 
D,=- and K2= — 
This case is plotted in Fig. 8, whirl velocity w against rotation LJ? mite? 
{| =| 
GENERAL CASE 


velocity Q. 

The influence-number method applies directly to the calcula- I ql (2h — +1 - 
tion of the critical speeds of flexible rotors under gyroscopic GET 2) 44k 
effect. We shall present an example with two disks, but there 
is no theoretical [imit to the number of disks which can be so 
handled. The only difficulty is the practical one of handling the 40 128 
algebra when there are many degrees of freedom. Ks + Ki + 

— 1) 3D;7(2h — 1)? 


For two disks on a shaft 144 384 
= aymyw*d, — bul ai(2h — 1)w*g + D,(2h — 1) + | + wm 


a,(2h — 1)w*¢2 


Inserting our dimensionless quantities 


= — Bul a,(2h — 1)w*gi + 896 
3D;2(2h — 1)? 


—Br2l a,(2h — 1) 3D,(2h — 1) 
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This equation has one root at K;* = 8, which is independent 
of hand D;. If h = '/, or Ig vanishes (D; = 0), K;? is 1, 8, or 
infinite. When h or infinite (or D, is infinite), K;* = 0, 4, or 


Expanding and simplifying, we have 


8. These values check with those found by conventional mean#@ 
Assume that the disks whirl in opposite directions, but at the 


same speed. Our determinant is then 


256 EI 768 EI 32 El 32 EI 
32 EI 32 El 48 El 48 2 on 
768 EI” 256 — + 
wail 48 7 + 48 + Det +1 


ES E EI E EI »| E EI | E EI 2| 
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Fic. 11 Common IN ONE SIMPLY SUPPORTED System WiTH 


Two Disks at QuARTER-PoINTs 


In dimensionless form 


32D,h? D 


48D,h? — 3D, 
384D;*h? — 96D,? — 432), — 
48D,*h? — 


896D; + 1152 


1024 0 
48D;*h? 3D;? 


This equation also has a common root K;? = 8 for all A and 
D,. For zero I, (zero D;) K;? is 1, 8, orm. If his infinite, K;? 
becomes 0, 1,or8. = ©(D,; = K;*is0, 8, or 


72h? — 6 + +/3164h' — 224h? + 4 
16h? — 1 


K;? = 


In Fig. 9 is shown the common whirl, and in Fig. 10 the 
counterwhirl for this double-disk system, K;* being plotted 
against D;. 

For a particular example of this case, we shall use the following 
(material steel) : 


Disk diameter = 24 in.; shaft length = 24 in. 


Disk thickness = 1.2 in.; shaft diameter = 2'/, in. 


Neglecting the mass of the shaft and the thickness of the disks, 
we have 


2 
D; =1 and K;?= 
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Fic. 12. CounreRWHIKL IN ONE SIMPLY SUPPORTED System WITH 


Two Disks aT QuARTER-POINTS 


The common whirl is shown in Fig. 11, and in Fig. 12 the counter- 
whirl. In both, w, the whirl velocity, is plotted against7Q, 
the rotation velocity. 


INFINITE-D1skK SysTEM 


Let us consider a simply supported uniform shaft densely and 
uniformly covered with identical disks. Assume no damping. 
(See Figs. 13 and 14). To find the reaction at the left end of the 
shaft, let us take moments about the other end. | 


~ ig 


z — dx y 


Fie. 13s Ineinire-Disk Fic. 14 Dirrerentiat 
SyYsTeM Force anD MOMENT 
l z=l 
R= T — (—mdzw*y) — ig(2h — 1)w*dy] 


2 z=l 
R = > | zydz — I vie | 
z=0 z=0 


Using the elastic-curve method, we may write 


dty z=] 


+ i (x — z2)ydz + w* i,(2h — vf dy 
z=0 y=0 
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Assume a solution 


y= b, sin 
n=1 


Inserting this assumed solution into the elastic-curve equation 
and integrating, we obtain 


EI 
nr @ l l 
n= 


1 


If the rotor deflects at all, at least one b,, must be different from 
0. From this last equation, we can deduce that only one b,, can 
exist at a time, though the choice of which is arbitrary. We can 
further deduce that, when b; exists, we obtain the first mode of 
vibration, or first critical; when b, exists we obtain the second 
critical; and so on. 

If a deflection occurs, not only one b,, but also the correspond- 
ing sin nrz/l must exist. Therefore we may write 


2 2 
(+) — = =0 
nr w\ 


We see that we can solve this equation for the first critical, 
n = 1, and apply that solution to higher criticals by inserting 
(l/n) for lin the first solution. For the first critical, n = 1 


EI{«\ 
»(4) — ian (2) = 0 
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Transforming to dimensionless form 
K2— (2h — 1) —1 = 0 


1 


KZ = 
* 1— #D,(2h — 1) 


If i, is zero (Dy = 0), this reduces to the known formula for the 

natural frequency of a simply supported uniform beam. 

3 This case is plotted in the usual way (K,? versus D,) in Fig. 15. 
Consider the following example of this case (material steel): 


Number of disks = 15 
Disk diameter = 30in.; shaft length = 60 in. 
Disk thickness = 0.28 in.; shaft diameter = 6 in. 


Including the effect of shaft mass and inertia, but neglecting 
the thickness of the disks, we find 


2 
D,=0.01 and 


This example is shown in Fig. 16 in which the whirl velocity 
is plotted against the rotation velocity Q. 
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Heat-Exchanger Tube-Sheet Design 


By K. A. GARDNER,' NEW YORK, N. Y. 


A semitheoretical method for the design of circular tube 
sheets is outlined based upon ‘deflection and ligament ef- 
ficiencies.’” These are roughly known from past experience 
with other design formulas, but experimental work is advo- 

,cated for more accurate evaluation. A bayonet or U-tube 
sheet is considered as a modified solid plate and other types 
as modified solid plates on elastic foundations (the tubes 
themselves). Design equations are presented for both 
types with either simply supported or rigidly clamped 
boundaries. 


NOMENCLATURE 
The following nomenclature’ is used in this paper: 


a = radius of tube sheet over which hydrostatic pressure 


acts, in. 

A 

arbitrary constants 
By 

bh = radius of uniformly perforated zone of tube sheet, in. 

a 7 = special Bessel functions 
bet x 


ber’ « = d(ber x)/(dz) 
be,’ « = d(bei x)/(dz) 


C, = length of wide section of notched beam, in. 

C, = length of narrow sections of notched beam, in. 

d = outside diameter of tube, in. 

D = flexural rigidity = Eh). '12(1 — »), in-lb 

# = modulus of elasticity, psi 

f = fraction of total perforated area on which pressure acts 

directly 

ee dimensionless factors for obtaining deflection, slope, 


effective pressure, and radial bending moment of 
I tube sheets 


F, = factor relating tube-sheet slope to tube bending moment 
h = tube-sheet thickness, in. 

7, = moment of inertia of wide section of notched beam 

I, = moment of inertia of narrow section of notched beam 


I,, = effective moment of inertia of notched beam 
k = tube bundle modulus defined by Equation. [6], lb per 
cu in. 
L = tube length, in. 


m = distance tube-sheet edges move with respect to each 
other under load, in. 
M = bending moment, in-lb per in. 
n = number of support plates or baffles supporting an indi- 
vidual tube 


1 Engineer, The Griscom-Russell Company. Mem. ASME. 

Contributed by the Applied Mechanics Division and presented at 
the Annual Meeting, Atlantic City, N. J., December 1-5, 1947, of 
Tue AMERICAN Society oF MECHANICAL LNGINEERS. 

Discussion of this paper should be addressed to the Secretary, 
ASME, 29 West 39th Street, New York, N. Y., and will be accepted 
until January 10, 1949, for publication at a later date. Discussion 
received after the closing date will be returned. 

Nore: Statements and opinions advanced in papers are to be 
understood as individual expressions of their authors and not those 
of the Society. Paper 47—A-104. 


N = number of tubes 
p = hydrostatic pressure, psi 
P = tube pitch (spacing), in. 
q = effective pressure at radius r, psi 
Q = shear, lb per in. 
r = radius, in. 
s = shortest span from tube sheet to tube support plate, in. 
8, = support plate (or baffle) spacing, in. 
t = tube-wall thickness, in. 
w = deflection, in, 
Wr = tube-joint load, lb per tube 
x = 6r, dimensionless 
= (k(1/D, + in.- 
= deflection efficiency 
no = ligament efficiency 
6 = tube-sheet (or tube) slope at radius r, radians 
v = Poisson’s ratio 
o = stress, psi 
t = shearing stress, psi 


Subscripts: 
f = floating tube sheet 
r = radial 
s = stationary tube sheet 
T’ = tube 


INTRODUCTION 


With one notable exception, the parts entering into the con- 
struction of a heat exchanger are similar to those used in fabricat- 
ing any other pressure vessel, and therefore can be designed in 
accordance with well-established rules governing the fabrication 
of such vessels. The ASME (1)? and API-ASME (2) Codes for 
unfired pressure vessels, for example, give rational methods of 
design which are followed by most manufacturers of heat-transfer 
equipment. Various state and local codes and the specifications 
of many users of such equipment make the observance of either 
of the afore-mentioned codes mandatory upon the manufacturer. 
However, neither one covers the design of tube sheets, and it is 
with these essential parts of a heat exchanger that this paper is 
concerned. To the best of the author’s knowledge, the only pre- 
vious attempt at nonempirical method of design is due to Tinker 
(3). 

A tube sheet is a flat plate more or less uniformly perforated 
with holes into which tubes are tightly expanded to form one of 
the closures of a pressure vessel having a high surface/volume 
ratio. The relationship to other parts of the exchanger for 
some common designs is shown in Fig. 1. Such a perforated 
plate, by itself, is obviously weaker than the solid plate from 
which it is prepared and, in designs with only one tube sheet (Figs. 
1 (A) and (B)), there is less compensation for this weakness than 
in exchangers like those in Fig. 1(C), having two tube sheets which 
are to some extent mutually self-supporting through the tubes 
connecting them. (Even with single tube sheets, experience indi- 
cates that the expanded tubes strengthen the perforated plate.) 
These tubes, on the whole, act as stays when the pressure tends 
to force the tube sheets apart and as columns when the pressure 
acts in the opposite direction, although it will appear that indi- 
vidual tubes may oppose the action of the majority. 


2? Numbers in parentheses refer to the Bibliography at the end of 
the paper. 
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Tube sheet 

Stationary head (channel) 
Floating head 

Head partition H_ Shell cover 


Fig. 1 Some Typrcat Heat ExcHaNnGerRs 


E Tubes 
Baffles and tube supports 
G Shell 


Empirical equations for the design of tube sheets (4) recognize 
the difference between the exchangers of Fig. 1(A) and (B), and 
those of Fig. 1(C) thus 


where o is the maximum stress, p is the pressure, a the tube-sheet 
radius, and h the thickness. 

These equations work; that is to say, tube sheets designed in 
accordance with them do not fail under the usual hydrostatic 
test pressures and have given satisfaction in service. Neverthe- 
less, it is to be expected that other factors besides the thickness 
and radius of the tube sheet influence the magnitude of the 
stresses, e.g., the tube diameter, thickness and pitch, as well as 
the method of boundary support have a bearing on the strength 
of the perforated plate itself, and the tube length, thickness, elas- 
tic modulus, and the method of tube support between sheets in- 
fluence the support contributed by the tubes. It is the purpose 
of this paper to attempt an evaluation of the effect of these 
variables and to suggest a more rational basis of experimental 
work and its analysis. 

The present investigation is limited to circular tube sheets with 
uniform tube distribution, supported at the periphery only. 
The results therefore will be strictly applicable only to single- 
pass shell exchangers with the higher pressure on the tube side, 
or to single-pass tube exchangers with the higher pressure on the 
shell side. However, they will be conservative for multipass ex- 
changers whose tube sheets receive additional support from par- 
tition plates or stays. The problem of rectangular tube sheets, 
those in the form of circular segments, or those held tight against 
head partitions by stays, could be attacked on the same basis, 
although the mathematical treatment would be considerably 
more tedious. 

It will be necessary to differentiate between two types of ex- 
changers characterized by the following: 


1 A fixed tube sheet with U-tubes or bayonet tubes. 
2 A fixed tube sheet and a floating tube sheet. 
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(A third type having built-in tube sheets is not considered here 
because of space limitations.) The obvious property to deter- 
mine is the maximum bending stress in the tube sheet; however, 
the limiting factor is frequently the maximum deflection of the 
sheet since the gasketed joints at head partitions must be kept 
tight. It will further appear necessary to investigate the maxi- 
mum load on an individual tube joint, and the maximum axial 
stress in the tubes themselves. The latter is commonly ignored 
except for thermal stresses brought about by temperature dif- 
ferences between the tubes of different passes. 


Meruop or ATTACK 


It can be shown that a beam consisting of alternating sections 
having different moments of inertia normal to the plane of bend- 
ing, Fig. 2, should have a mean-deflection curve identical to that 


Fic. 2) Beam With ALTERNATING CROSS SECTION 


of a similarly loaded beam of the same length and constant 
cross section whose moment of inertia is 


where the term in square brackets might be called a ‘deflection 
efficiency.”” Regardless of the probable oversimplification of this 
relationship, the point is that there is some beam of constant 
cross section which will deflect congruent to the composite beam, 
even though Equation [2] does not characterize it exactly. Ex- 
tension of this idea to plates leads to the first of two basic as- 
sumptions which make possible a comparatively simple mathe- 
matical treatment. 


Assumption 1. The mean neutral deflection surface of a uni- 
formly perforated plate under load may be considered congruent 
with that of a homogeneous plate of the same radius, identically 
loaded, whose flexural rigidity D is », times that of the per- 
forated plate, »,, being subject to experimental determination. 

The other assumption arises from a consideration of the exter- 
nal forces acting on the tube-sheet element associated with a single 
tube, Fig. 3. This element is a square with side P for square pitch 
and a hexagon of dimension P across flats for triangular pitch. 
The pressure acts directly only upon the area of the square or 
hexagon, minus the area of the tube circle, and all other forces 
in the tube through a shearing force at the walls of the tube hole. 
However, this element is small compared to the total area of the 
tube sheet, which suggests the following: 
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Assumption 2. The tube-sheet element associated with a single 
tube may be considered of differential size, i.e., the external forces 
acting on the tube sheet may be treated as continuously varying. 


Timoshenko (5) makes a similar assumption in dealing with the 

deflection of a beam supporting a system of equidistant uniformly 
loaded beams. 
_ The evaluation of the net external force exerted on a differential 
tube-sheet element is more clearly visualized if the various ulti- 
mate effects are considered as occurring successively rather than 
simultaneously, as follows: 


1 The hydrostatic pressure, acting through the fluid in the 
tubes, causes the floating tube sheet to move (without bending), 
a distance m, with respect to the stationary tube sheet. 

2 Both tube sheets then bend and the elements at a distance r 
from the center deflect toward each other a total distance, 
(w, + uy). (This argument, for pressure inside the tubes, has its 
parallel, with directions reversed, for external pressure.) 


The summation of these changes in tube length divided by the 
original length determines the strain in a tube at radius r, and 
thus the load on the tube joint 


— tHE, 


= 


[m — (w, + uy)]..--- .. [3] 


This load, considered as uniformly distributed over the tube-sheet 
clement associated with a single tube, and the hydrostatic pres- 
sure, combine to give a net effective pressure on that element of 


q = fp + k[m— (ws. + wy)... [4] 
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where 
N — 2t\? 
f=1— 4 (S ) (pressure inside tubes) .. . . [5] 
N 
f=)]— rat (pressure outside tubes) ... [5a] 
Nt t 4 
[6] 


The pressure on an element of a homogeneous circular plate is 
given in terms of radial location and deflection by 


ral & rdr 
Expanding this expression and applying it to both tube sheets 
gives 


d‘w, dw, d*w, dw, q 
‘ 2r3 —— — r? — =0... [8 
drt dr OD, 8) 
d*w, d*uy, du, q 
dr ir 
From Equation [4], dg = —kd(w, + u,), so by addition of Equa- 


tions [8] and [9] an expression for the variation of the effective 
pressure is obtained 


1? 1 
dz 


where 
.. fi] 


These are the equations of a circular plate resting on an elastic 
foundation and subjected to a uniformly distributed load. A 
solution is given by Timoshenko (6) in terms of infinite series; 
the author prefers the solution in special Bessel functions (see 
Appendix 1) 


where two of the four terms in the general solution have been 
eliminated by the conditions that the deflection and bending 
moment at the center must be finite. 

Finally, substitution of g from Equation [12] into Equations 
[8] and [9] results in 


1 


= + Bz* — 84D, 


(A,, ber z + By bei x) .. . [13} 


1 
wy = Ay + By (A,,; ber + B,, bei z)... [14] 


B 


(For evaluation of constants see Equation [41] et seq.) It 
is easily shown from Equations [4], [12], [13], [14] that 


Of course for Type 1 exchangers (U-tubes) the net effective 
pressure is identical with the hydrostatic pressure (q = p), and 
the deflection equation is simply 


| 
NZ 
MW, 
q = Ayber 
A; = — A, + (2 + m) 
B, = — B, ¢ 
i 


380 


4 


pr 
= A B, r? 16 
Ww, + 64D {16} 


The slope, radial bending moment, and shear in a symmetrically 
loaded circular plate are given by 


dw dw 


a dr dx | 
d*w v dw d*w v dw 
M, = -—]|]= — -—].... fl 

dw t d?w 1 dw dw 1 dw 

E r dr? r 6 zdx* =| 
{19] 


Before proceeding to the evaluation of these it will be desirable 
to introduce one more assumption. 

In designing any heat exchanger, the usual aim, for heat- 
transfer purposes as well as for economy of construction, is to 
get as many tubes as practicable of a specified size into a given- 
diameter shell. A corollary is that the tubes are as close as pos- 
sible to the inside of the shell, hence the perforated region of the 
tube sheet occupies practically the whole plate, and the annular 
ring of solid metal surrounding it is quite narrow. Although it 
would be possible (by equating deflections, slopes, moments, and 
shears at the junction of the two regions) to derive expressions for 
the actual composite plate, it would result in equations of prac- 
tically unmanageable complexity and a pretension of accuracy 
beyond that inherent in the present method of analysis. The 
following conservative simplification is therefore made: 

Assumption 3. The entire surface of the tube sheet over which 
the hydrostatic pressure is considered to act (usually to the center 
line of the supporting gasket) may be treated as uniformly per- 
forated. 

A result of this assumption is that the floating tube sheet is 
designed as though it were of the same radius as the stationary 
tube sheet. 

Since it is not possible, in general, to predict with any accuracy 
the rigidity of the boundary support, equations will be presented 
in the following for tube sheets either rigidly clamped or simply 
supported at the boundary. The designer may, for the present, 
use the more conservative of the two or interpolate as his experi- 
ence or judgment directs. 


Design Equations—Typrr 1; U-Tusres anp Bayonet TUBES 


On the basis of the assumptions made in this paper the equa- 
tions for a Type 1 tube sheet are simply those for uniformly loaded 
circular plates and, since these are derived in most texts on the 
subject, they are merely set down here without further ado. 


Deflection—Clamped (Fully Fixed Edges): 


64D, a? a! 

max 0 1 06 Coro 1 
64D, [21] 


Deflection—Simply Supported: 


pa‘ 
= ——|2(———" )—(1-—=)]... 
pat (5 +» pa‘ 
max >= = 0.606 ———.. 
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In these and subsequent equations, v is taken as 0.3. The de- 
flection equations furnish the basis for testing assumption 1 and 
evaluating the deflection efficiency n» from test data. 


Bending Moments and Stresses—Clamped: 


(M,) 3 [24] 
at edge. 
2 
No h, 
at edge. 
Bending Moments and Stresses—Simply Supported: 
(M,)max = — (3 + ») = 0.2063pa?....... 
) 
at center. 
Ne h, 


at center. 
The ligament efficiency no, enters these equations since the bend- 
ing moments, expressed as inch-pounds per inch of circumference, 
must be resisted by stresses in the ligaments between tube holes, 
assisted by the tube-wall metal within the tube sheet (and prob- 
ably by short sections of tube wall just outside the tube sheet). 
If Equations [25] and [27] may be considered theoretically sound, 
comparison with Equation [1], which is known from experience 
to give satisfactory results, indicates ligament efficiencies of the 
order of 0.5 to 0.8. Test work on actual Type 1 tube sheets is 
necessary to determine the effects of ligament width, tube pitch, 
and tube gage, although conservative estimates may be made by 
the method discussed in Appendix 2. 

The variation of deflection and bending moment with radial 
location is shown in Figs. 4, 5, 6, and 7 (curves for x, = 0 to 1). 


Design Equations—Typs 2, Two TuBe SHEETS 


Since only simply supported and clamped boundaries are under 
consideration, there will be three possible combinations of tube- 
sheet support in exchangers with both a stationary and a floating 
tube sheet, i.e., both plates clamped; both simply supported; 
and one plate clamped, the other simply supported. Rather 
than attempt to write out the full-length equations resulting from 
Equations [12], [13], [14], [17], [18], [19], the deflections, etc., 
will be given in terms of the arbitrary constants which are de- 
fined by Equations [41] et seq. 

Deflections are given by Equations {13] and [14], shown 
graphically in Figs. 4 and 5, and maximum values tabulated in 


Table 1. These are given in the form of factors for use in the 
equation 
pa‘ 
max = | 28 
w x D [28] 


Bending Moments and Stresses: 


1 
M, = + v)B, + Ay | bei + ber’ 


The variation of bending moment with radial location is shown in 
Fig. 6, and the relationship of the maximum bending moment to 


IR 
| 
pat r2 r4 
ad 
= 
= 
j 
2 | 


GARDNER—HEAT-EXCHANGER TUBE-SHEET DESIGN 381 


T 4 
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\ 
0.05 
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\ 0.08 
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ly 05 0.02 
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| | | | | | % 1 2 5 4 , 6 7 2 ) 10 
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Fie.5 Varration or Maximum Deriection WITH 
Fic. 4 VARIATION OF TuBE-SHEET Wirn Raptat 


LocATION 


0.22 - —— 
2 
M =F, pa 
| | (Mr) * Fi 
08 
02 = | 
Ne) 0.12 + 
F, 
= "4 0.10) 
+ -O6- 2) 
-10 
“a2 0.06 
: | 
20. 0.02 
08 06 04 02 02 06 08 
2 3 7 8 9 10 
Fie. 6 Variation or Rapiat Benpinc Moment 
LOcATION Fic.7 Vartation oF Maximum Rapiat BENDING Moment WITH 2a 
TABLE 1 
» _ @ Dwmax D@max (Mr)max 
= —-Fy = - Fe = = 
Za Simple Clamped Simple Clamped Simple Clamped Simple Clamped 
0 1.0000 1.0000 0.0636 0.01563 —0.0957 —0.02405 —0.2063 0.125 
1.0 1.0046 0.0628 0.01554 —0.0947 —0 .0239 —0.2025 0.1245 
1.5 0.060 —0.1914 
2.0 1.396 1.079 yoy 0.01445 —0.0825 —0.0218 —0.1648 0.1200 
2.5 0. 
3.0 2.253 1.317 0.0316 0.01112 —0.0546 —0.0175 —0 .0884 0.1056 
3.5 
4.0 3.086 1.636 0.0150 0.00691 —0.0321 —0.0111 —0.0610 0.08560 
4.5 
5.0 0.00719 0.00378 —0.0210 — 0.00719 —0.0490 0.06945 
5.5 
6.0 4.54 2.39 0.00390 0.00206 —0.0144 —0 .00487 —0.0405 0.0581 
6.5 
. 7.0 0.00240 —0 .00354 — 0.0345 0.0500 
8.0 5.97 3.095 0.00159 —0.00799 0.04387 
8.5 
9.0 0.00110 —0 .02665 0.03913 
9.5 
10.0 7.39 3.790 0.000803 —0.00510 —0.02384 0.0352 


= 

: 

EN 
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Ze is shown in Fig. 7, the co-ordinates of which are given in 
Table 1 in terms of factors such that 


The maximum bending moment always occurs at the boundary 
for clamped plates; for simply supported plates its location moves 
from the center (for z, = 0 to 2.65) outward into the plate, with 
increasing 7,. 

The maximum stress is obtained from Fig. 7, or Table 1, and the 


equation 
No h 
Tube-Joint Load. From Equations [3] and [4] 


where gq is given by Equation [12]. The change of q with radial 
location is shown in Fig. 8, and the maximum value as a function 


(SIMPLY SUPPORTED) | _ (CLAMPED) 
34.4. 
P 
N 
. 
We 
— = 
08 06. 04 02 02 04 08 06 Te) 
r/a 


Fic. 8 VARIATION OF ErrectTIvE Pressure Rapiat Location 
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Shear: 


Q, = [4,, bet’ — By ber’ z] .......... [88] 
The maximum shear occurs at the boundary and the shearing 
stress has the value 


pa 


Tmax > 


Tube Stress. The relationships derived in the foregoing are 
valid only if the tubes can furnish the support attributed to them 
without failure. Therefore the most highly stressed tube must 
be investigated. The direct tensile or compressive stress is 
simply related to the load on a tube joint and is given by 

—f)... [85 
Nt(d—t)* * 


(O74) max (qmax — fp) = 
Since the tube sheet deflects under load, the tubes enter it at 
an angle to their normal unloaded position, which causes a 
bending stress as well as a direct stress in them. Considering 
the portion of a tube between tube sheet and the nearest tube 
support plate or between adjacent support plates as a beam bent 
by end couples and free to rotate, but not deflect, at the supports, 
it can be shown that the relationship between bending moment 
and slopes at the ends is 


2E 71 ) 
(26, + 63) | 
2E 
M, = (0 + 20.) | 
/ 


where s is the span. Repeated application of these equations 
over the full number of supports between tube sheets yields 


where My, is the maximum bending moment in a tube whose 
slope is @ at the tube sheet and F,, is given in Table 2. 
An expression for the slope of the tube sheet (which is the same 


TABLE 2 EFFCT OF BAFFLES AND TUBE SUPPORTS ON 


7 BENDING MOMENT IN TUBES 
LA 
“4 
6 aP . F,, 
ot “| re 2 |3.667/3.64 |3.29 [330/33 
a | | | |330/330 
4 Rs + | 
pe | 2 3.200) 3333! 3.29 |330 | 330 
va | 2 | 4 |3.667 se0d.377 3.78 |3.77 
v3 | 2 | 4 |3.6003750/371 |372 | 371 
v2 | 2 | 4 |363 | 363 
+ 2/3. | 2 | 4 |3429)3600)356 | 357 | 357 
34 | 2 | 4 |3.4003571/352 |354 |353 
2 | 4 |3333]3500)3.46 |3.47 |3 46 
“o ' 2 3 4 5 6 7 8 > 10 
Xo 


Fic. 9 VARIATION OF Maximum Errective Pressure WITH 2a 


of x, is given in Fig. 9 and Table 1 as a factor in the equation 


as that of the tube) is needed for Equation [37]; it is given by 
1 
6 = 26B, 2 — ber’ + Byybei’x)...... [38] 


The maximum slope may be expressed as 


SRG 
Ye) 
/ 
| 
| 
| 
la 
= F 2 
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0.10 T 
pa’ 
009 max * 5 
The maximum values are shown in Fig. 10 and Table 1. The ae ¥ | T 
maximum bending stress in the tube becomes 0.08 —+—+— + rT 
T T T 
padL FoF 0.07 —+ 
(o 7p) max [40] | | 
sNt(d — t) 4 
| 
The stresses given by Equations [35] and [40] are additive % | | am | ed 
only if the maximum effective pressure and the maximum slope “aia | | o| | | 
occur at the same tube-sheet radius; otherwise the total stress | | % | i 
in the tube is less. , | 
0.04, 
| 
EVALUATION OF CONSTANTS t 
Because of space limitations, only the two cases where both || | | 
tube sheets are identically supported will be considered here; re 
the case of one plate clamped and the other simply supported | | | | ding = 
will have to be deferred to a later paper. Under these conditions i |} | td Ne 
both tube sheets become identical and, by substitution of the | a. ae 
boundary conditions into the previously given equations, the 
. 
arbitrary constants are evaluated as follows — - car 2 3 4 s, 6 7 8 9 10 
a 


Both Tube Sheets Simply Supported: Fic. 10 Vartation or Maximum Sueet Store WITH 


v) f \ 
bet x, + ber’ \ 
bei’ z,/ | 
ber x, hei’ x4 2 bet’ x, | ber’ z,\* | 
‘ - bei’ z, 
2D \ bet’ x (1 ») 
bet rz, + ber’ x, g 
ber’ rq | EXAMPLE 
bet’ Although no experimental data on effective values 
7 Le elias. of mw and no are available at the time of writing, it 
{41} is. still possible, as discussed in Appendix 2, to de- 
B, = 0 sign tube sheets from the equations presented herein, : 
as shown in the following: 
Given a tube bundle consisting of two naval-brass tube 
~ 2 re, | —»), , sheets 20 in. diam (to gasket center line), 225 *%/;-in. 
} bei x, + ber’, 16 BWG Admiralty metal tubes 12 ft long on 1-in-square 
| cae hei’ sl) ‘Soaaamenie ae pitch, and 5 semisupport plates on 27 in. centers; how 
ber thick must the tube sheets be if the allowable stress in 
Ta plate and tubes is 10,000 psi, and the design pressure is 
Gx») 250 psi on the shell side? Assume for purposes of example 
bei tg + — ber’ rq E = E, = 15 X 10° lb per sq in. 
—_——_—_—_— From Equations [5] and [6] 
ber 2, — ber’ x 
225 X 0.065 X 0.685 X 15 105 
bet’ Ze 1 | 100 x 144 
ey + ber’ xq é 
225 (0.75\? 
| bei’ x, (1 — ») (°2) = 
A first estimate of h is taken from Equation [la] 
Both Tube Sheets Clamped: — 
bore, h = 10 10,000 = 1.581 in. (use next-larger even sixteenth = 
3. bei bei’ x4 [44] 
te? \bei’ | | Assuming 7, = = 0.5 (See Appendix 2) 
| bei’ x.) | 15 X 10° X (1.625)? X 0.5 
D= = 2.944 106 
B, =0 (1 — 0.09) 
| and from Equation [11] 
bei! (ber? [45 2X 1.043 x 
bei’ 2.944 X 10° 


: 

- 

te 
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Using Equation [380] and Fig. 7 


6 X 0.1075 X 250 10 \? 
(¢,)max = (3) = 12,230 psi (clamped) 
or 

6 0.094 250 10 \? 
(¢,)max = = 10,700 psi (simply 


supported) 


In either case these stresses are too high so the computations must 
be repeated, resulting in final values as shown in Table 3 where, 
for comparison, the results for n, = no = 0.35 have also been 
included. 


TABLE 3 COMPUTED TUBE-SHEET THICKNESS 


= = 0.35—— = 10 = 0.50— 


Simple Clamped it Clamped 
h in. in. 13/gi in. 
D 7.52 X 106 x 108 3. x 4.08 X 108 
ra 2.30 2.48 2.75 2.68 
Fu 0.1445 0.127 A 1035 0.115 
omax 9900 9750 0120 101206 


The results are in reasonable agreement with Equation [la] 
for n, and ne = 0.5, but the comparison with other efficiencies 
emphasizes the need for experimental work on tube sheets. 

Since the higher pressure is in the shell, it is not necessary to 
check for deflection. However, it is simply found from Equation 
[28] and Fig. 5 


50 10) 
Wmax = . aioe x 0. 037 = 0.0252 in. (simply supported) 
or 
250 10) 
Wmax = prorat X 0.0135 = 0.0092 in. (clamped) 


The maximum tube-joint load, from Equation |31] and Fig. 9, is 


x X (10)? 


V, = 
225 


x 35 50 (2.02 — 0.683) = 467 lb (simply 
supported) 
The maximum stress in the outermost ring of tubes, from Equa- 
tions [35] and [40], Figs. 9 and 11, and Table 2, is found to be 
250 X (10)? 
225 X 0.065 0.685 


(o79) max 


(2.02 — 0.683) = 3340 psi 
250 X 10 X 0.75 X 144 
27 X 225 X 0.065 X 0.685 


0.061 x 3.64 X (2.75)! 
4 


(074) 


= 1280 psi 
4620 psi 
SUMMARY AND CONCLUSIONS 


Presently used empirical design equations result in heat- 
exchanger tube sheets which are satisfactory under hydrostatic 
test and in service. They do not, however, take into account 
several factors which may be expected to have an influence on 
tube-sheet stresses. By regarding a tube sheet as a homogene- 
ous plate resting on an elastic foundation (except for U-tube or 
bayonet-tube exchangers) and subjected to a uniform hydrostatic 
_ pressure, equations for effective pressure distribution, deflection, 
bending moment and stress, shear and slope have been derived. 
These involve a ‘deflection efficiency” and a “ligament effi- 
ciency” both requiring experimental determination for various 
tube gages, diameters, and pitches. It is hoped that these views 
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on tube-sheet deflections may furnish a semitheoretical basis 
upon which such test work may proceed. 

It is fully realized that there are several other factors entering 
into the state of stress in heat-exchanger tube sheets which are 
not covered in this paper and which eventually may have to be 
integrated with this work; some of these are as follows: 


Residual stresses in tubes and tube sheets due tp tube expan- 
sion (rolling or drifting). 


Thermal stresses caused by temperature gradient between tube- ° 
: } 


sheet faces in operation. 

Thermal stresses due to temperature differential between tubes 
of different passes and between segments of multipass tube 
sheets. 

Possible loss or irregularity of tube-sheet support in service by 
corroded, eroded, bent, or otherwise damaged tubes. 


This paper constitutes an introduction to tube-sheet design 
covering only the simpler cases The same basic equations are 
applicable to other types of tube sheets, such as those integral 
with the supporting member or those subjected to additional 
bending moments by bolting around the periphery and, by modi- 
fication, to those,receiving support from stays or partitions in the 
heads. However, it seems preferable, by publication, to solicit 
the opinion of those qualified to judge the merits of this approach 
and, by experiment, to observe the correlation between test and 
theory before presenting further deductions based upon the 
method. 
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Appendix 1 
The Bessel functions ber x and bei x are defined by 
= t+ibeiz 


where Jo(z ¥/7) is the Bessel function of the first kind and order 
zero of the complex number, x +/ i 


(an? 6D 

(2/2)? /2)* (2/2) (@/2)" 


The following relations hold: 
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bei” he rz bei’ 


x 


so that all derivatives are algebraic functions of x and the four 
functions, ber x, bei x, ber’ cand bei’ x. Also 


Sz ber = x bei’ 


Sx heiz =— 


These functions are tabulated by Jahnke and Emde (8) and 
by Timoshenko (7) under the following headings: 


x her’ a 


english usage Jahnke-mde Timoshenko 
ber x Re ) 
bet x ) Yo(x) 
her’ ReVidi(rvVi) ¥i' (zx 
bet’ x ImVidilavi ) (4 


Appendix 2 


The ligament efficiency of a perforated plate stressed in one 
direction only (e.g., riveted joints or water-tube boiler drums) 
is customarily taken as (? — d)/P, where d is the diameter of 
the holes. If tubes of inside diameter, (d — 2t) are expanded 
into these holes in such a way that the entire plate and the tube 
wall are in compression, the tube-wall metal should be just as 
effective as the plate metal in resisting bending up to the point 
where the maximum tensile st ress just equals the residual compres- 
sive stress. Under this condition, then, nx = [P — (d —20)]/P 
and should probably be even higher since resistance of the tube 
wall outside the tube sheet to distortion caused by bending will 
strengthen the plate further. 

When applied to symmetrically loaded circular perforated 
plates, the foregoing rough analysis must be modified to allow 
for the fact that the stresses are acting over the circumference of 
a circle rather than across a straight line. Referring to Fig. 11, 
the circle passing through the point of tangency of the tube circle 
with a line drawn from the center of the square obviously cuts 
the smallest are of metal in proportion to the total arc; the ratio 
of metal are to total are on this circle therefore represents the 
minimum ligament efficiency. 
45-deg angle need be considered 


Because of symmetry, only a 
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LIGAMENT EFFICIENCY 


1 -1 v2 
= 1—- sir 


For other locations of the tube-sheet center, more complicated 
expressions are obtained which give very nearly the same result. 
With tubes on triangular pitch, the corresponding equation is 


In either case, (d —- 2¢) may be substituted for d if the tube wall 
is assumed to contribute its full strength to the tube sheet. 

These ligament efficiencies are those found within a small dis- 
tance from the center of the tube sheet; they increase considera- 
bly with distance from the center so that it does not seem un- 
reasonable to expect values of the order of 0.5 or more even though 
those calculated from (P — d)/P are in the neighborhood of 0.25. 

The deflection efficiencies should be of about the same magni- 
tude as the ligament efficiency or slightly greater. 

These remarks are in no wise intended to take the place of ex- 
periment, but are meant to indicate in a roughly quantitative 
way the order of magnitude to be expected from such experi- 
ments. 
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Critical Shear Stress of Plates 
Above the Proportional Limit’ 


E. Z. Srowgiy.? In this paper, among the conclusions the 
author states the following: 

“Confirmation of the secant modulus in shear instability as 
well as that previously obtained in compression suggests that a 
re-examination of fundamental plate-instability theory for ex- 
tension into the inelastic range is desirable.” 

Such a re-examination of fundamental plate-instability theory 
beyond the elastic range has been undertaken by the NACA 
on the basis of modern plasticity considerations. By employing 
the stress-strain relations of Ilyushin a basic differential equa- 
tion of equilibrium for a buckled plate in the plastic range has 
been derived. Solutions of this equation for the case of pure 
axial compression show that long columns, which bend without 
appreciable twisting, require the tangent modulus, and that long 
flanges, which twist without appreciable bending, require the 
secant modulus. Structures which both bend and twist when 
they buckle require a modulus which is a combination of the 
secant modulus and the tangent modulus. A paper is in prepa- 
ration giving the details of this investigation. 

The fundamental differential equation of equilibrium for a 
buckled plate in the plastic range has also been solved for the 
case of a long plate with elastically restrained edges under pure 
shear. The solution shows that long plates under shear require 
a modulus which is a combination of the secant modulus and the 
tangent modulus, obtained from the axial stress-strain curve. 
When the elastic restraint along the edges is made infinite, the 
condition of a long plate with clamped edges, such as was studied 
by the author, is obtained. His reduction factor y; has been 
computed from the theory using his axial stress-strain curve for 
248-0 alloy. Fair agreement with the experimental data was ob- 
tained. 

The theory shows that use of the shear-secant modulus as 
proposed by the author is satisfactory, provided the stress- 
strain curve is capable of representation by a simple power law in 
the plastic region. The stress-strain curve for 24S-O alloy can 
be so represented. There are materials, however, for which the 
stress-strain curve cannot be described accurately by a simple 
power law, and for these materials the use of the shear-secant 
modulus probably would not be sufficiently accurate. 

Watrer RamsBera.* The author has performed a service for 
structural engineers in suggesting a method for computing 
buckling stresses in shear in the plastic range, and in supporting 
this method by test results. The method is so simple that it will 
be widely used by designers. It is desirable therefore that it 
should be checked by further tests on plates of other thicknesses 
and materials than the one thickness and one material used by the 
author. 

If such additional tests are made it is desirable also that enough 
gages be placed upon at least some of the specimens to confirm 
that the strain distribution across the width is uniform in accord- 
ance with the theory. The resulting body of test data, together 
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with the data already presented in the paper, would serve not 
only to establish the author’s formula, but also to indicate the 
adequacy of the shear test of a pair of long strips for obtaining 
the stress-strain curve in shear and to provide experimental 
material which must be explained by any theories of plastic 
instability, such as the theory recently developed by Ilyushin.‘ 

Consideration of the theory of plastic instability suggests re- 
placing the purely empirical relation r = 0.50, y = 1.3¢, used 
by the author, either by the relation r = 0.50, y = 1.5«, which 
corresponds to the maximum-shear theory of yielding, or by the 
relation tr = ¢/\/3, y = V/3e, which corresponds to the octa- 
hedral shear theory. 

The relation r = 0.50, y = 1.3€ was derived by the discusser 
to fit to experimental data on tension and torsion tests of 
17S-T aluminum-alloy tubes. For chromium-molybdenum steel 
tubes, the best fit was obtained with r = o/\/3, y = 1de. 
Osgood’s work® on 24S-T aluminum-alloy tubes under combina- 
tions of internal pressure and axial load shows a slightly better fit 
for the maximum-shear theory than for the octahedral shear theory. 

The maximum shear relation r = 0.50, y = 1.5€ would also 
give a better fit to the strain data shown in Fig. 2 of the paper. 
The curve in Fig. 9 of the paper would remain unaffected pro- 
vided we take v = 0.5. 

The octahedral shear relation r = ¢//3, y = V3 6, gives a 
worse fit to the strain data in Fig. 2: making » = 0.5 would lead 
to replacing Equation [12] by 


00.7 7 00.7 


Solutions of this equation would be given by multiplying both 
ordinates and abscissas of the curves in Fig. 9 by 2/+/3. The 
result would be to make the computed critical stresses in the 
plastic range slightly greater than those given by the curve in 
Fig. 8 of the paper. The difference is small for buckling prob- 
lems, and it is in the same sense as for other comparisons of 
measured and computed buckling stresses. 


AuTHOR’s CLOSURE 


The theoretical development of effective moduli for use in 
buckling of thin plates above the proportional limit, as first 
accomplished by Ilyushin and then by Stowell of NACA, is an 
outstanding contribution and one which is a logical development 
of the research work pursued on the subject. 

There is a fundamental difference between the work of Ilyushin 
and Stowell, however. Ilyushin assumes that a strain reversal 
occurs at the critical stress whereas Stowell assumes that no 
strain reversal occurs. Consequently, Stowell’s results are lower 
than those of Ilyushin. In both cases, Poisson’s ratio is assumed 
to have a value of v = 0.5, although the critical stress is in the 
region of the knee of the stress-strain curve. 

It is necessary to determine which process of strain reversal is 
correct in buckling of plates. Work on columns by Shanley® and 


4 “Stability of Plates and Shells Beyond the Proportional Limit,” 
by A. A. Ilyushin (translated from Russian), NACA Tech. memo. 
1116, October, 1947. 

5 “Combined-Stress Tests on 24 S-T Aluminum Alloy Tubes,”’ by 
W. R. Osgood, Journat or Apptizp Mecuanics, Trans. ASME, vol. 

69, 1947, p. A-147. 
“TInelastic Column Theory,”’ by F. R. Shanley, Journal of th: 
Aeronautical Sciences, vol. 14, May, 1947, pp. 261-267. 
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Wang’ has shown that the assumption of no strain reversal is 
correct when applied to columns. On plates, however, the assump- 
tion of no strain reversal is not an obvious physical assumption. 
For example, if the top-of-the-knee method is used experimen- 
tally for determining buckling stresses on plates, a strain reversal 
has occurred at the critical stress. 

Also, if experimental work on plates is to be compared with 
theory, it is necessary to develop a method for plates comparable 
with the Southwell method for columns, so that experimental re- 
sults on specimens subject to initial imperfections can be com- 
pared with theoretical results for theoretically perfect plates. 

The author agrees with Dr. Ramberg that a highly desirable 
field for further research work is the development of a method for 
determining experimentally shear stress - strain curves. For a 
particular material, the ultimate choice of affinity constants 
given by either the maximum-shear theory of yielding or the 
octahedral shear stress theory depends upon such a stress-strain 
curve. 

For the particular data presented in the paper, the affinity con- 
stant for stresses corresponds to that of the maximum shear 
theory. The affinity constant for the strain of 1.3 used in the 
paper, as compared to 1.5 as obtained from maximum shear 
theory, appears to depend upon the choice of the value assumed 
for Poisson’s ratio. In the elastic range v = 0.3, in the plastic 
range v = 0.5, while in the region of the vield stress, the value of 
Poisson’s ratio probably varies between the two limits and, 
consequently, no set value can be assumed. 


The Flutter of a Uniform Wing 
With Tip Weights’ 


R. H. Scanuan.? If we understand the authors’ point cor- 
rectly, we infer that they definitely do not suggest the methods 
of this paper as a means of flutter analysis for use in the engineer- 
ing office, but rather they attempt to assess the value of a certain 
so-called Rayleigh-type approach commonly used in field cal- 
culations. They are to be congratulated upon the attempt. 
We think, however, and perhaps they will agree, that a con- 
clusive answer to the question of the validity of such an approach 
would lie only in a statistical set of results comparing, case by 
case, many airplane-flutter calculations performed both by what 
they call the Rayleigh-type analysis and by some alternative 
method of better accuracy and universal applicability. 

It is clear that the authors do not intentionally employ the 
terms ‘‘Rayleigh-type flutter analysis” loosely. They apply 
them specifically to a flutter analysis based upon the first bending 
and first torsion uncoupled modes, i.e., one in which the modal 
shapes of the flutter system are assumed to be a combination of 
these modes as individually unaffected in shape by the existence 
of the flutter air forces. The authors are then comparing two 
methods of flutter analysis: One (their method) wherein the air 
forces do affect the mode shapes at flutter, and another (which 
they call the Rayleigh type), in which these forces do not affect. 
flutter-mode shape. 

However, the use of the words ‘Rayleigh-type analysis’ 
conceivably may include other meanings than the one the authors 
have assumed. Care should be taken not to apply their con- 


7 “Inelastic Column Theories and an Analysis of Experimental Ob- 
servations,’ by C-T. Wang, Journal of the Aeronautical Séiences, vol. 
15, May, 1948, pp. 283-292. 

1 By Martin Goland and Y. L. Luke, published in the March, 
1948, issue of the JouRNAL or AppLieED MeEcHAanics, Trans. ASME 
vol. 70, pp. 13-20. 
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Polytechnic Institute, Troy, N. Y. 
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clusions indiscriminately to all types of analysis which equally 
reasonably may be termed the Rayleigh type. Most accurately, 
a Rayleigh analysis applies only to a system in free vibration 
wherein a fair approximation of the mode shape is made (usually 
by satisfying boundary conditions), and the resulting energy 
calculations, being not too much in error, lead to good approxi- 
mations of the natural frequency. Flutter analyses not much 
different from those involving only bending and torsion uncoupled 
modes can be made, introducing higher bending and higher 
torsion modes at will, raising the number of degrees of freedom 
by one for each uncoupled mode included. Such analyses, 
loosely speaking, are also of the “Rayleigh type.” 

Moreover, coupled or natural, rather than uncoupled, modes 
may be employed initially, effectively replacing each pair or group 
of uncoupled modes which normally couple by a single mode, 
thus reducing the needed number of degrees of freedom. This 
approach, by employing the fact that any motion (including the 
flutter motion) is the superposition of an infinite set of natural 
modes, can achieve a good approximation to the flutter mode by 
including sufficient. modes of this infinite series. In general, this 
method is more economical of degrees of freedom than the use 
of uncoupled modes (which are not normal modes). 

Thus in the reasonable realm of the term “Rayleigh-type 
analysis” flutter-mode accuracy can be increased indefinitely. 
This accuracy of course extends not only to modes but also 
to phase relationships of distinet particles, of which the authors 
also make considerable point for their method. These Rayleigh- 
type methods, having the desired features of accuracy just men- 
tioned, have been in use throughout a large section of the air- 
craft industry for some years. It would be an appropriate study 
to compare the authors’ method with them on various counts, 
such as accuracy, calculation speed, difficulty, and so forth. 

The use of the word “‘exact”’ is unfortunate in connection with 
any flutter method; there are always open the questions of the 
degree, location, and type of approximation used. The approxi- 
mation of the coupled-mode methods just alluded to lies in taking 
only a finite number of the infinite number of terms of the in- 
finite series of normal modes. In the authors’ method they 
have found it convenient to introduce an approximation into 
the calculation of the & + by means of the first few terms of a 
convergent power series. Which is the more permissible approxi- 
mation will be determined by the specific case discussed. Profit- 
ably, then, many cases should be discussed. 

In pursuing further our hypothetical set of statistics necessary 
for confirmation or refutation of a given method by comparative 
procedure it would be noticed that the authors’ method would be 
inapplicable to those cases actually encountered in practice, at 
least without further approximation. This is not a fault of the 
paper, but it does inhibit extensive generalizations from its con- 
clusions. We might suggest a paragraph to sum up the problem 
and the contributions of the paper to the immensely difficult 
task of weighing flutter methods: 

For a wing having (a) a unique spanwise distributed torsional 
stiffness coefficient; (6) constant bending stiffness; and (c) con- 
stant torsional stiffness throughout, the following conclusion 
holds: A particularly simple type of flutter analysis of universal 
application to actual wings, which assumes that air forces do not 
affect’ the flutter mode, gives results quantitatively close to 
results of a method presented by the authors. This method is 
applicable only to this constant-section wing. There exist 
other methods of universal application which have been in use 
for some years which are analytically demonstrable as being at 
least as accurate potentially as either pf the methods compared 
in the paper. These other methods, as well as the authors’ 
method, take account of the effect of the air forces on the flutter 
mode. It should be noted that in general airplane wings having 
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the characteristics (a), (b), and (c) are nonexistent, which limits 
the scope of application of the authors’ method, though not its 
validity. 


AvuTHOoRS’ CLOSURE 


The authors are indebted to Professor Scanlan for his several 
comments and wish to thank him for his efforts aimed at a proper 
orientation of the paper in the general field of flutter. 

To confirm Professor Scanlan’s initial remark, the method for 
flutter analysis, based on a solution of the differential equations 
of motion, is not advanced by the authors as a replacement for 
current design techniques, but only as a medium through which 
flutter dynamics can be investigated accurately. 

Although only two degrees of freedom are employed in the 
Rayleigh analyses described in the paper, it is unfortunate if the 
impression is gained that this number is in any way associated 
with the principles underlying the method. The Rayleigh 
method of course envisages the use of a sufficient number of 
degrees of freedom to provide acceptable accuracy in the results; 
furthermore, it is not of consequence whether these degrees of 
freedom have their origins in the uncoupled modes of the system, 
the coupled modes, or in modes chosen in some other arbitrary 
manner, care being exercised in each case to insure that the mode 
boundary conditions are satisfied. The particular choice of de- 
grees of freedom for the analyses contained in the paper was 
governed by the attempt to duplicate standard engineering prac- 
tice for the aircraft studied. 

The question relating to the relative merits of coupled versus 
uncoupled modes for flutter calculations of the Rayleigh type has 
not as yet received an adequate answer, at least to the authors’ 
knowledge. While it would appear that the use of coupled modes 
has some advantage, since natural motions of the system when 
in a vacuum are duplicated, this has not as yet been clearly demon- 
strated. For at least one of the airplane configurations treated 
in the paper, the two fundamental uncoupled modes and the first 
two coupled modes resemble each other closely, and the use of 
either set leads essentially to the same results; the second con- 
figuration has not been studied with this in mind. 

With regard to the theoretical accuracy attainable by intro- 
ducing large numbers of generalized co-ordinates into the Rayleigh 
analysis, it must be recognized that the associated labor rapidly 
multiplies as the number of degrees of freedom is increased. 
The ‘‘exact’’ method described in the paper achieves an accurate 
result without being subject to this disadvantage; hence the 
labor required to realize an exact result is kept at a reasonable 
level. 


Effect of Bending Rigidity of String- 
ers Upon Stress Distribution in Rein- 
forced Monocoque Cylinder Under 
Concentrated Transverse Loads' 


M. Z. Krzywoblocki.? The problem in question is of a varia- 
tional nature and a rigorous solution may be obtained by means 
of the Euler-Lagrange differential equation. The method used 
in the paper is an approximate one and is justified if the approxi- 
mation function is properly chosen. Specifically, it should be 
established that there is one and only one function in the chosen 
set of functions which gives a smaller value to the total strain 
energy than any other gives having first taken the given values 
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on the boundary. The paper presents an interesting justification 
of the chosen function a posteriori in comparing the results of 
calculations with those of experiment. The comparison (Fig. 
7, 8, 9 of the paper), shows reasonable agreement in the range 
above the zero axis, but lack of test data prohibits comparison 
below the zero axis. It may be of interest to know whether the 
experimental points in this range were omitted because the test 
difficulties encountered prohibited satisfactory measurements or 
whether the experimental curve, in general, does not cross the 
zero axis. In the latter case, a choice of some other set of func- 
tions may provide better agreement between calculation and 
experiment. 


AUTHOR’s CLOSURE 


Dr. Krzywoblocki’s comment raises the old question of how 
much mathematical refinement should be applied to the solution 
of an engineering problem. It is the author’s conviction that it 
is useless to obtain a mathematically rigorous solution to an 
idealized problem, which is only an approximate representation 
of the physical phenomenon under consideration. 

The Fourier series used to represent the stress distribution 
converges uniformly for this problem. The fact that convergence 
was obtained is evident from inspection of the coefficients. 
Therefore some other function, used to satisfy the conditions 
set forth in the paper, would at best approximate the same 
values, possibly with fewer terms. The only way to obtain a 
“rigorous’’ solution is to eliminate all simplifying assumptions. 
This is somewhat inconvenient for a problem of the complexity 
of the one at hand. 

The strain-gage locations were chosen to provide only general 
coverage of the cylinder with particular emphasis on the regions 
in which the secondary effect of bending-resistant stringers is 
most pronounced. Qualitative verification of the basic stress 
distribution, including the presence of negative values, has 
already been published.* 

Fig. 6 of the paper shows that the presence of stringers in the 
areas of stress reversal makes measurements in these regions im- 
practicable. Incidentally, the referenced reports indicate good 
agreement between tests and stresses calculated by Fourier 
series for cylinders without stringers. 


Vibration of a Nonlinear System 
During Acceleration Through 
Resonance 


F. M. Lewis.2 The analytical solution as derived by the 
writer differs slightly from the solution as determined by machine 
analysis. The machine solution supposes a system initially at 
rest which is then subjected to an accelerating exciting force. 
The analytical solution corresponds to a “‘steady-state”’ vibration. 
It corresponds to the case of a machine running at infinite speed 
in the negative direction, slowing down to zero speed, and then 
starting up in the positive direction. If there is very little 


3“Stress Analysis by Recurrence Formula of Reinforced Circular 
Cylinder Under Lateral Loads,’’ by John E. Duberg and Joseph 
Kempner, NACA Technical Note No. 1219, March 19, 1947. 

“‘Charts for Stress Analysis of Reinforced Circular Cylinders Under 
Lateral Loads,’’ by Joseph Kempner and John E. Duberg, NACA 
Technical Note No. 1310, May, 1947. 

“The Effect of Concentrated Loads on Flexible Rings in Circular 
Shells,’”’ bye Paul Kuhn, John E. Duberg, and George E. Griffith, 
NACA Wartime Report No. L-66, 1947. 
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damping and high acceleration, the two solutions may differ 
appreciably. 

The analytical solution for the case of a machine initially at 
rest could have been obtained by the addition df a transient 
term to the steady-state solution, but this would have complicated 
the results so much that it was not done except for the case of 
zero damping. 

An analytical solution for the case of an exciting force of ampli- 
tude proportional to the square of the speed is given by the writer 
in his discussion of Baker’s paper.2 An analytical solution where 
a nonlinear of any form is introduced is too horrible even to con- 
template, and the only practical method of solution is by machine. 

The curves as shown must represent a considerable amount. of 
labor, even with machine assistance. It is hoped that the 
author will extend the range of the work to include lower accelera- 
tions, both to tie in the analytical solution and because such 
accelerations are more nearly in line with practice with larger 
machines. 

The most interesting and rather startling part of the work is 
the conclusion that the force amplification is considerably in- 
creased by the addition of cubic elasticity. This is an important 
result, since elastic couplings approximating to this condition 
are quite common in engine systems subject to torsional vibra- 
tion. 


AvuTHORS’ CLOSURE 


Professor Lewis’s pioneer analytical work on the problem of 
acceleration through resonance was the inspiration for the pres- 
ent paper, and the authors are grateful to him for his discussion. 
The reference® to his analytical solution to Baker’s problem was 
unintentionally omitted by them. 

Professor Lewis compares initial conditions for the machine 
and analytical solutions. The authors might add this descrip- 
tion of the machine procedure. For runs at different phase 
angles a (Equation [1]),! the system was initially at rest, not in 
its equilibrium position but in a deflected position — correspond- 
ing to the initial phase a, such that € + Ké = sin @ in Equation 
{2].1. The system was not started from its equilibrium position 
since the transient effect with a = 90 deg in some cases would 
cause parameter A to approach the value 2 before resonance 
was reached. 

The increase in force amplification by the addition of cubic 
elasticity is indeed a startling result. The top curve in Fig. 4(a) 
of the paper shows a force with cubic which is 70 times that for 
a linear system. Even higher ratios may be expected at the lower 
acceleration rates. 

Results for the lower accelerations which occur in large ma- 
chines would be of considerable value, and perhaps such work 
will be undertaken by others having access to the analyzer at 
Berkeley. The results given in the paper do not apply exactly 
to the nonlinear elastic-coupling problem since in that problem 
an average torque is transmitted and vibrations take place about 
a noncentral point on the nonlinear load-deflection curve. It 
is hoped this problem with unsymmetrical load-deflection curve’ 
will also be investigated on the analyzer because of its practical 
importance. 

A modification of the statement of probable errors in the paper 
is offered. The figures +1.6 per cent and +3.3 per cent apply 
to the displacement amplification A. Since force amplification 
F is related to A by the equation F = A + KA¥%, the relative 
error in F will never exceed 3 times thatin A. Hence we estimate 
the maximum probable error in F at +10 per cent. 


3 ‘*Mathematical Machine Determination of the Vibration of Ac- 
celerated Unbalanced Rotor,” by J. J. Baker, JourNAL or APPLIED 
Mecnantes, Trans. ASME, vol. 62, 1940, p. A-92. 
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The paper describing the analyzer (reference 3 of original 
paper) has since been published.‘ 


Mechanical Activation—A Newly 
Developed Chemical Process’ 


Davin Gorpon.? The author is to be highly commended for 
his alertness to the potential opportunities in the interchange of 
mechanical-engineering practices and chemical-engineering proc- 
esses. There may be many such opportunities passing unob- 
served because we are confined by the “tyranny of the immediate 
problem.” 

Of special interest are the author’s statements, “The usual spe- 
cial precautions required to maintain the apparatus and reagents 
absolutely anhydrous are unnecessary when the more easily 
prepared Grignard reagents are produced by mechanical activa- 
tion,” and “Such a reaction cannot be carried out by conventional 
means even when elevated temperatures and special catalysts 
are used inasmuch as the water removes the Grignard reagent 
(phenylmagnesium bromide) as rapidly as it is formed, and the 
reaction rate never reaches a practical value.” But the water 
removes Grignard reagent as rapidly as it is formed in the me- 
chanical-activation process also. Is the reason for the attain- 
ment of a practical reaction rate the almost instantaneous pro- 
duction of fresh Grignard reagent, whereas in the conventional 
process some time must elapse before fresh reagent can-be pro- 
duced to replace that which has reacted with the water? 

The author mentions a series of tests in which the number 
of aluminum cuts required to cause carbon-tetrachloride to just 
turn red was noted for different cutting speeds. Reference to his 
Fig. 6(a) shows that the maximum quantity of red aluminum 
chloride complex formed per cut is at the lowest cutting speed 
shown on the curve (this changes rapidly), but that the maximum 
total quantity of complex formed per unit of time will be at the 
highest speed. Does the author consider the improvement of 
yield at the lowest speed over the highest speed to be too small 
to warrant investigating the comparative costs of producing the 
same total quantity of product: (1) by operating a larger number 
of cutters (in one compartment) at the lowest speed; and (2) by 
operating a smaller number at the highest speed? 

The author mentions, as a possible application of the me- 
chanical-activation process, the production of anhydrous alumi- 
num chloride from chloroform and aluminum. The market list 
prices are approximately 23 cents per lb for chloroform and 11 
cents per lb for anhydrous aluminum chloride; and more than 1.3 
Ib of chloroform are required stoichiometrically per pound of 
aluminum chloride. Therefore it would seem to be the author’s 
intention to suggest the method not as a process for the commer- 
cial production of anhydrous aluminum chloride but as a useful 
method in some special applications where the generation of the 
aluminum chloride at its point of use may be advantageous. 


AvuTHOR’s CLOSURE 


The comments of Mr. Gordon are appreciated. With regard 
to the action of water in the preparation of Grignard reagents; 
it may be observed that most organometallic reactions that are 
carried out under conventional conditions behave as though 
they are autocatalytic, the reaction rate being initially quite low 


4“A Mechanical Analyzer for the Solution of Vibration Problems 
of a Single Degree of Freedom,” by E. E. Weibel, N. M. Cokyucel, 
and R. E. Blau, JournaL or Appiiep MecHanics, June, 1948, 
Trans. ASME, vol. 70, pp. 146-150. 

1.By M. C. Shaw, published in the March, 1948, issue of the Jour- 
NAL OF AppLieD Mecuanics, Trans. ASME, vol. 70, pp. 37-44. 

? Consulting Engineer, and President, David Gordon & Company, 
Inc., New York, N.Y. Mem. ASME. 
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but increasing rapidly with the concentration of the Grignard 
reagent. All Grignard reagents are known to react rapidly and 
often vigorously with water. If a conventional Grignard syn- 
thesis is attempted in the presence of water, the small amount 
of Grignard reagent that is initially produced is converted into a 
hydrocarbon as rapidly as it is produced, and the reaction rate 
does not have a chance to build up to a practical level as long as 
moisture is present. However, under the severe conditions en- 
countered in the mechanical activation process, the Grignard 
reagent is produced sufficiently rapidly, and the initial reaction 
rate is sufficiently insensitive to the quantity of Grignard reagent 
accumulated to make it possible to continue to produce the 
Grignard reagent even though it is immediately converted into 
the hydrocarbon in the presence of water. 

As Mr. Gordon has indicated, there should be an optimum 
cutting speed for a given reaction. In addition, the depth of cut, 
bulk temperature and pressure, and atmosphere should also be 
chosen carefully in the commercial application of the mechanical 
activation process. 

In discussing the economic aspects of the aluminum chloro- 
form reaction, Mr. Gordon has overlooked the carbon produced. 
This material may be readily activated and represents a product 
much more valuable than the Al Cl, itself. 


The Absolute Calibration of Electro- 
Mechanical Pickups’ 


ALBERT Lonpon.? Early in 1944 the Sound Section of the 
National Bureau of Standards initiated an investigation of 
methods of determining the absolute calibration of vibration 
pickups in connection with the study of the transmission of sound 
and vibration through building constructions. The method 
selected for preliminary study was patterned on the classic paper 
of Cook,* in which he first applied the principle of reciprocity to 
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an absolute calibration of microphones, based mainly upon 
electrical measurements (it is also necessary to know the volume 
of a cavity and modulus of elasticity of the gas). 

The technique required for calibrating vibration pickups thus 


1By H. M. Trent, published in the March, 1948, issue of the 
JoURNAL or APPLIED Mecuanics, Trans. ASME, vol. 70, pp. 49-52. 

? Physicist, National Bureau of Standards, Washington, D. C.. 

3 “Absolute Pressure Calibration of Microphones,’’ by R. K. Cook, 
National Bureau of Standards, Journal of Research, vol. 25, No- 
vember, 1940, p. 489, RP1341. 
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derived is entirely equivalent to that so ably set forth in the 
author’s paper. Our purpose in discussing this paper is to give 
some of the experimental results obtained at that time. It should 
be pointed out that these results are preliminary in nature, the 
work on this project having been postponed as a result of the 
pressure of war activities. 

Back-to-back calibrations, that is, one pickup used as a driving 
source for the other pickup, were tried using combinations of one 
velocity-type pickup, two crystal or piezoelectric pickups, and 
one variable-reluctance-type pickup. None of these combina- 
tions was successful. All of the pickups were excellent reversible 
sources. However, the variable-reluctance type was sensitive to 
orientation, and the crystal pickups were variable with respect to 
static pressure applied across them. 

Finally, two moving-coil velocity pickups of identical design 
were obtained which behaved satisfactorily, and they were cali- 
brated by the reciprocity technique. Our procedure was similar 
to the one outlined in the paper. The following experiments were 
performed: 


1 A determination of the relative outputs of the two vibra- 
tion pickups when subjected to the same vibration. 

2 A determination of the output of one pickup when driven 
by the second pickup. 

3 The same as experiment (2) with masses interposed be- 
tween the two pickups. . 


Experiment (3) was more extensive than the author’s in that 
we used a number of different masses. This improves the ac- 
curacy of the calibration and allows additional information to be 
obtained relative to the nature of the mechanical admittance of 
the vibration pickups. 
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Fig. 1 of this discussion shows the result of such an experiment 
at a frequency of 100 cycles per sec. The ordinate is the ratio 


‘of the input current of the driver pickup to the output voltage of 


the driven pickup, J2’/E,” in the author’s nomenclature. The 
abscissa is the total mass of the system, including the mass of 
both vibration pickups. The lowest point on this graph, there- 
fore, corresponds to experiment (2) with zero additional mass, 
i.e., M = 0, the mass of both pickups being 245 g. 

Several conclusions may be drawn from the fact that all of the 
points fall on a straight line, If we rewrite Equation [10] of 
the paper, neglecting the + phase-determining sign, we get 
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Since the quantity (S’)? E"/E’ is constant at any one frequency, 
Equation [1] is the equation of a straight line in the 
variables (J;’/Z;") versus M, provided the mechanical admit- 
tance term Y’ + Y” is purely imaginary in nature. Thus it 
may be concluded that for these two pickups the mechanical re- 
sistance of the units is negligible. If the straight line went 
through the origin the admittance would simply be that due to 
Mp, the sum of the masses of both pickups. In general, the line 
does not go through the origin so that we can write 


Y’ + Y" = jw(My — m)...... 


where m is the intercept of the straight line along the mass axis. 
The value of m obtained at different frequencies is given in Fig. 
2 of this discussion. 
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Evidently the appearance of the negative term in Equation 
[2] is due to the compliance of the pickup. The fact that the 
pickup admittance includes an elastance term is rather surpris- 
ing, inasmuch as it is ordinarily assumed that a seismic pickup, 
working above its natural frequency, in which the voltage output 
is due to a light moving coil, will be strictly mass-controlled. 
Actually, the experimental results show that there is more than 
one natural frequency in the frequency range over which it was 
tested. This would account for the existence of the elastic com- 
ponents in the admittance. 

In Fig. 3 a plot of the transfer impedance, in logarithmic units, 
20 log (F,"/J;’) (i.e., experiment 2) is given. In Fig. 4 the 
relative response of the two pickups is plotted (experiment 1), 
while Fig. 5 is the result of the reciprocity calibration for one of 
the pickups. At the lowest natural frequency of about 25 cycles 
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per sec, the pickups are well-behaved. However, another reso- 
nant. frequency occurs in the range between 120 to 160 cycles per 
sec, where the response is irregular in nature. Since the two 
pickups may have slightly different resonant frequencies, the 


t+++ 


S=Colibration Constant 
in Volts / cm/sec. 


2.48 mu/em /sec. 
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interference of two slightly displaced resonance curves may cause 
a rather erratic relative response curve. The sensitivity constant 
plotted in Fig. 5 herewith was calculated by utilizing Equation 
[1], combined with Equation [2] with M = 0. This procedure is 
entirely equivalent to the author’s Equation [14], since the term 
jw M/(1.'/E,” — I;'/E,") is proportional to the reciprocal of the 
slope of the curve given in Fig. 1 of this discussion. 

The calibration factor of the device, which is supposed to be 
independent of frequency, as given by the manufacturer, is also 
indicated in Fig. 4. In the region from 120 to 160 cycles per 
sec, the calibration was not reproducible and hence is left blank. 

It is proposed to perform an independent absolute calibration 
of this pickup in the near future in order to check the validity 
of these results. The procedure which is contemplated is to 
fasten the pickup on a vibrating piston which is itself part of a 
small cavity. The motion of the piston will develop an acoustic 
pressure in the cavity whose magnitude may be determined bv a 
microphone previously calibrated by the reciprocity technique. 
From the amount of pressure developed, the amplitude of vibra- 
tion of the piston may be determined so that an absolute calibra- 
tion of the pickup may be obtained. 

R. 8S. Marvin,‘ E. R. anp J. D. Ferry.* A 
circuit developed-in the writers’ laboratory during the past few 
months presents enough similarity to the author’s method to be of 
interest in connection with this paper. It is designed for use 
with an electromechanical transducer unit essentially similar 
to that of Fig. 4 of the paper, but with the inclusion of a device for 
clamping samples of rubberlike solids against a plate carried 
by the connecting rod so that they are strained in shear during 
operation. The writers are interested in determining dynamic 
viscous and elastic coefficients of such materials, and hence 
must measure separately the components of the output voltage, 
E”, with respect to the driving current J’, or, equivalently, the 
phase angle between 2” and J’. 

Owing to the wide range of anticipated values, it has not been 
possible to adapt an ordinary bridge circuit to the measurement 
of such phase angles, so the following procedure has been adopted. 


4 Carbide and Carbon Chemicals Corporation Fellow in Physical 
Chemistry, University of Wisconsin, Madison, Wis. 

5 Department of Physics, University of Wisconsin. 

6 Professor of Chemistry, University of Wisconsin. 
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If it is specified that no current is to be drawn from unit 2 in 
Fig. 4 of the paper, we may write the following relation for E’’ 


where Y,,, the mechanical admittance of the apparatus plus the 
sample, and Z,,, the mechanical impedance, are given by 


Y, = —j8.; G, = R,: B, = —all...... [4] 


Zm = Rm Rn = Xn = [5] 


where F,,, S,,, and M are defined by the equation 
dV 


The constant A involves the characteristics of the two trans- 
ducers, and the other terms have the same meaning as in the 
paper. 

We now define a third voltage Z’’’, which is obtained by taking 
the 7R drop across a pure resistance (electrical) in series with 
unit No. 1. If we take the vector difference between E’’’ and 
E"’, calling the resultant E,, we have - 


E, = E" = (R—AR, —jAX,)l’....... [7] 


With constant current 7’ and constant E’’, we may vary E, by 
changing R. At £’’’ = 0(R = 0), we have 


IE, = — —— =f,?+ X,?........... [8] 
42 


At the minimum value of .£,, we have just balanced the out-of- 
phase component of E’’ (with respect to,/’) by introducing the 
proper value of £’’’. Calling this value \Erlmin, and the corre- 
sponding value of R, Ro, we have the following pair of relations for 


R,, and 


| 
A a |Er|min 
A 


We thus have independent determinations of F#,,, and 4 m for our 
mechanical system from Equations [9] herewith, and a check of 
this determinatfon from Equation [8]. 
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Measurements of |£’’| and |Z,| are made on a vacuum-tube 
voltmeter with high input impedance, to fulfill essentially the 
requirement that I’’ = 0; J’ is measured on the same meter from 
the potential drop across a standard resistance. The constant A 
is determined by a series of measurements of the type of experi- 
ment 3 in the paper, using various masses. Contributions of the 
apparatus to R,, and S,, are only a small part of those contributed 
by the sample, while the mass M is almost entirely due to the 
apparatus. 

AutHor’s CLOSURE 


It is interesting to note that the absolute calibration of vibra- 
tion pickups by reciprocity methods has received independ- 
ently the attention of three different laboratories. These are 
the National Bureau of Standards, Sperry Gyroscope Company, 
and the Naval Research Laboratory. The work of the National 
Bureau of Standards is ably presented by Mr. Albert London in 
his comments. It may be well to point out that the procedure 
described by Mr. London cannot be easily applied unless the 
phase angle to the measurements of the transfer impedances are 
substantially constant. This is the case for which experimental 
evidence is submitted. The work of the Sperry Gyroscope Com- 
pany was presented recently by Mr. C. T. Morrow.” The work 
of Mr. Morrow, like that of Mr. London, is characterized by a 
lack of phase-angle considerations. 

The comments of Marvin, Fitzgerald, and Ferry point out the 
importance of electrical measurements for determining mechani- 
cal parameters other than strict calibration of indicating instru- 
ments. This fact has become quite apparent in the course of the 
work at the Naval Research Laboratory. This work will be cov- 
ered by future reports. 

The original paper on absolute calibration covered only the 
elementary theory involved. This theoretical treatment was sub- 
sequently verified by a set of very careful experiments. A des- 
cription of this work has been presented.’ This experimental 
work disclosed one error in algebraic sign in the theoretical treat- 
ment as originally presented. The signs of all equations from 
Equation |7] on should be changed on the right-hand side. It is 
regrettable that this error should have appeared, in spite of the 
fact that the material was reviewed independently by many 
people prior to its publication. 

7 Taper presented at the Spring Meeting of the Acoustical Society of 
America, Washington, D. C., April 22-24, 1948. 

8 Paper no. 76 presented at the Spring Meeting of the Acoustical 
Society of America, Washington, D. C., April 22-24, 1948, to be pub- 
lished in the Sept., 1948, issue of the Journal of the Acoustical Society 
of America, 


Book Reviews 


Photoelasticity 


PHoroe.asticiry. By Max M. Frocht. Volume 2. John Wiley & 
Sons, Inc., New York, 1948. Cloth, 6 X 9 in., xvii and 505 pp., 
425 figs., 1 colored insert. $10. 


REVIEWED By W. M. Murray! 


TUDENTS of all phases of photoelasticity and those engaged 
generally in experimental stress analysis will find Dr. 
Frocht’s second ‘volume on Photoelasticity a most worthy 
counterpart to volume I which appeared in 1941. The pub- 


1 Associate Professor of Mechanical Engineering, Massachusetts 
Institute of Technology, Cambridge, Mass. Mem. ASME. 


lishers are to be commended for the production of a book whose 
binding, paper, and general appearance are still of prewar 
standards, and the author is to be congratulated on maintaining 
the high standards of his original work throughout his second vol- 
ume, which extends the previous publication in his customary 
clear and lucid manner. 

Volume 2 contains approximately 500 pages with numerous 
illustrations, divided into fourteen chapters, which may be 
grouped under three main headings. The first group contains 
additional work on two-dimensional photoelasticity, not already 
covered in volume I; the second group comprises auxiliary 
methods for finding the sum of the principal stresses within the 
boundaries of photoelastic models; and the last group contains a 
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DISCUSSION 


discussion on the theory and techniques of the various proce- 
dures which have been advanced for making three-dimensional 
photoelastic studies. 

The first six chapters of the book are devoted to a discussion 
of the compatibility equation, elementary stress functions in two- 
dimensions, and Saint Venant’s principle, together with iilus- 
trations showing applications and a comparison between photo- 
elastic results and theoretical calculations, corresponding to the 
stress distribution in the semi-infinite plate, wedges, beams, and 
the cireular disk. 

Chapters 7, 8, and 9 contain an exposition of the auxiliary 
methods for separating the principal stresses within the bound- 
aries of photoelastic models. The procedures discussed involve 
the direct determination of the individual principal stresses, by 
optical means alone; the measurement of the change in thickness 
or lateral strain, by means of mechanical, optical and electrical 
extensometers. Certain experimental methods and Neuber’s 
graphical method of establishing the isopachies, or lines of con- 
sant sum of the principal stresses, are explained in detail to- 
gether with a very complete discussion for numerical procedures 
for solving Laplace’s equation including the use of conformal 
transformations, and the use of polar and bipolar co-ordinates in 
harmonization. 


In the last five chapters of his book, Dr. Frocht has gathered . 


together a wealth of information dealing with three-dimensional 
photoelasticity. This has been collected in part from the au- 
thor’s own investigation; however, he has also drawn freely upon 
the publications of other investigators to produce a most useful 
compilation of data for all those who may be interested in the 
application of the photoelastic method to the solution of problems 
involving three-dimensional stress distribution. Not only is the 
fundamental theory discussed in detail, but, in addition, the vari- 
ous laboratory procedures and techniques are explained very 
carefully. Actual examples involving torsion, bending, and cer- 
tain cases of stress concentration have been used to illustrate the 
fixation and scattered light methods. In addition, some space 
has been devoted to the discussion of the oblique incidence and 
converging light method as auxiliary tools. In connection with 
the selection of material for three-dimensional photoelastic 
studies, an appendix giving the latest information on Fosterite 
has been incorporated at the end of the last chapter. This new 
material shows great promise of extending the application of 
three-dimensional photoclasticity. 

Since the main content of this book is much more fundamental 
than that involving purely photoelastic procedures, it should be 
most welcome to anybody interested in the elementary theory of 
elasticity. Furthermore, the chapters devoted to the solution of 
Laplace’s equation by numerical methods will be extremely 
handy for a variety of applications, such as steady-state heat flow 
and potential problems which are not necessarily related to 
photoelasticity. However, the workers in this field will be most 
grateful to the author for collecting so much useful information 
and presenting it in a clear and concise manner. 


“ngineering Materials 


ENGINEERING Marerrars. By Alfred H. White. McGraw-Hill 
Book Company, New York, N. Y., 1948. Cloth, 6 X 9 in., xi and 
686 pp., illus., $6. 


REVIEWED BY Peter FE. Kyte? 


HIS second edition covers the field of materials more com- 
' pletely than the first edition. The most noticeable addi- 
tion is a chapter on wood and wood products. The material 


2 Francis Norwood Bard Professor of Metallurgical Engineering, 
Cornell University, Ithaca, N. Y. Mem. ASME. 
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on protective coatings, plastics, and laminates has been. ex- 
panded and brought up to date. The subject of heat-treatment 
has been expanded to include a brief discussion of isothermal 
transformations and “‘S”’ curves. 

Other subjects covered in a manner typical of general books 
on materials include fundamental properties of solids, iron and 
steel making, properties of carbon and alloy steels, methods of 
casting and fabrication, and the corrosion of metals. The produc- 
tion and properties of the nonferrous metals and their alloys are 
covered. The group of nonmetallics includes rocks, clay products, 
fused silicates, lime, gypsum, silicate cements, fuels, water, soap, 
and adhesives. 

In general this edition represents a considerable improvement 
over the previous edition. It will undoubtedly continue to serve 
as a textbook in courses on engineering materials for students 
with limited background in chemistry. 


The Corrosion Handbook 


Tue Corrosion Hanpspoox. Edited by Herbert H. Uhlig. Asso- 
ciate Professor of Metallurgy in Charge of the Corrosion Labora- 
tory, M.I.T. and sponsored by The Electrochemical Society, Inc., 
New York, N. Y. John Wiley & Sons, Ine., 1948. Cloth, 6 « 9 
in., xxxiii and 1188 pp., illustrated, $12. 


REVIEWED BY FRANK N. SPELLER? 


ARLY in this century corrosion of rhetals was studied by a 
few investigators mainly on the basis of relative tests. The 
common metals were then plentiful and relatively cheap. 
The establishment of the electrochemical theory of corrosion 
put corrosion research and testing on a sounder basis. Later, 
extensive work was undertaken by large scientific and commer- 
cial organizations. However, it was not until close to the thirties 
that the economic waste of time, money, and metal resources 
due to corrosion was recognized as a major problem. The 
cost due to untimely replacements, loss of time and production, 
and inefficient preventive methods cannot be fully estimated, 
but undoubtedly runs into a few billions a year in this country. 

The problem then was to learn more about the fundamental 
causes of the reaction that occurs between metals and their 
environment, as well as the most economical means for pro- 
longing the useful life of a metal in environments that are more 
or less corrosive to that particular metal. This applies par- 
ticularly to the low-cost and more vulnerable ferrous and the 
light metals. Information on the many phases of the corrosion 
problem has been accumulating rapidly but is widely scattered. 

The Corrosion Handbook, sponsored by the Electrochemical 
Society, was designed to cover the whole field of corrosion in the 
form of a systematic symposium. Each section was written by 
one or more recognized specialists. Dr. H. H. Uhlig, editor in 
chief, has successfully correlated the work of the 102 contributors. 

An editorial advisory board, consisting of R. M. Burns, U. R. 
Evans, W. H. Finkeldey, F. L. LaQue, R. J. McKay, R. B. 
Mears, F. N. Speller, L. G. Vande Bogart, and G. H. Young, laid 
out the original plan of this work in 1943 and selected those 
who were invited to write various sections. 

The main objective of the Handbook was to gather together a 
wide variety of data and practical experience and to summarize 
scientific facts on the behavior of metals in various environments 
of interest to the designing and maintenance engineer. The 
subjects are grouped under the following main headings: I 
Corrosion Theory; II Corrosion in Liquid Media, the Atmos- 
phere, and Gases; III Special Topics in Corrosion; IV High- 
Temperature Corrosion; V High-Temperature Resistant 
Materials; VI Chemical-Resistant Materials; VII Corrosion 


3 Metallurgical Consultant, Pittsburgh 17, Pa. 
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Protection; VIII Corrosion Testing; IX Miscellaneous In- 
formation. 

Many symposia on various subjects have been previously pre- 
sented, but none have been designed to cover corrosion so com- 
pletely and in such detail as does this book. The subject of cor- 
rosion has become so diversified that the editorial board agreed 
that this was the best way to gather together in one volume the 
important facts and developments. 

A glossary of definitions of terms used in corrosion, pre- 
pared jointly by the editorial advisory board and a subcom- 
mittee of ACCC, is included after the table of contents. Pages 
1127 to 1161, inclusive, contain many useful tables, such as 
solubility constants, conversion factors, etc. Pages 1163 to 1188 
include a carefully prepared subject index. 

“The Corrosion Handbook” includes information on all phases 
of the metal-corrosion problem and fills a useful place as an au- 
thoritative work of reference on this subject. Selected recent 
references are included which serve as a reliable guide to the 
literature. Many cross references are given. f 

All contributions to the preparation of this work were made 
without charge, and the royalties will be paid to the Electro- 
chemical Society to be used as a special fund to advance the 
science of corrosion. 


Theory of Limit Design 


Tueory or Limit Desien. By J. A. Van Den Broek, Professor of 
Engineering Mechanics, University of Michigan. John Wiley and 
Sons, Inc., New York, N. Y. Cloth 51/2 X 83/s, 144 pages, 75 
illustrations. $3.50. 


REvIEWwED By C. W. MacGrecor‘ 
L™ design refers to the design of structural members 
based upon permissible safe deformations rather than upon 
bermissible safe stresses. It postulates a “ductile” stress distri- 
pution, which for structural steel is represented by an idealized 
diagram made up of a straight line (the elastic portion) and a 
horizontal line at the elastic limit (or yield point). At the limit, 
it is assumed that the elastic region disappears leaving only the 
horizontal portion. This does not mean that the elastic-limit 
stress is necessarily exceeded in design (except at limit loads). 
In limit design, the working load is multiplied by a factor of 
safety and the structure designed to fail under the limit load. 
The author presents an excellent treatment of this theory based 
largely upon numerous investigations of his own in recent vears. 
Chapters 1 and 2 include definitions of pertinent physical proper- 
ties, typical stress-strain curves and the limit design philosophy 
applied to simple structures such as tension bars, riveted connec- 
tions and the cantilever beam. In chapter 3, the design of redun- 
dant beams is discussed by this procedure. It is shown that, 
while elastic-stress-analysis methods predict that a uniformly 
loaded continuous beam on 3 symmetrically placed supports is no 
stronger than a simple beam of the same span between supports 
and loaded in the same way, the limit design method shows the 
former to be much stronger in accord with experience. Simple 
design methods are also presented for continuous beams on more 
than 3 supports. The design of trusses is treated in chapter 4 to- 
gether with a detailed discussion of column theory. Connection 
details and methods of improving their ductile response are 
covered in chapter 5. The evaluation of limit design is included 
in chapter 6. The advantages and limitations of the method are 
presented. 
The author mentions that many of the widely accepted rules in 
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engineering practice support limit-design philosophy and are in 
direct conflict with elastic-stress-analysis reasoning. He states 
fairly that limit-design philosophy is not applicable to brittle ma- 
terials nor to cases where limit stresses may be repeated many 
thousands of times or reversed hundreds of times. 

As an illustration of the author’s view of the importance of 
limit-design philosophy, the following is quoted from the last chap- 
ter of his book. ‘Personally, I regard the overemphasis on elas- 
tic stress analysis of the last 50 years as an aberration which, I be- 
lieve, shows signs of having run its course. I believe it is un- 
sound as an ultimate criterion of strength for most redundant 
structures. Limit design, as a reversion to type, it seerns to me, 
holds promise.” 

The reviewer found this book to be a refreshing treatment of 
structural design methods and feels that the author is to be con- 
gratulated on his courageous and lucid discussion of the subject. 
Classical elasticians will find a challenge to the significance of con- 
ventional stress-analysis methods especially in connection with re- 
dundant structures. Those who have been associated with the 
development of the more recent plasticity theory will no doubt be 
more receptive to the treatment presented. While the first edi- 
tion of this book has made a good start, the reviewer hopes that the 
author will later expand his treatment of the subject of trusses, 


_ bents, ete., with the addition of more numerical examples of which 


there are now too few. 


Principles of Jet Propulsion and Gas 
Turbines 


PrincipLes. or Jet PropuLtsion AND Gas Turstines. By M. J. 
Zucrow. John Wiley .& Sons, Inc., New York, N. Y., 1948. 
Cloth, 6 X 9 in., xiv and 563 pp., illustrated. $6.50. 


REVIEWED BY C. RicHARD SODERBERG® 


[» accordance with the preface, this book is based on a lecture 

course to graduate engineers working in aircraft companies on 
the West Coast in the years 1943 and 1944. The extent of the 
lecture course must have been prodigious, because the book is 
extensive indeed in its scope. It covers, beyond the introduction 
to fundamentals, the airplane, the airplane propeller, the gas- 
turbine power plant, including the turbojet and the ramjet, cen- 
trifugal, axial, and Lysholm compressors, the turbine, the com- 
bustion chamber, and the rocket motor. In addition, there is a 
chapter, prepared in conjunction with C. T. Evans, on certain 
aspects of “high-temperature metallurgy.” 

It is not to be expected that a treatment of this scope can be 
comprehensive, even in a treatise of 553 pages. Dr. Zucrow, 
nevertheless, manages to include a sizable amount of relevant 
material. Since the major part of the practical information was 
collected during the war years, some of the statements relating 
to the status of aircraft propulsion by gas turbines are no longer 
quite up to date, and undoubtedly omissions were necessary due 
to restrictions which have since been lifted. However, this is not 
serious and merely emphasizes the fact that the business of writ- 
ing books on this subject, brisk as it is, still finds it difficult to 
keep up with actual industrial developments. 

The field covered by this book is significant in many respects, 
but one is particularly pertinent to the literature which it has 
inspired. It is a vehicle for engineering education of marvelous 
potentialities. In the first place, it represents the meeting 
ground for all of the major engineering sciences. In the second 
place, it represents the culmination of the technological develop- 
ments which started more than two centuries ago when water 
was first raised by heat power in English coal mines. The enor- 
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DISCUSSION 


mous activity which these achievements have precipitated ix? the 
business of book writing is ample testimony of their significance. 

Since the book under review is too extensive in scope to be of 
direct use to the specialist, it should be judged on its merits as a 
general introduction to the student. The author indicates that 
this is his purpose and wisely places the major emphasis on the 
presentation of basic principles. The book will certainly be of 
great value in this respect. In the opinion of the reviewer, how- 
ever, the book is more important for its character of general intro- 
duction to the various applications than for its exposition of the 
basic aspects of fluid mechanics and thermodynamics. These 
have not been stated with the care and precision which could be 
expected in a restatement of this length. A clear formulation of 
the fundamental laws of mechanics and thermodynamics, in their 
unified aspects, could have been one of the major contributions of 
this treatise. Nor is there any attempt to give the broad scope 
of the historical development, which could have been another of 
its major contributions. The chapter on the rocket motor should 
be exempted from this criticism; it appears excellent for both 
of these points of view. 

This criticism, however, should be taken merely as an expres- 
sion of regret that the book failed to achieve perfection rather 
than a serious condemnation. It contains a wealth of informa- 
tion which will be of value to all workers in the field, not the least 
of which are the extensive literature references. The system of 
notations, following generally the conventions which arose 
from the school of Stodola, is clear and consistent and deserves 
recognition. 


Flight Engineering and Cruise 
Control 


ENGINEERING AND CRUISE CONTROL. 
John Wiley & Sons, Inc., New York, N. Y., 1947. 
xi and 209, illustrations. $4. 


By Harris G. Moe. 
Cloth 6 XK 9 in., 


REVIEWED By R. Dixon 


‘HIS book, “Flight Engineering and Cruise Control,” will be 

welcome and sought after by those engineers and other oper- 
ations personnel who are responsible for establishing and main- 
taining efficient cruise-control procedures in airline and other 
operations of large aircraft. 

Previous to the publication of Mr. Moe's excellent book on the 
subject of cruise control, there had been an outstanding lack of in- 
formation required by those who were endeavoring to bridge the 
gap between the theoretical aerodynamic derivations through 
textbooks and wind tunnels to the practical aspects of operating 
aircraft in the maximum efficient manner. 

Definitions are effectively dealt with in the opening pages of 
the book. Probably ong of the greatest difficulties in evolution 
of the cruise-control procedures and their proper administration 
has been proper knowledge of terminology, and Mr. Moe’s ex- 
cellent treatment of definitions should be of great help in this re- 
spect. 

Valuable formulas not known to have been grouped together 
previously, are placed throughout the more than 200 pages of the 
book, making it of great help for educating the neophyte and also 
invaluable for reference. The author’s presentation of aids to 
long-range flight such as preflight charts, flight-progress curves, 
and flight legs, should be of especial interest and benefit to those 
embarking upon new long range operations. 

In presenting the fundamentals of weight and balance, the 
book clearly explains the need for weight and balance control and 
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then gives an example of how the weight and balance is presently 
controlled in regular operations. 

In dealing with the descriptions of the various type engines, 
Mr. Moe answers many common questions with respect to single 
stage turbosuperchargers, and all other commonly used super- 
charging systems. 

Mr. Moe’s explanation of various propeller types efficiency, 
and jet propulsion, will be of considerable interest and value for 
education and reference purposes. 

In presenting the material on basic cruising techniques, it is 
believed that the author might have done well to delve more 
deeply into the economics which must be considered by commer- 
cial airline operators in choosing proper cruising technique. His 
aerodynamic and other performance considerations are full and 
complete on cruising techniques, but in choosing a method for 
cruising, an airline must make its design based first on safety, of 
course, but beyond safety, the consideration is pure economics in 
final total cost per ton-mile of revenue carried. The effect of 
gasoline consumption is an item to be considered in total cost but 
it is only one item of many including aircraft maintenance per 
mile, aircraft depreciation per mile, ground crews per mile, and 
flight crew cost per mile—all affected by choice of cruise-control 
methods. 

The title chosen by Mr. Moe is a good one and no one who is 
interested in the subject should delay reading the book and adding 
it to his library. 


Analytic Mechanics 


By Albert E. Currier. U. 8. Naval Insti- 


\nwaLytTic MECHANICS. 
Cloth, 6 X 91/4 in., x and 206 pp., 


tute, Annapolis, Md., 1948. 
267 figs. $4.75. 


REVIEWED BY FRANK Baron? 


S stated in the preface, the book was prepared to meet the 
requirements of the curriculum at the United States Naval 
Academy. The subject serves as a background for further study 
of the engineering and professional courses prescribed at the 
Academy. The presentation of analytical mechanics to midship- 
men is apparently a responsibility of the department of mathe- 
matics. 

The book differs in character from many recent textbooks of 
engineering mechanics. In general, the treatment is restricted to 
mechanics in two dimensions and is more algebraic and formalized 
than usual. Midshipmen are expected to have previously studied 
the elements of calculus including procedures for obtaining solu- 
tions to differential equations. The book is an excellent example 
of the rigor and form of scholarship that is often observed among 
those mathematically inclined. Statements of fundamental hy- 
potheses or postulates are first given and resulting conclusions 
are obtained through logic. The conclusions are stated as theo- 
rems with proofs arranged in a pattern that is often noted in 
studies of analytic geometry. In solving problems, variables are 
related to each other in the form of equations and the equations 
are solved for the unknowns. 

Many problems (with answers to the odd-numbered problems) 
are included in the book. The problems are evenly distributed 
among the various sections and frequently indicate possible ex- 
tensions of the scope of preceding discussions. 

The first eight chapters deal with the usual fundamentals ap- 
pearing in a first-term course in statics. This includes the treat- 
ment of forces in equilibrium and of related or similar computa- 
tions. Computations of resultants of forces, centroids of distrib- 
uted masses, and moments of inertias are defined. In general, 
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the behavior of such computations is inspected by the use of in- 
tegrals. Separate chapters are devoted to discussions of trusses 
and to problems involving friction. 

A chapter is devoted to introducing the subject of the proper- 
ties of materials and flexure of beams. This includes the concepts 
of stress, strain, and modulus of elasticity. Shear and moment di- 
agrams are introduced and the ordinary formulas for torsion and 
flexure are derived. Deflections of beams are studied by succes- 
sive integrations of the differential equation governing the flexure 
of beams. 

The rest of the book deals with the geometry of motion, New- 
ton’s statement relating force and acceleration, and with the con- 
cepts of work, energy, impulse, and momentum. A more exten- 
sive treatment than is usual in such texts is given to problems of 
free and forced vibrations of simple mechanical and electrical sys- 
tems. Included are systems with and without damping. A sum- 
mary is included of the various definitions that appear elsewhere 
of harmonic motion. Vibratory movements are studied princi- 
pally by means of differential equations. 

In addition, more emphasis than usual is given to motion of a 
particle acted on by a central force obeying the inverse-square 
law. A discussion is given of Kepler’s laws of planetary motion, 
and of Newton’s statement modified with reference to moving 
axes. In the chapter on work and energy a brief introduction of 
potential functions is given. 

The treatment of the text is more in the tradition of depart- 
ments of physics and mathematics than of departments of engi- 
neering. 


Tables of Properties of Gases. 


TABLES OF PROPERTIES OF GASES—With Dissociation Theory and 
Its Applications. By E. W. Geyer and E. A. Bruges. Longmans, 
Green and Co., N. Y., 1948. Cloth, 61/4 X 10 in., 102 pp., illus- 
trated, $3. 


REVIEWED BY JOHN A. Gorr® 


N the first tables beginning on page 72 are listed zero-pressure 
values of entropy S (more precisely, of reduced entropy, 
S + R logep, with pressure expressed in atmospheres), internal 
energy E, enthalpy H, and negative free energy over absolute 
temperature —F/T (specifically, the quantity, S + R logep — 
H/T) as functions of absolute temperature 7’ at 100 F intervals 
from 400 to 5400 F abs for the eight gases: Oxygen (Oz), nitrogen 
(N2), carbon dioxide (CO2), water vapor (H2O), carbon monoxide 
(CO), hydrogen (Hz), hydroxyl (OH), and nitric oxide (NO). The 
unit of weight is the pound-mol (mol); the unit of energy is that 
B.Th.U. in terms of which the numerical value of the universal gas 
constant RF is 1.9869 B.Th.U./F mol. First differences are also 
listed; the user is encouraged to regard linear interpolation as suf- 
ficiently accurate for all practical purposes. For each gas the null 
point (7’ = 0, p = 0) is chosen as reference point, both reduced 
entropy and internal energy being assigned the value zero there. 
The authors make no claim that the values listed in the afore- 
mentioned tables are to be regarded as definitive but are content 
merely to cite a few authorities whose values have in most cases 
had to be corrected for subsequent changes in the relevant spec- 
troscopic constants, atomic weights, and fundamental physical 
constants. The excellent review by D. D. Wagman, et al (NBS 
Journal of Research, vol. 34, 1945, RP1634) is not to be found in 
the authors’ list of references. Nor do the authors explain the 
method used by them to interpolate to equal intervals of 100 F 
the values published by their authorities. 
In the six tables beginning on page 88 are listed zero-pressure 
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valies of the equilibrium constant A, and its logarithm logiA , 
as functions of absolute temperature at 100 F intervals from 600 
to 5400 F abs for six different reactions involving the eight molecu- 
lar gases considered in the preceding tables. There follow four 
tables giving zero-pressure values of the lower heats of reaction 
H, and H, of four selected reactions. Then come four short 
tables giving the zero-pressure properties of methane (CH,), 
ethylene (C:H,), benzene (CsHs), and octane (CsHis), including 
the heats of reaction for certain associated reactions. 

So far as the authors’ tables themselves are concerned it is proba- 


. bly safe to say that the data contained in them are sufficiently 


accurate and reliable for rough engineering calculations. It is 
with the text introducing and explaining the use of these tables 
that serious fault is to be found. It is an old-fashioned text which 
employs frictionless pistons forcing hypothetical perfect gases 
through perfect semipermeable membranes but which the authors 
have tried to adorn here and there with vague and misleading 
references to the quantum theory and to statistical thermody- 
namics. An example is the statement beginning on the bottom 
of page 13, namely, ‘The advantage of expressing all the en- 
tropies of the gases dealt with in combustion processes in the 
manner outlined above is that the entropies of a mixture of gases 
can now be correctly stated and if chemical reaction occurs be- 
tween the gases the changes in absolute entropy between the 
products and the original mixture can be calculated.”’ From 
such statements as this it is apparent that the authors do not 
fully comprehend the true import of the so-called Third Law of 
Thermodynamics as a proposition of statistical thermodynamics. 

The methods used by the authors to solve typical enginggring 
problems seem to be patterned after those of Goodenouff’ and 
Felbeck (University of Illinois, Bulletin No. 139, Engineering 
Experiment Station, 1924) and are unnecessarily devious and 
complicated. They, like many others, continue to offend good 
thermodynamic theory by such self-contradictory expressions 
as isentropic heat drop and heat added during adiabatic combus- 
tion. In Example 7 they attempt to determine the shape of the 
“constant volume heating’? curve of the ideal constant volume 
cycle by assuming that the mixture in question is continuously in 
chemical equilibrium throughout the process. Such an assump- 
tion delineates only one of infinitely many reversible changes 
having given end points; why this one is singled out as having 
any physically significant connection with the actual process 
under consideration is not made clear. 


Supercharging the Internal- 
Combustion Engine 


SUPERCHARGING THE INTERNAL-COmMBuUSTION ENGINE. By E. T: 
Vincent. McGraw-Hill Book Co. Inc., New York, N. Y., 1948: 
Cloth 6 X 9 in., viii and 318 pp., illustrated. $5. 


REVIEWED By C. Fayrerre TAYLor® 


SINCE most textbooks on the subject of the internal-combus- 
tion engine give inadequate attention to the important sub- 
ject of supercharging, the present volume is a welcome addition to 
the literature in this field. Professor Vincent, as would be ex- 
pected, has produced a well-arranged and authoritative work. As 
stated in the preface, the book is based on a course which he gave 
under government sponsorship during the war, and hence reflects 
teaching experience as well as the author’s technical experience 
in the subject. 
The first two chapters comprise a brief treatment of the appli- 
cable thermodynamics, which this reviewer found well presented 
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and, with one or two exceptions, free from the ambiguities char- 
acteristic of most treatments of this kind. One might question, 
however, the necessity of including such material in a book of this 
nature, since it must be presupposed that the reader is reasonably 
familiar with internal-combustion-engine theory, of which the 
same material forms a basic part. 

The weakest section is the chapter entitled “Hstimating Oper- 
ating Conditions.” Two factors of major importance, namely, 
volumetric efficiency and mechanical efficiency, are given only 
cursory treatment, and the predominant influence of piston 
speed on these parameters is hardly mentioned. This reviewer 
also missed a thorough discussion of the limitations on inlet pres- 
sure and temperature imposed by detonation and by mechanical 
and thermal stresses in the engine itself. In spite of the impor- 
tance of such limitations the words “detonation” and “stress” 
(except turbine stress) do not even appear in the index. 

Finally, the book would gain greatly by the inclusion of much 
more material concerning the performance of actual compressors 
and engines. Such material should include data on engine ex- 
haust temperatures (none was found in the present volume) and 
on the effects of varying inlet pressure, inlet temperature, and 
The 
author could perform a great service by collecting such material 
and presenting it in the form of curves having generalized (non- 
dimensional) co-ordinates. [t is to be hoped that he will find time 
to include such material in « later edition. 


exhaust pressure on the performance of actual engines. 


Rotary-Valve Engines 


John 
in., 


Inman Hunter. 
Cloth, 


Rorary-VaALvE By Marcus C. 
Wiley & Sons, Inc., New York, 1948. 
216 pp., 118 figs., $5. 


ReEvIEWeED By A. R. 


TT°HE success of the Bristol and Napier aircraft engines 

equipped with semirotary sleeve valves has reawakened 
general interest in the use of the sleeve and rotary-valve mech- 
anisms in internal-combustion engines. Although this book 
contains a short chapter on the Burt-McCollum valve and a 
description of the Rotol aircraft auxiliary power plant which is 
equipped with these valves, it is mainly concerned with strictly 
rotary valves and rotary-valve engines. 

The book is written primarily for the engine designer and con- 
tains much practical design information gleaned from the author’s 
experience and from the experience of those who built the early 
rotary-valve engines. Starting with a short historical chapter, 
the book deals with various types of rotary valves and the diffi- 
culties encountered in their development. The subjects of gas 
sealing, lubrication, and choice of materials from the standpoint 
of friction and thermal distortion are discussed. The theoretical 
treatment is kept very simple. 

The chapter on early examples of rotary-valve engines should 
be particularly interesting to the designer, as the author analyzes 
these designs in the light of present knowledge, to show the 
weaknesses and errors which prevented complete success in their 
day. 

The chapters on modern rotary-valve engines are principally 
concerned with the Cross and Aspin engines. These engines 
are discussed in considerable detail with many illustrations. Per- 
formance data are shown which indicate remarkable air capacity, 
thermal efficiency, and freedom from detonation. Unfortunately 
the author does not subject these modern engines to the same 
critical analysis which was so interestingly applied to the early 
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engines. Friction and high first cost appear to be the obstacles 
to full acceptance of the modern rotary-valve engine. — 

It is believed that any engine designer will find this volume 
interesting and useful. 


Fundamentals of Regulation 


GRUNDGESETZE DER REGELUNG. By Winfried Oppelt. Published 
by Wolfenbttteler Verlagsanstalt G.M.B.H., Wolfenbittel- 
Hannover, Germany, 1947. Paper, 118 pp., Approximately $1. 


Revirwep py J. P. Den HartoG" anp Jonn A. Hrones!! 
UT of postwar Germany comes this excellent summary of the 
principles of automatic regulation. Dr. Oppelt is known 
in this country through previously published papers in this field, 
several of which have been translated and issued by the NACA. 
The book is written as a textbook and is unusually well illustrated 
with some 32 illustrations of various measuring devices for pres- 
sure, temperature, speed, ete., of systems incorporating feedback 
loops and of over-all regulated systems. These illustrations should 
be extremely effective in student orientation and of great interest 
to practicing engineers. In most instances mechanical, hydrau- 
lic, pneumatic, and electrical devices are shown. 
Tables covering the dynamic performance of linear systems 
characterized by first to fourth-order differential equations pro- 
vide the following information: 


(a) Graphic representations of the transfer function in polar 
form, where the amplitude-phase relationships are shown for 
frequencies from 0 to ~, 

(b) Similar representations for the inverse transfer function. 

(c) The transient response of the system to a step disturbance. 

(d) Sketches of mechanical, electrical, and pneumatic equip- 
ment which produce such responses. 

Similar tables covering widely used regulators are equally 
interesting. Methods of frequency analysis are carried along 
with the corresponding transient analyses. Conditions of sta- 
bility are discussed at some length. In general the book presents 
clearly the basic fundamentals of automatic regulation. 

This book is one of a series of new publications issued by a pub- 
lishing firm, which to the reviewers’ knowledge ‘did not exist be- 
fore the war: Wolfenbiitteler Verlagsanstalt G.M.B.H., Wolfen- 
biittel-Hannover. The 1947 prospectus of that firm carries over 
100 titles covering the entire field of mechanics, mechanical and 
electrical engineering, physics, chemistry, and engineering mathe- 
Most of the books are about 120 pages long and are 
designated as ‘emergency issues”’ to fill the great need for text- 
books in Germany. 

It is expected that several of these booklets may be of interest 
to American readers. 


Principles of Servomechanisms 


PRINCIPLES OF SERVOMECHANISMS. By Gordon S. Brown and Donald 
P. Campbell. John Wiley and Sons, Inc., New York 16, N. Y., 
1948. Cloth, X 91/4 in., xiii and 400 pp., illus., $5. 


REVIEWED By Louis A. Pipes!” 


ISTORICALLY, the control art is not new. The descrip- 
tion and analysis of the stability of several types of gover- 

nors or regulators was given by Sir G. B. Airy in 1840 and by J. 
C. Maxwell in 1868. However, the mathematical analysis of the 
dynamic behavior of governors, regulators, and closed-loop con- 
trol systems or servomechanisms was only partially. organized 
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prior to 1940. As a consequence of the need for military se- 
curity, the developments in the control field were not published 
during the war years. Since 1945, rigorous methods of analysis 
and synthesis have been published. It is the object of this book 
to present a comprehensive treatment of closed-loop control 
systems and modern methods of analysis and synthesis of 
these systems that have been developed in recent years by 
many investigators. 

The book is divided into eleven chapters. The first five chap- 
ters are devoted to the fundamental dynamical principles of 
vlosed-loop control systems or servomechanisms. The transient 
response of servomechanisms is studied by both the classi- 
cal method and by the modern operational or Laplace transform 
method of solving linear differential equations. The frequency 
or sinusoidal response of closed-loop systems is presented and the 
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correlation between the transient response and the frequency 
response is indicated. Throughout the next five chapters em- 
phasis is placed on methods of synthesis and scientific principles 
of design as well as on methods of analysis of existing systems. 
In the last chapter of the book, a valuable method devised by 
G. F. Floyd for the approximate calculation of inverse Laplace 
transforms is presented. 

This volume is intended for the use of both senior and graduate 
students. It contains numerous historical references, a collection 
of interesting problems, and an excellent bibliography. In the 
opinion of the reviewer, this book is a notable contribution to 
the literature of control systems. The emphasis on synthesis 
presented by the authors should prove most helpful to students 
entering the practice of engineering, where, in many cases, syn- 
thesis or design frequently overshadows analysis. 
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E. G. BAILEY 


Ervin George Bailey, President of The American Society of Mechanical Engi- 
neers for 1947-1948, was born at Damascus, Ohio, on December 25, 1880. 


During his professional industrial life, Mr. Bailey has concentrated his attention 
on the efficient utilization of coal. Among his accomplishments is the development of 
a boiler meter as an aid to efficient combustion. This meter, now used all over the 
world, is built by the Bailey Meter Company which he founded. The development of 
a form of water-cooled furnace-wall construction, bearing his name and likewise used 
throughout the world, was another contribution to the conservation of coal. 


In the fields of pulverized-coal firing and boiler and furnace design, he was a 
leader in the development of practical applications of the slag-tap furnace, the two- 
stage furnace, and open-pass boiler, intertube burners, pulverizers, and the direct 
firing of pulverized coal in high-capacity boilers, all of which designs are in common 
use today. He has also made important contributions to scientific coal sampling and 
to research in the behavior of coal ash. 


Mr. Bailey, throughout his career, has been interested in the education of young 
men for the profession of engineering and he has exerted an important influence in 
that field. Among his papers are several dealing with the curricula and policy of engi- 
neering schools. He has been a member of the Board of Trustees of Lafayette College 
for several years. In the American Society for Engineering Education and the Engi- 
neers Joint Council his interest and leadership in the educational field have been a 
potent factor. 


More than one hundred patents have been issued in his name and he has passed 
his engineering knowledge along to others in the form of some thirty-five technical 
papers and trade-paper articles. Except for an interim, he has served on ASME 
committees in various capacities since 1918. 

Mr. Bailey obtained his mechanical engineering degree at The Ohio State Uni- 
versity in 1903. He became interested in coal early in his college work, especially in 
its combustion and utilization in steam boilers. He was assistant, later chief, of the 
Testing Department of the Consolidation Coal Company, Fairmont, W.Va., 1903— 
1907, and from 1907 to 1909 was in charge of the coal department of Arthur D. Little, 
Inc., Boston, Mass. Recognizing the inadequacy of the existing methods of sampling 
and analyzing coal, he engaged in research on this subject, and in 1909 published his 
paper on “‘Accuracy in Sampling Coal” which later served as the basis of the procedure 
adopted by American and British engineers. 

During the period of 1909-1915 in which he was mechanical engineer and partner 
in The Fuel Testing Company, Boston, Mass., he developed a boiler meter in which 
the steam-flow and air-flow pens recorded on the same scale, giving an instantaneous 
indication of steam output and excess combustion air. In 1916 he organized the Bailey 
Meter Company, to manufacture and sell the Bailey boiler meter, which is now widely 
used in boiler plants in America and abroad. 
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When pulverized-coal firing was extended to boilers, available pulverized-coal 
feeders were found inadequate. He developed a volumetric nonflooding feeder, which 
for the first time gave uniform controlled feed of pulverized coal to the burner. The 
initial installation was made in 1923 at the Brunot Island Station of the Duquesne 
Light Company, Pittsburgh, Pa. The Bailey Feeder still retains its superiority where 
pulverized coal is used in storage systems. . 

Automatic combustion control in boiler furnaces challenged his inventive ability 
about 1923. His system of combustion control has been improved steadily and is in 
general use throughout the country today. 

Water cooling of the boiler furnace is now recognized to be a most important 
factor in modern high-capacity boiler units. Mr. Bailey played a pioneering part in 
its development. He designed the Bailey water-cooled furnace constructions which 
have been successful since the initial installation in 1924 at the East 70th Street 
plant of the Cleveland Electric Illuminating Company. 

His water-cooled furnace, burner, and feeder business was acquired by The 
Babcock and Wilcox Company in 1926 for its subsidiary, the Fuller Lehigh Company: 
Mr. Bailey then became president of that company and in 1930 vice-president of The 
Babcock and Wilcox Company. The Fuller Lehigh Company was later merged with 
The Babcock and Wilcox Company. 

Here, for the last twenty-one years, Mr. Bailey has devoted his inventive, 
developmental, and executive abilities to effecting improvements in the science of 
steam generation from the combustion of fuels. 

Many academic honors and engineering awards have been conferred on Mr. 
Bailey. Among these are: Doctor of Engineering, Lehigh University, 1937, and The 
Ohio State University, 1941; Doctor of Science, Lafayette College, 1942. In 1930 
Mr. Bailey received the Longstreth Medal of The Franklin Institute. In 1936 he 
received the Lamme Medal of The Ohio State University. He was awarded the 
ASME Medal in 1942 “for achievement and leadership in steam and combustion 
engineering.” In that year also the Percy Nicholls Award of the Fuels Division of 
the ASME and the Coal Division of the AIME was conferred on him. Mr. Bailey 
is one of the few American engineers who are honorary members of The Institution 
of Mechanical Engineers, London, England. 


fox 
TS 
; 
. 


The American Society of Mechanical Engineers 
HEADQUARTERS: 29 West 39TH Sr., New York 18, N.Y. 
MIDWEST OFFICE: Room 2441, 400 W. Mapison Sv., Cuicaco 6, ILL, 


The members of the Council and of its standing and special committees given on the 
following pages are those in office on January 1, 1948, serving for the official year 1947-1948. 
The terms of office of members of other committees are not fixed by the official calendar. 


OFFICERS AND COUNCIL 


PRESIDENT . DIRECTORS AT LARGE 
E. G. BaILtey Term expires 1948 
Wiper A. CARTER 
PAST-PRESIDENTS LEwISs F. Moopy 
Terms expire Annual Meeting r 
Haroip V. Coes (1948) 
Rosert M. Gates (1949) EpGAR J. Kates 
D. BatLey (1950) J. Nosre Lanpis 
D. Ropert YARNALL (1951) 
Evcene W. O’Brien (1952) Term expires 1950 
JOSEPH B. ARMITAGE 
VICE-PRESIDENTS FREDERICK S. BLACKALL, JR. 


Term expires 1948 


ALBERT R. MumMForp—II * 
Epwarp E. WILL1AMs—IV 
Tuomas S. McEwan—VI 


Term expires 1951 


Appott L. PENNIMAN, JR. 
WILLIAM M. SHEEHAN 


Linn HeELANDER—VIII TREASURER 
Term expires 1949 K, W. JApre 

FRANK M. Gunsy—I 

B. Eaton—III SECRETARY 

FE. Purcett—V C. E. Davies 


J. CALVIN Brown—VII 


* Roman numerals indicate Region. 


CHAIRMEN OF BOARDS AND COMMITTEES 


Representatives on Council without vote 


Finance Committee, F. E. Lyrorp Board on Codes and Standards, Howarp 
Organization Committee, WALLACE CLARK COooNLEY 
Constitution and By-Laws Committee, F. W. Board on Honors, J. M. Topp 

MILLER Board on Membership, T. H. WICKENDEN 
Library Committee (To be appointed) Board on Education and Professional Status, 
Board on Technology, C. B. Peck R. L. GoeTZENBERGER 


Board on Public Affairs, A. D. BarLey 


EXECUTIVE COMMITTEE OF THE COUNCIL 


E. G. Battey, Chairman 
F. S. BLAcKALL, JR. 

F. M. GuNBY 

J. NoBLeE LANDIS 

T. E. PuRcELL 


Advisory Members: Chairmen of the Fi- 
nance and Organization Committees 


SECRETARIAL STAFF 


Ernest HartrorD, Executive Assistant Secretary (Sections, Divisions, Student Branches, 
Membership, Meetings, etc.) 

Grorce A. Stetson, Editor 

FreperIcK Lask, Advertising Manager 

D. C. A. Boswortnu, Comptroller 
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BOARDS AND COMMITTEES 


(Dates in parentheses denote expiration of terms) 


FINANCE COMMITTEE 


F. E. Lyford, Chairman* (1949) 
H. V. Coes (1948) J. H. Lawrence (1950) 
G. L. Knight (1948) H. E. Whitaker (1951) 
W. M. Sheehan (1948) L. W. Houston (1952) 


ORGANIZATION COMMITTEE 


Wallace Clark, Chairman* (1948) 
E. G. Bailey (1948) K. H. Condit (1949) 
E. J. Kates (1948) E. W. O’Brien (1949) 
F. W. Miller (1948) H. E. Martin (1950) 
D. Robert Yarnall (1948) W. P. Saunier (1951) 
K. M. Irwin (1952) 
President-Elect, Ex-Officio 


CONSTITUTION AND BY-LAWS COMMITTEE 


F. W. Miller, Chairman* (1948) 
H. H. Snelling (1949) K. P. Hanson (1951) 
L. C. Smith (1950) L. E. Herbert (1952) 
Junior Adviser 


J. L. Lewis (1949) 


LIBRARY COMMITTEE 


Theodore Baumeister (1950) 


P. H. Hardie (1948) 
C. E. Davies, Ex-Officio 


. Thompson (1949) 


ORGANIZATION OF ENGINEERING PROFESSION 
COMMITTEE ** 


K. M. Irwin 
T. S. McEwan 
P. T. Onderdonk 


PENSION COMMITTEE ** 


G. L. Knight, Chairman 
K. W. Jappe, Treasurer 
F. E. Lyford, Chairman, Finance Committee, Ez-0 fiicio 


GIFTS AND BEQUESTS COMMITTEE ** 


A. R. Cullimore I. E. Moultrop 
H. R. Westcott 


DUES-EXEMPT MEMBERS’ CONTRIBUTIONS COMMITTEE}; 


F. D. Herbert, Chairman 
K. W. Jappe, Treasurer 
N. T. McKee 
C. W. Obert 
E. B. Ricketts 


C. F. Dietz 
L. H. Fry 
8. M. Marshall 
J. W. Roe 


BOARD ON TECHNOLOGY 


C. B. Peck, Chairman* (1948) 
J. W. Barker (1948) G. A. Hawkins (1948) 
W. L. H. Doyle (1948) J. Noble Landis (1948) 
H. L. Dryden (1948) L. N. Rowley, Jr. (1949) 


MEETINGS COMMITTEE 


P. W. Thompson, Chairman (1948) 
G. B. Warren (1949) J. W. Barker (1951) 
W. ti H. Kushnick (1950) A. W. Thorson (1952) 
Junior Advisers 
A. J. Hughes (1948) H. J. Seagnelli (1948) 


PUBLICATIONS COMMITTEE 


H. L. Dryden, Chairman (1948) 
J. M. Juran (1949) John Haydock (1951) 
R. B. Smith (1950) C. B. Campbell (1952) 


Advisory Member (1948) 
H. R. Hughes, Jr. 


Junior Advisers (1948) 


Louis Feld J. H. Prentiss 


Regional Advisory Members (1948) 


Region 
V—Tomlinson Fort 
VI—R. E. Turner 
VII—R. G. Roshong 

VIII—V. W. Willits 


Region 
I—Kerr Atkinson 
TI—Otto de Lorenzi 
ITI—W. E. Reaser 
IV—F. C. Smith 


* Representative on the Council. 

** Special Committees approved by the Council; 
standing as provided in the By-Laws. 

+ Committee at Large. 


all others 


PUBLICATIONS (Continued) 
Biography Committee 


Roy V. Wright, Chairman 


R. E. Flanders J. W. Roe 
J. M. Juran R. B. Smith 
Metal Cutting Data Advisory Committee 
F. W. Lucht R. F. Onsrud 
Erik Oberg W. H. Smila 


APPLIED MECHANICS REVIEWS MANAGING COMMITTEE ** 


G. B. Pegram, Chairman 
H. L. Dryden J. S. Thompson 
W.-M. Murray, Ex-Officio 


L. H. Donnell, Editor 


METALS ENGINEERING HANDBOOK BOARD ** 
L. K. Silleox, Chairman 


F. B. Bell P. E. Needham 
Sabin Crocker Erik Oberg 
O. J. Horger T. H. Wickenden 
H. B. Lewis J. F. Young 


PROFESSIONAL DIVISIONS COMMITTEE 


W. L. H. Doyle, Chairman (1948) 
B.S. Cain (1949) J. M. Lessells (1951) 
. R. Olive (1950) J. A. Willard (1952) 
Junior Advisers 
C. H. Carman, Jr. (1948) J. A. Falcon (1949) 
(Personnel of Professional Divisions Committees, p. SR-12.) 


—" 


44 


aromas 


tt Per 


ae W. L. Cisler 
G. E. Hulse 
® q 
A 
Ww. 
Al 
F. J. 
H. W 


ASME SOCIETY RECORDS 


BOARD ON TECHNOLOGY 
(Continued) 


RESEARCH COMMITTEE j++ 
G. A. Hawkins, Chairman (1948) 

E. L. Robinson (1949) J. P. Magos (1951) 
W. A. Newman (1950) Hartley Rowe (1952) 
LECTURESHIPS COMMITTEE ** 

C. B. Peck, Chairman 


A. G. Christie 


W. F. Ryan 
H. N. Davis 


F. L. Wilkinson, Jr. 


NUCLEAR ENERGY APPLICATION COMMITTEE ** 
A. D. Bailey, Chairman 


H. S. Aurand G. B. Pegram 
A. L. Baker T. A. Solberg 
J. B. Cochran W. I. Westervelt 


H. A. Winne 


Planning Committee 


W. E. Chamberlain 
J. R. Dunning 
H. G. Dyke 


T. F. Farrell 
K. M. Irwin 
A. O. C. Nier 
H. 8S. Taylor 


BOARD ON CODES AND STANDARDS 


Howard Coonley, Chairman* (1948) 
F. S. Blackall, Jr. (1948) F. K. Mitchell (1948) 
A. G. Christie (1948) H. B. Oatley (1948) 
W. H. Hill (1948) J. J. Zeitner (1948) 
Alternate: W. C. Mueller 


STANDARDIZATION COMMITTEE ++ 
D. S. Ellis, Chairman (1948) 

F. Hugh Morehead (1949) Granger Davenport (1951) 
F. K. Mitchell (1950) P. V. Miller (1952) 
SAFETY COMMITTEE ++ 
J. J. Zeitner, Chairman (1950) 

F. J. Graf (1948) FE. R. Granniss (1951) 
H. W. Heinrich (1949) J. V. Grimaldi (1952) 
BOILER CODE COMMITTEE ++ 
H. B. Oatley, Chairman 


H. FE. Aldrich, Vice-Chairman 
D. S. Jacobus, Honorary Chairman 


C. A. Adams C. O. Myers 
H. C. Boardman A. L. Penniman, Jr. 
P. R. Cassidy D. B. Rossheim 
R. E. Cecil D. L. Royer 
F. W. Davis Walter Samans 
A. J. Ely ; J. F. Scott 
V. M. Frost J. W. Turner 
W. P. Gerhart S. K. Varnes 
W. D. Halsey A. C. Weigel 
W. F. Hess C. W. Wheatley 

F. 8S. G. Williams 

Honorary Members 
W. H. Boehm C. L. Huston 
W. F. Durand W. F. Kiesel, Jr. 
FE. R. Fish J. O. Leech 
C. E. Gorton M. F. Moore 
A.M. Greene, Jr. 


I. E. Moultrop 


W. G. Humpton H. LeRoy Whitney 


tt Personnel of all Technical Committees, p. SR-29. 
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BOARD ON CODES AND STANDARDS 
(Continued) 


POWER TEST CODES COMMITTEE ++ 


A. G. Christie, Chairman 
W. A. Carter, Vice-Chairman 
Theodore Baumeister R. V. Kleinschmidt 
Paul Diserens E. S. Lee 
W. L. H. Doyle L. F. Moody 


Louis Elliott H. B. Oatley 
S. N. Fiala G. A. Orrok, Jr. 
C. C. Franck = J. T. Rettaliata 
P. H. Hardie E. B. Ricketts 
L. J. Hooper R. A. Sherman 
R. M. Johnson R. B. Smith 
R. P. Johnson M. C. Stuart 


S. Logan Kerr P. W. Swain 


W. J. Wohlenberg 


BOARD ON HONORS 


J. M. Todd, Chairman * (1948) 
L. F. Moody (1948) Clarke Freeman (1950) 
C. M. Allen (1949) E. C. Hutchinson (1951) 
P. E. Holden (1952) 


MEDALS COMMITTEE 
Term expires 1948 


F. M. Feiker 
E. L. Hopping 


J. M. Todd 
C. T. Ripley 


Term expires 1949 
C. M. Allen 


Warner Seely 
N. E. Funk 


B. R. Van Leer 


Term erpires 1950 
J. B. Ennis 
Clarke Freeman 


B. P. Graves 
H. R. Westcott 


Term expires 1951 


Tomlinson Fort 
E. C. Hutchinson 


M. P. O’Brien 
R. M. Van Duzer, Jr. 


Term expires 1952 
L. M. K. Boelter 


R. J. S. Pigott 
P. E. Holden 


R. E. Turner 


FREEMAN AWARD COMMITTEE ** 


Clarke Freeman, Chairman 


E. C. Hutchinson W. H. McBryde 


BOARD ON MEMBERSHIP 


T. H. Wickenden, Chairman* (1948) 
J. B. Armitage (1948) G. E. Hulse (1948) 
A. D. Blake (1948) A. C. Pasini (1948) 
A. M. Gompf (1950) 


ADMISSIONS COMMITTEE 


G. E. Hulse, Chairman (1948) 
J. P. Kotteamp (1949) L. N. Gulick (1951) 
E. H. Barlow (1950) W. H. Larkin (1952) 


Advisory Member 
D. W. R. Morgan (1948) 
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BOARD ON MEMBERSHIP 
(Continued) 


MEMBERSHIP DEVELOPMENT COMMITTEE 


A. C. Pasini, Chairman 


Region Region 
I—J. F. Young (1949) V—H. N. Muller (1949) 
II—H. C. R. Carlson (1948) VI—R. H. Bacon (1948) 
III—H. P. Harwood (1949) VII—P. L. Armstrong (1949) 
IV—E. M. Williams (1948) VIII—J. M. Todd (1948) 


MEMBERSHIP REVIEW COMMITTEE 


A. D. Blake, Chairman (1948) 
R. B. Purdy (1949) W. M. Keenan (1950) 


BOARD ON EDUCATION AND PROFESSIONAL 
STATUS 
R. L. Goetzenberger, Chairman * (1949) 
W. A. Carter (1948) F. H. Prouty (1948) 


G. R. Cowing (1948) D. Robert Yarnall (1948) 
J. W. Parker (1950) 


ENGINEERS REGISTRATION COMMITTEE 


F. H. Prouty, Chairman (1948) 
S. H. Graf (1949) Darrow Sage (1951) 
W. G. Christy (1950) J. M. Gallalee (1952) 


EDUCATION COMMITTEE 
G. R. Cowing, Chairman (1950) 


C. J. Freund (1948) A. C. Monteith (1951) 
M. M. Boring (1949) H. O. Croft (1952) 


Advisory Members (1948) 


T. A. Abbott W.N. Jones 
C. A. Davis W. J. King 
L. J. Fletcher 7 E. C. Koerper 
R. L. Goetzenberger J. C. McKeon 
L. F. Grant 8. D. Moxley 
A. C. Harper J.T. Rettaliata 
M. B. Hogan S. Granville Smith 


BOARD ON EDUCATION AND PROFESSIONAL 


STATUS 
(Continued) 


JUNIOR COMMITTEE ** 


D. E. Jahneke, Chairman 
C. H. Carman, Jr., Vice-Chairman 


Philip Allen G. B. Thom 
H. C. Thuerk 
BOARD ON PUBLIC AFFAIRS 
A. D. Bailey, Chairman 
W. E. Johnson J. L. Walsh 
A. L. Penniman, Jr. M. X. Wilberding 
A. A. Potter Roy V. Wright 


ENGINEERS CIVIC RESPONSIBILITY COMMITTEE 
F. A. Faville, Chairman (1948) 
Roy V. Wright (1949) P. W. Nordt, Jr. (1951 
W. E. Johnson (1950) David Larkin (1952 
Junior Adviser 


J. C. Thompson (1949) 
Advisory Members (1948) 


A. D. Bailey H. P. Hammond 
H. V. Coes Linn Helander 
M. L. Cooke H. B. Oatley 
H. O. Croft FE. W. O’Brien 
A. R. Cullimore J. W. Parker 
R. E. Doherty A. A. Potter 
M. J. Evans H. H. Snelling 
L. J. Fletcher G. L. Sullivan 
R. M. Gates E. E. Williams 


Lillian M. Gilbreth D. Robert Yarnal! 
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nominated by, each respective Region. 


Region I 


C. Smith, Hartford, Conn. 

A. Powell, Boston, Mass., 1st Alternate 
A. Fearnside, Boston, Mass., 2nd Alternate 
. A. Harrington, Providence, R.I., 3rd Alternate 


Region II 


ASME SOCIETY RECORDS 
NOMINATING COMMITTEE FOR 1948} 


ARTICLE B7, Par. 1: The Regular Nominating Committee shall be elected at the Semi- 
Annual Meeting and shall consist of one member and one or more alternates from, and 


R. W. FLYNN, Chairman 
H. L. Soipere, Secretary 


R. W. Flynn, New Yerk, N.Y., Chairman 
H.C. R. Carlson, Brooklyn, N.Y., 1st Alternate 
H. R. Kessler, New York, N.Y., 2nd Alternate 


Region III 


F. S. Erdman, Ithaca, N.Y. 
P. C. Osterman, Elizabeth, N.J., 1st Alternate 


H. H. Snelling, Washington, D.C., 2nd Alternate 


Boston 

Fairfield County 
Green Mountain 
Hartford 

New Haven 


Metropolitan (N.Y.) and Members Outside the United States 


Region IV 


. R. Yopp, Atlanta, Ga. 
. B. Earle, Clemson College, 8.C., 1st Alternate 
. G. Haller, Kingsport, Tenn., 2nd Alternate 


H. 8. Colby, Cleveland, Ohio 


Region V 


D. 8. Brown, Cincinnati, Ohio, 1st Alternate 
P. R. Duffey, Youngstown, Ohio, 2nd Alternate 


Region VI 


H. L. Solberg, Lafayette, Ind., Secretary 
B. H. Jennings, Evanston, IIll., 1st Alternate 
W. Lyle Borst, Minneapolis, Minn., 2nd Alternate 


Region VII 


D. A. Elkins, Salt Lake City, Utah 
F. B. Lee, Seattle, Wash., 1st Alternate 
B. G. Dick, Portland, Ore., 2nd Alternate 


Region VIII 


. L. Lewis, Tulsa, Okla. 
. A. Woodward, Denver, Colo., 1st Alternate 


H. B. Atherton, Kansas City, Mo., 2nd Alternate 


Sections in Nominating Committee Regions 


Region I 


Region II 


New London 
Providence 
Waterbury 


Western Massachusetts 


Worcester 


(Except Ontario Section Members) 


Region III 


Anthracite-Lehigh Valley 


Baltimore 

Buffalo 

Central Pennsylvania 
Philadelphia 
Plainfield 


Atlanta 
Birmingham 
East Tennessee 
Florida 
Greenville 


t Regional Vice-Presidents, p. SR-19. 


Rochester 
Schenectady 


Southern Tier 


Region IV 


Susquehanna 
Syracuse 
Washington, D.C. 


Memphis 


Piedmont-North Carolina 


Raleigh 
Savannah 
Virginia 


Akron-Canton 
Cincinnati 
Cleveland 
Columbus 
Dayton 
Detroit 

Erie 


Central Illinois 
Central Indiana 
Central Iowa 
Chicago 

Fort Wayne 
Louisville 
Milwaukee 


Inland Empire 
Oregon 
San Francisco 


Colorado 
Kansas City 
Mid-Continent 


Region V 


Region VI 


Region VII 


Region VIII 


Ontario 
Peninsula 
Pittsburgh 
Toledo 

West Virginia 
Youngstown 


Minnesota 
Nebraska 

Rock River Valley 
St. Joseph Valley 
St. Louis 
Tri-Cities 


Southern California 
Utah 
Western Washington 


New Orleans 
North Texas 
South Texas 
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ASME REPRESENTATIVES ON OTHER ACTIVITIES 


See also ASME Representatives on Other Research Committees, etc., pages SR-30, 34, 36, 39, 41 


(Dates in parentheses denote expiration of terms) 


AMERICAN ASSOCIATION FOR THE ADVANCEMENT OF SCIENCE 


Section M, Engineering 


¥F. D. Carvin J. T. Rettaliata 


AMERICAN DOCUMENTATION INSTITUTE 
R. H. Phelps 


AMERICAN GEOPHYSICAL UNION 
Subcommittee on Permeability 
B. A. Bakhmeteff 


AMERICAN ROCKET SOCIETY 


R. F. Gagg L. N. Rowley, Jr. 


R. Tom Sawyer 


AMERICAN STANDARDS ASSOCIATION 
W. H. Hill (1948) W. C. Mueller (1949) 


Alternate (1948) 
L. W. Kattelle 


AMERICAN YEAR BOOK CORPORATION 
G. A. Stetson 


APPLIED MECHANICS REVIEWS 
Advisory Board 
R. E. Peterson 


CENTER FOR SAFETY EDUCATION 
E. R. Granniss 


THE ENGINEERING FOUNDATION 
J. F. Downie Smith (1948) G. L. Knight (1951) 
W. A. Newman (1951) 
Column Research Council 


L. H. Donnell S. P. Timoshenko 


H. L. Whittemore 
Research Procedure Committee 
J. F. Downie Smith (1948) 


THE ENGINEERING INSTITUTE OF CANADA 


EIC-ASME Joint Conference Committee 
J. B. Armitage T. E. Purcell 
A. G. Christie A. E. White 
EIC Council 
C. B. Hamilton, Jr. 


ENGINEERING SOCIETIES LIBRARY BOARD 


P. H. Hardie (1948) Theodore Baumeister (1950) 
J.8. Thompson (1949) C. E. Davies, ficio 


Engineering Societies Monographs Committee 


T. R. Olive—Professional Divisions 
J. M. Juran—Publications 


ENGINEERING SOCIETIES PERSONNEL SERVICE, INC. 


Ernest Hartford—President of the Corporation and ASME 
representative, Metropolitan Advisory Committee 
R. N. Osterman—Chicago Advisory Committee 
H. K. Gandelot—Detroit Advisory Committee 
E. D. Howe—San Francisco Advisory Committee 
Engineers’ National Relief Fund 


Ernest Hartford 


ENGINEERS’ COUNCIL FOR PROFESSIONAL DEVELOPMENT 
D. Robert Yarnall (1948) R. L. Goetzenberger (1949) 
J. W. Parker (1950) 

Subcommittee on Principles of Engineering Ethics 
W. F. Ryan 


ENGINEERS JOINT COUNCIL 
President ° 


Junior Past-President + Ex-Officio 
Secretary 


Committee on Collective Bargaining by Engineers in 
Professional Work 
C. S. Gotwals 


Committee on Organization of Engineering Profession 
W. L. Cisler N. E. Funk 
P. T. Onderdonk 
General Survey Committee 
A. C. Monteith 


JOHN FRITZ MEDAL BOARD OF AWARD 
R. M. Gates (1948) D. Robert Yarnall (1950) 
A. D. Bailey (1949) E. W. O’Brien (1951) 

GANTT MEDAL BOARD OF AWARD 
D. B. Porter (1948) . H. P. Dutton (1950) 
J. A. Willard (1949) J. M. Talbot (1951) 
DANIEL GUGGENHEIM MEDAL BOARD OF AWARD 
F. K. Teichmann (1948) F. E. Weick (1949) 
J. Carlton Ward, Jr. (1950) 
JOSEPH A. HOLMES SAFETY ASSOCIATION 
J. F. Barkley 


HOOVER MEDAL BOARD OF AWARD 


S. F. Voorhees (1949) H. N. Davis (1951) 
D. W. R. Morgan (1953) 
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ASME SOCIETY RECORDS 


INTERNATIONAL ELECTROTECHNICAL COMMISSION 


U.S. National Committee 


A. G. Christie _ Paul Diserens 


S. Logan Kerr 


Alternates 


W. E. Caldwell K. M. Irwin 


MARSTON AWARD 
A. A. Potter (1949) 


NATIONAL BUREAU OF ENGINEERING REGISTRATION 
F. H. Prouty 


NATIONAL FIRE WASTE COUNCIL 
J. A. Neale 


NATIONAL MANAGEMENT COUNCIL 


W. R. Mullee (1949)—D. B. Porter, Alternate 
J. K. Louden (1950)—G. M. Varga, Alternate 
H. B. Maynard (1951) —E. A. MacNiece, Alternate 


SR-11 


NATIONAL RESEARCH COUNCIL 
Division of Engineering and Industrial Research 
A. E. White (1948) 


ALFRED NOBLE PRIZE 
C. R. Soderberg (1949) 


UNITED ENGINEERING TRUSTEES, INC. 


J. Schuyler Casey (1948) K. W. Jappe (1950) 
G. L. Knight (1951) 


WASHINGTON AWARD COMMISSION 
R. E. Turner (1948) W. H. Oldacre (1949) 


WORLD POWER CONFERENCE 
Executive Committee, U.S. National Committee 
President, Ez-Officio 


q 
| : | 
. 
< 


B. S. Carn (1949) 
T. R. OLIve (1950) 


C. H. Carman, Jr. (1948) 


ASME SOCIETY RECORDS 
PROFESSIONAL DIVISIONS 


ArticLe B6A, Par. 15-c: The Professional Divisions Committee, under the direction of 
the Board on Technology, shall organize, foster, and co-ordinate the activities of the Pro- 
fessional Divisions and Groups of the Society. 


PROFESSIONAL DIVISIONS COMMITTEE 
W. L. H. Dore, Chairman (1948) 


J. M. (1951) 
J. A. WILLARD (1952) 


Junior Advisers 


J. A. FaLcon (1949) 


Applied Mechanics 


Organized, 1927 


EXECUTIVE COMMITTEE 


W. M. Nurray, Chairman (1948) 

Martin Goland, Secretary (1949) 

R. P. Kroon (1950) L. H. Donnell (1951) 
R. E. Peterson (1952) 


Associates 
H. L. Dryden J. 
H. W. Emmons J. 
H. Poritsky 


N. Goodier 


H. Keenan 


Liaison Representatives 
ASME Divisions 


Aviation—R. P. Kroon 
Gas Turbine Power—J. H. Keenan 
Heat Transfer, Co-ordination Committee—H. W. Emmons 


West Coast 
J. N. Goodier 


JOURNAL OF APPLIED MECHANICS 
J. M. Lessells, Editor 


SPONSORS 


Computing Devices and Techniques—Charles Concordia 
Dynamics—G. F. Carrier 

Elasticity—N. J. Hoff, E. Reissner 

Experimental Stress Analysis—Charles Lipson 

Fluid Mechanics—R. C. Binder, H. 8. Tsien 
Lubrication—L. M. Tichvinsky, J. T. Burwell 
Plasticity—A. L. Nadai, C. W. MacGregor 

Strength Properties of Materials—R. E. Peterson 
Thermodynamics (to be appointed) 


Aviation 
Organized, 1920 


EXECUTIVE COMMITTEE 
F. K. Teichmann, Chairman (1948) 
E. W. Britton, Secretary 


E. 8. aes (1949) Herman Hollerith, Jr. (1951) 
R. P. Kroon (1950) L. C. Peskin (1952) 


Associates 
E. E. Aldrin R. F. Gagg 
J. M. Clark Alexander Klemin 
C. H. Dolan, IT E. A. Sperry, Jr. 
F. E. Weick 


Aviation 
(Continued) 


Junior Adviser 
R. E. Small 


Liaison Representatives 
ASME Divisions 


Applied Mechanics—M. V. Barton, Martin Goland, J. N. Goodier, 


R. E. Peterson 
Gas Turbine Power—R. F. Gagg, J. K. Salisbury 


Heat Transfer—L. M. K. Boelter, H. 8. Gordon, R. H. Norris, 


W. W. Reaser 

Hydraulic—R. G. Folsom, Theodore Von Karman 

Industrial Instruments—Ed S. Smith 

Management—R. E. Gillmor 

Metals Engineering—R. G. Sturm, R. F. Templin 

Oil and Gas Power—C. W. Good, R. a Gagg 

Production Engineering—R. F. Gag 

Rubber and Plastics—John * iol G. M. Kline, J. F. Downie 
Smith 

Wood Industries—Alexander Klemin 


Other Organizations 


Daniel Guggenheim Medal Board of Award: see page SR-10 


GENERAL COMMITTEE 
West Coast Committee 


William Schroeder, Chairman 


L. M. K. Boelter John Delmonte 
B. E. Del Mar W. E. Mason 
Southwest Committee 
M. J. Thompson, Chairman 
M. V. Barton 
Central aud East Committee 
Luis de Florez D. C. Prince 
Martin Goland J. T. Rettaliata 
R. 8. Hartenberg J. K. Salisbury 


R. B. Lea D. Roy Shoults 
F. L. Yerzley 


Fuels 


Organized, 1920 


EXECUTIVE COMMITTEE 
T. C. Cheasley, Chairman (1949) 
C. E. Miller, Secretary (1951) 


D. S. Frank (1948) E. R. Kaiser (1950) 
W. E. Reaser (1952) 


M. 
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Fuels 

(Continued) 

Associates 
J. F. Barkley M. A. Mayers 
Kk. D. Benton Edmund McCarthy 
O. F. Campbell F. C. Messaros 
W. G. Christy J. R. Michel 
F. G. Ely A. R. Mumford 
R. B. Engdahl A. L. Nicolai 
M. D. Engle FE. C. Payne 
J. F. Gieck R. A. Sherman 
C. F. Hardy R. L. Sutherland 
H. F. Hebley A. W. Thorson 
R. C. Johnson J. E. Tobey 
S. C. Lowe E. C. Webb 
T. A. Marsh D. C. Weeks 


J. I. Yellott 


Liaison Representatives 
Other Organizations 


Percy Nicholls Award Committee—O. F. Campbell (1948), C. T. 
Hayden (1949), J. F. Barkley (1950), A. W. Thorson (1952) 


DOMESTIC FUELS COMMITTEE 
T. C. Cheasley 


T. A. Marsh 
HONORS AND AWARDS COMMITTEE 


M. D. Engle 


R. A. Sherman 
J. E. Tobey 


MODEL SMOKE LAW COMMITTEE 


J. F. Barkley, Chairman 
0. F. Campbell 
W. G. Christy 
C. F. Hardy 


T. A. Marsh 
T. E. Purcell 
R. A. Sherman 
R. R. Tucker 


PROGRAM AND MEETINGS COMMITTEE 


W. E. Reaser, Chairman 
R. B. Engdahl, Vice-Chairman 
F. G. Ely 


REVIEW OF PAPERS COMMITTEE 


T. C. Cheasley, Chairman 
M. D. Engle C. E. Miller 


W. E. Reaser 


Gas Turbine Power 
Organized, 1947 


EXECUTIVE COMMITTEE 


J. T. Rettaliata, Chairman (1948) 
D. M. Shackelford, Secretary 
J. K. Salisbury (1949) J. I. Yellott (1951) 
K. A. Browne (1950) W. J. King (1952) 
R. Tom Sawyer, Past-Chairman 


Associates 
A. J. Jadot Adolf Meyer 
Curt Keller G. Geoffrey Smith 
M. W. Woods 
Advisory Group 
W. C. Fischer Logan McKee 
Richard Herold H. E. Melton 
Alan Howard Lee Schneitter 
P.L. Irwin R. B. Smith 


W. B. Tucker 


Gas Turbine Power 


(Continued) 


Liaison Representatives 
ASME Divisions 


Applied Mechanics—J. H. Keenan 
Aviation—R. F. Gagg, J. K. Salisbury 
Fuels—M. A. Mayers 

Heat Transfer—C. F. Kayan 
Management—J. A. Willard 

Materials Handling—F. J. Shepard, Jr. 
Oil and Gas Power—E. J. Kates 
Power—J. I. Yellott 

Process Industries—C. F. Kayan 
Railroad—R. Tom Sawyer 


ASME Section 
Ontario—D. W. Knowles 


Other Organizations 


American Institute of Electrical Engineers—B. G. A. Skrotzki 

American Rocket Society—J. H. Wyld 

National Advisory Committee for Aeronautics—A. M. Rothrock 

Society of Automotive Engineers—R. F. Gagg 

Society of Naval Architects and Marine Engineers—C. H. Johnson 

U.S. Army: Corps of Engineers—A. G. Georgens; Ordnance Depart- 
ment—H. W. Evans; Transportation Corps—K. J. Loftheim 

U.S. Navy: Bureau of Ships—W. W. Brown, A. G. Mumma, R. T. 
Simpson 


BY-LAWS COMMITTEE 
S. A. Tucker 


MEETINGS AND PROGRAMS COMMITTEE 
W. J. King, Chairman 


J. H. Anderson E. J. Kates 
J. M. Campbell Alan Osbourne 
E. S. Dennison A. J. Phelan 
F. T. Hague C. R. Soderberg 
J. S. Haverstick S. A. Tucker 


PROJECTS COMMITTEE 


C. W. Good, Chairman 
E. M. Fernald (Patents) 
C. F. Kayan (Symbols and Nomenclature) 
R. V. Kleinschmidt (Properties of Gases) 
A. E. Pew, Jr. (Petroleum Usage) 
B. Pinkel (Thermodynamics) 
J. K. Salisbury (Nuclear Energy) 
E. T. Vincent (Jet Propulsion Devices) 
J. I. Yellott (Power Test Codes) 


PUBLICITY COMMITTEE 


L. N. Rowley, Chairman 
P. R. Sidler 


COMBUSTION COMMITTEE 
M. A. Mayers, Chairman 


J. M. Campbell W. R. Hawthorne 
L. C. Dunn A. J. Nerad 
L. 8. Echols W. T. Olson 
Stewart Way 
EDUCATION COMMITTEE 
C. W. Good, Chairman 
J. H. Keenan C. R. Soderberg 


MARINE ACTIVITY COMMITTEE 


C. H. Johnson, Chairman 


L. M. Goldsmith A. G. Mumma 
W. E. Hammond K. E. Schoenherr 
John Kreitner P. G. Tomalin 


D. C. MeMillan J. L. Wilson 
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Graphic Arts 


Organized, 1922, as Printing Industries Division. Name changed, 
1935. 


Inactive 


Heat Transfer 


Organized, 1938, as Heat Transfer Professional Group. 
Reorganized, 1941. 


EXECUTIVE COMMITTEE 
A. P. Colburn, Chairman (1948) 
A. C. Mueller, Secretary 


G. A. Hawkins (1951) 
G. L. Tuve (1952) 


C. F. Kayan (1949) 
L. B. Schueler, Clerk (1950) 


Advisory Associates 


L. M. K. Boelter W. H. McAdams 
T. H. Chilton R. H. Norris 
T. B. Drew W. S. Patterson 


Junior Representative 
A. R. Weismantle 


Research Secretary 
R. H. Norris 


CO-ORDINATION COMMITTEE 
A. C. Mueller, Chairman 


Liaison Representatives 
ASME Divisions 


Applied Mechanics—H. W. Emmons 

Aviation—R. H. Norris 

Hydraulic—G. R. Rich . 
Industrial Instruments and Regulators—L. M. K. Boelter 
Management—J. M. Talbot 

Oil and Gas Power—F. G. Hechler 

Power—T. B. Stillman 

Process Industries—E. J. Devlin 

Railroad—L. H. Fry 

Rubber and Plastics—H. M. Richardson 


ASME Sections 
W. R. Wykoff 


Other Organizations 


American Ceramic Society—-C. L. Norton, Jr. 

American Institute of Chemical Engineers—T. B. Drew 
American Society of Refrigerating Engineers—F. G. Riedel 
Society of Automotive Engineers—C. G. A. Rosen 


PAPERS COMMITTEE 


R. C. Martinelli, Chairman 


John Blizard P. R. Trumpler 


T. B. Drew G. L. Tuve 
TESTING TECHNIQUE COMMITTEE 
A. L. London, Chairman 
C. M. Ashley W. T. Reid 
H. D. Baker W. L. Sibbitt 
P. B. Bitzer S. M. Sperry 
B. J. Cross H. A. Whitesel 


Alfred Wurster 


THERMOPHYSICAL PROPERTIES COMMITTEE 
G. A. Hawkins, Chairman 


J. R. Andersen Max Jakob 
C. F. Bonnilla F. G. Keyes 
F. G. Brickwedde F. E. Klutey 
L. Friend J. H. Potter 
J. A. Goff Y. S. Touloukian 
A. E. Hershey R. E. White 


ASME SOCIETY RECORDS 


Heat Transfer 
(Continued) 
AIRCRAFT HEAT TRANSFER COMMITTEE 


R. A. Paselk, Chairman 
E. J. Manganiello, Vice-Chairman 


E. Eckert FE. H. Morrin 
H. Hauger D. M. Patterson 
V. Holbmillion L. A. Rodert 
A. R. Jones H. Schmidt 
F. Krieth W. B. Shippen 


H. C. Sontag 


DIRECT-FIRED FLUID HEATERS AND BOILERS COMMITTEE 


W. S. Patterson, Chairman 
J. H. Rickerman 
L. B. Schueler 


T. S. Voorheis 
C. H. Wooley 


HEATED OR COOLED ENCLOSURES COMMITTEE 


E. L. Knoedler, Chairman 
C. B. Bradley 
Mrs. F. F. Buckland 
G. M. Dusinberre 


F. W. Hutchinson 
B. M. Palmer 
W. E. Zieber 


INDUSTRIAL FURNACES AND KILNS COMMITTEE 
M. H. Mawhinney, Chairman 


J. KE. Eberhardt C. E. Peck 
H. C. Hottel C. G. Segeler 
C. B. Kentner W. Trinks 


Victor Paschkis T. S. Wishoski 


NOMENCLATURE AND SYMBOLS COMMITTEE 


T. B. Drew, Chairman 
S. M. Marco 
R. H. Norris 


W. P. Berggren 
T. H. Chilton 


NUCLEONICS HEAT TRANSFER COMMITTEE 


C. F. Kayan, Chairman 
R. M. Boarts R. N. Lyon 
R. W. Lockhart George Quinn 


THEORY AND FUNDAMENTAL RESEARCH COMMITTEE 


B. H. Spurlock, Chairman 
J. T. Agnew 
W. P. Berggren 
M. J. Brevoort 
A. TI. Brown 
H. O. Croft 


Max Jakob 
H. A. Johnson 
W. H. McAdams 
R. L. Pigford 
F. L. Schwartz 
Myron Tribus 


SPECIAL ADVISORY COMMITTEE ON HEAT 
EXCHANGER RESEARCH 


W. H. McAdams, Chairman 
A. C. Mueller, Vice-Chairman 
W. H. Thompson 
T. Tinker 
P. R. Trumpler 


A. P. Colburn 
S. Kopp 
B. E. Short 


UNFIRED HEAT TRANSFER EQUIPMENT COMMITTEE 
K. A. Gardner, Chairman 


O. P. Bergelin G. 8. Sellers 
R. A. Bowman B. E. Short 
G. T. Cooper S. P. Soling 
A. C. Mueller W. H. Thompson 
H. B. Nottage Townsend Tinker 
M. H. Olstad P. R. Trumpler 
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Hydraulic 


Organized, 1926 


EXECUTIVE COMMITTEE 
J. F. Roberts, Chairman (1949) 
G. T. Abernathy, Secretary (1950) 


G. R. Rich (1948) R. T. Knapp (1951) 
H. S. Van Patter (1952) 


Research Secretary 
J. W. Daily 


CAVITATION COMMITTEE 


R. T. Knapp, Chairman and Sponsor 
J. M. Mousson R. E. B. Sharp 
W. J. Rheingans H. S. Van Patter 
G. F. Wislicenus 


Liaison Representatives 
Other Organizations 
American Society for Testing Materials—F. N. Speller 


HYDRAULIC PRIME MOVERS COMMITTEE 
G. T. Abernathy, Nponsor and Chairman 
EK. H. Collins P. L. Heslop 
J. P. Growdon G. A. Jessop 
L. F. Harza F. H. Rogers 


POSITIVE DISPLACEMENT HYDRAULIC MACHINERY 
COMMITTEE 


W. E. Wilson, Chairman 
S. R. Beitler 
R. C. Binder 
R. H. Davies 
Hans Ernst 
C. T. Link 


A. B. Riddiford 
R. A. Schafer 
O. E. Teichman 
E. Weidman 
E. F. Wright 


PUMPING MACHINERY COMMITTEE 
R. G. Folsom, Chairman 


Aladar Hollander 
B. Moses 


H. L. Ross 
A. J. Stepanoff 
R. M. Watson 
B. O. McCoy, Liaison member of ASCE 


WATER HAMMER COMMITTEE 


G. R. Rich, Sponsor 
S. Logan Kerr, Chairman 
N. R. Gibson 


R. S. Quick 
Eugene Halmos 


E. B. Strowger 


Liaison Representatives 


Other Organizations 


American Society of Civil Engineers—N. R. Gibson, Ford Kurtz 
American Water Works Association—F. M. Dawson, L. H. Kessler 


Industrial Instruments and Regulators 


Organized, 1936, as Committee on Industrial Instruments and 
Regulators, of Process Industries Division. Reorganized, 1943, 
as a Division 


EXECUTIVE COMMITTEE 


J. J. Grebe, Chairman (1949) 
D. P. Eckman, Secretary 


A. F. Sperry (1951) 


. C. Peters (1948) 
F. H. L. Mason (1952) 


J 
H. F. Moore (1950) 


Industrial Instruments and Regulators 


(Continued) 


Liaison Representatives 
Other Organizations 


American Association for the Advancement of Science, Chemical 
Research Conference—I. M. Stein 

American Institute of Chemical Engineers—A. L. Chaplin 

American Institute of Electrical Engineers, Committee on Instru- 
ments and Apparatus—E. S. Lee 

American Institute of Physics—C. O. Fairchild 

The Institution of Mechanical Engineers—A. Ivanoff 

Instrument Society of America—A. F. Sperry 

Scientific Apparatus Makers of America, Recorder-Controller 
Section—K. H. Hubbard 


COMMITTEE CHAIRMEN 


Application—H. C. Frost 

Aviation Instruments, East Coast—C. H. Colvin 
Aviation Instruments, West Coast—S. C. Eskin 
Bibliography and Translations—Lyman Van der Pyl 
By-Laws—J. B. McMahon 

Design—H. W. Ziebolz 

Edueation—C. R. Otto 

Membership—H. R. Kessler 

Papers—H. L. Mason 

Terminology—H. F. Moore 

Theory—G. A. Philbrick, Jr. 


Machine Design 


Organized, 1945 


EXECUTIVE COMMITTEE 


G. F. Nordenholt, Chairman (1948) 
T. F. Githens, Secretary (1951) 
Colin Carmichael (1949) L. F. Nenninger (1950) 
B. J. Wolfe (1952) 


Advisory Committee 
B. F. Graves J. F. Downie Smith 


GENERAL COMMITTEE 
J. B. Armitage 


H. C. R. Carlson 
A. H. Church 

E. W. Clem 

E. J. Crane 

P. T. Eisele 

T. F. Eserkaln 


K. M. Holt 

J. A. Hrones 

F. J. Oliver 

C. D. Purves-Smith 
R. F. Schlitzkus 

D. V. Waters 

C. H. Young 


Management 
Organized, 1920 


EXECUTIVE COMMITTEE 


W. R. Mullee, Chairman (1948) oe 
J. K. Louden, Vice-Chairman (1949) ae 
T. A. Marshall, Jr., Secretary 


G. M. Varga (1950) H. B. Maynard (1951) 
E. A. MacNiece (1952) 
Liaison Representatives 
ASME Sections 
G. M. Varga 
Other Organizations 


Gantt Medal Board of Award—See page SR-10 
National Management Council—See page SR-11 
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Management 
(Continued) 


Research Secretary 
Bernard Lester 


GENERAL COMMITTEE 


L. A. Appley W. H. Kushnick 


J. R. Bangs L. C. Morrow 
R. M. Barnes P. T. Norton, Jr. 
W. L. Batt A. M. Perrin 
Carlos deZafra A. I. Peterson 
N. E. Elsas D. B. Porter 
Lillian M. Gilbreth G. A. Rietz 
R. E. Gillmor E. H. Schell 
G. E. Hagemann E. L. Spray 
E. H. Hempel Arthur Surveyer 
P. E. Holden J. M. Talbot 
J. M. Juran F. B. Turck 
W. A. Kerr L. W. Wallace 
A. 8. Knowles J. A. Willard 


SUBCOMMITTEE CHAIRMEN 


Administrative Organization—W. R. Mullee 
Depreciation Studies—P. T. Norton, Jr. 
Distribution—F. B. Turck 

Farm Management—D. M. Braum 
Industrial Conservation—A. M. Perrin 
Industrial Relations—W. H. Kushnick 
Quality Control—E. H. MacNiece 

Small Plant Management—E. H. Hempel 
Work Standardization—H. B. Maynard 


Materials Handling 


Organized, 1920 


EXECUTIVE COMMITTEE 
C. H. Barker, Jr., Chairman (1948) 
R. G. Hagemann, Secretary 


Bernard Lester (1951) 
N. L. Davis (1952) 


H. C. Keller (1949) 
J. B. Webb (1950) 


Associates 
T. L. Carter R. W. Mallick 
M. A. De Ferranti P. D. Oesterle 
C. F. Dietz A. M. Perrin 


Sidney Reibel 
R. B. Renner 
F. J. Shepard, Jr. 


F. M. Gilbreth 
G. E. Hagemann 
V. J. Kropf 
G. R. Wadleigh 


Junior Associates 
A. J. Burke R. B. Heisserman 


John Schuettinger 


Metals Engineering 


Organized, 1927, as Iron and Steel Division. Reorganized, 1940. 


EXECUTIVE COMMITTEE 
J. F. Young, Chairman (1949) 
S. C. Massari, Secretary 


J. J. Kanter (1948) S. D. Moxley (1951) 
E. O. Dixon (1950) A. W. Winston (1952) 


Advisory Committee 
J. H. Romann 
M. D. Stone 


R. D. Brizzolara 
J. H. Hiteheock 
R. G. Sturm 


GENERAL COMMITTEE 


E. P. Huston (1949) 

T. R. Weber (1949) 

C. K. Donoho (1950) 
Joseph Marin (1950) 

G. W. Motherwell (1950) 
R. E. Peterson (1950) 
H. A. Wagner (1950) 


Norman Mochel (1948) 
P. M. Mueller (1948) 
R. A. North (1948) 
W. M. Sheehan (1948) 
A. E. White (1948) 

C. W. Briggs (1949) 
O. R. Carpenter (1949) 
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Oil and Gas Power 


Organized, 1921 


EXECUTIVE COMMITTEE 
G. C. Boyer, Chairman (1949) 
C. F. Foell, Secretary 


Lee Schneitter (1948) L. N. Rowley (1951) 
R. Tom Sawyer (1950) T. M. Robie (1952) 


Associates 
J. C. Barnaby P. B. Jackson 
C. E. Beck W. F. Joachim 
Hans Bohuslav E. J. Kates 
Robert Cramer, Jr. H. C. Lenfest 
G. J. Dashefsky M. J. Reed 


W. L. H. Doyle R. B. Rice 
M. A. Elliott P. H. Schweitzer 
C. W. Good J. A. Worthington 
F. G. Hechler W. W. Young 


Junior Representative 
L. C. Nelson 


Liaison Representatives 
ASME Divisions 


Aviation—W. W. Young 

Gas Turbine Power—E. J. Kates 
Heat Transfer—F. G. Hechler 
Railroad—R. Tom Sawyer 


ASME Section 
Metropolitan—M. J. Reed 


Other Organizations 


Diesel Engine Manufacturers Association—R. B. Rice 
Society of Naval Architects and Marine Engineers—H. C. Lenfest 


Research Secretary 
M. A. Elliott 


HONORS AND AWARDS COMMITTEE 


C. W. Good, Chairman 
C. E. Beck G. J. Dashefsky 


MEETINGS AND PAPERS COMMITTEE 
T. M. Robie, Chairman 


W. W. Young 


Robert Cramer, Jr. L. N. Rowley 


PUBLICITY COMMITTEE 


C. F. Foell, Chairman 
W. W. Young 


OIL AND GAS POWER CONFERENCES 
1949 Meeting Location Selection Committee 


Lee Schneitter, Chairman 


G. C. Boyer R. Tom Sawyer 


OIL ENGINE POWER COST COMMITTEE 


H. C. Major, Chairman 

M. J. Reed, Vice-Chairman 

H. C. Lenfest, Secretary 
J.C. Barnaby A. B. Morgan 
E. Hale Codding : T. M. Robie 
Malcolm Duncan R. Tom Sawyer 
John Earle Lee Schneitter 
R. G. Ely P. H. Schweitzer 
E. J. Kates J. B. Sims 

C. A. Trimmer 
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Power 
Organized, 1920 


EXECUTIVE COMMITTEE 
J. I. Yellott, Chairman (1949) 
R. M. Van Duzer, Jr., Secretary (1952) 


H. D. Harkins (1948) T. B. Stillman (1950) 
G. B. Warren (1951) 


Process Industries 
Organized, 1934 


EXECUTIVE COMMITTEE 


Arnold Weisselberg, Chairman (1948) 
J. H. E. Fedeler, Secretary 
C. F. Kayan (1949) D. F. Othmer (1951) 
E. J. Devlin (1950) E. L. Knoedler (1952) 


Advisory Committee 
J. W. Hunter T. R. Olive 


William Raisch 


Liaison Representatives 
ASME Committee 


Professional Divisions—T. R. Olive 


ASME Divisions 


Gas Turbine Power—C. F. Kayan 
Heat Transfer—E. J. Devlin 


ASME Section 


San Franciseco—Herman Dishington 


Other Organizations 


American Ceramic Society: Petroleum Committee—H. R. Straight; 
Process Industries Division—W. Keith McAfee 

American Institute of Chemical Engineers—T. B. Drew, J. J. 
Grebe, T. K. Sherwood 


Research Secretary 


Arnold Weisselberg 


COMMITTEE CHAIRMEN 


Air Conditioning and Refrigeration—C. F. Kayan 
Distillation and Evaporation—D. F. Othmer 
Fluids Handling—Philip Freneau 

Food Manufacture—A. V. Gemmill 

Manufactured and Natural Gas—E. J. Devlin 
Mechanical Separation—Richard O’Mara 

Paper Awards and Honors—Victor Wichum 
Petroleum—William Raisch 
Program—T. R. Olive 

Sanitation—William Raisch 

Vegetable Oils—R. W. Morton 

Water Conditioning and Waste Disposal—E. L. Knoedler 


Production Engineering 


Organized, 1921, as Machine Shop Practice Division. 
Reorganized, 1941 


EXECUTIVE COMMITTEE 
H. B. Lewis, Chairman (1952) 
Jesse Huckert, Secretary (1951) 


F. W. Lucht (1948) A. F. Murray (1949) 
F. O. Hoagland (1950) 
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Production Engineering 


(Continued) 


Advisory Committee 


J. L. Alden E. W. Ernst 


Sol Einstein Erik Oberg 
Warner Seely 
GENERAL COMMITTEE 
J. B. Armitage L. S. Martz 
N. L. Bean R. H. McCarthy 
E. J. Charlton W. G. Miller 
B. P. Graves W. H. Oldacre 
L. A. Lachman R. F. Onsrud 
). R. Lewis, Jr. L. C. Smith 
M. E. Martellotti C. C. Stevens 


J. F. Young 


Railroad 


Organized, 1920 


EXECUTIVE COMMITTEE (RR1) 
P. W. Kiefer, Chairman (1948) 
E. L. Woodward, Secretary 


E. D. Campbell (1951) 
K. A. Browne (1952) 


B. S. Cain (1949) 
J. M. Nicholson (1950) 


Liaison Representatives 
ASME Committees 


Admissions—K. A. Browne 
Professional Divisions—B. S. Cain 


ASME Divisions 


Heat Transfer, Co-ordination Committee—L. H. Fry 
Oil and Gas Power—R. Tom Sawyer 


ASME Section 
San Francisco—B. M. Brown 


Research Secretary 
Rupen Eksergian 


GENERAL COMMITTEE (RR2) 


P. W. Kiefer, Chairman (1948) 


W. H. Baselt (1948) F. P. Huston (1950) 
E. R. Battley (1948) R. P. Johnson (1950) 
E. 8S. Pearce (1948) G. W. Bohannan (1951) 
C. H. Beck (1949) C. B. Bryant (1951) 
E. P. Gangewere (1949) W. A. Newman (1951) 
C. E. Pond (1949) B. M. Brown (1952) 
W. I. Cantley (1950) F. L. Murphy (1952) 
B. W. Taylor (1952) 


ADVISORY COMMITTEE (RR3) 


J. G. Adair 


K. F. Nystrom 
J. R. Jackson 


W. C. Sanders 
W. M. Sheehan 


Rubber and Plastics 


Organized, 1937, as Committee on Rubber and Plastics of Process 
Industries Division and made a Subdivision in 1940. Reorganized 
as a Group in 1942, and as a Division in 1943. 


EXECUTIVE COMMITTEE 


J. F. Downie Smith, Chairman (1949) 
D. H. Cornell, Seeretary (1948) 


F. W. Warner (1950) W. Newlin Keen (1951) 
G. W. Neely (1952) 


“Sad of 
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Rubber and Plastics 


(Continued) 


Advisory Committee 
H. M. Richardson, Chairman 
J. H. Booth G. M. Kline 
E. F. Riesing 


GENERAL COMMITTEE 
M. E. Lerner 


S. K. Moxness 
Howard Nason 
A. V. Tobolsky 
F. J. Wehmer 


James Bailey 
Colin Carmichael 
E. N. Cunningham 
John Delmonte 
F. Haushalter 
F. L. Yerzley 


Textile 


Organized, 1921 


EXECUTIVE COMMITTEE 


A. B. Studley, Chairman (1948) 
W. A. Smith, Jr., Vice-Chairman (1949) 
R. O. Palmer, Secretary (1951) 
L. T. Parkman, Assistant Secretary 
C. D. Brown, Inter-Society and Northern Representative (1950) 
S. B. Earle, Southern Representative (1952) 


Associates 
C. E. Brown C. 8. Parsons 
J. O. Lindsay F. D. Snyder 
J. J. McElroy J. W. Vaughan, Jr. 
Advisory Committee 
H. W. Ball Albert Palmer 
F. E. Banfield, Jr. Brackett Parsons 
A. L. Brown H. A. Roberts 
Alex Engblom J. D. Robertson 
W. D. Fales “©. E. Rydman 
M. A. Golrick J. F. Shaw 


A. N. Sheldon 


ASME SOCIETY RECORDS. 


Textile 


(Continued) 


ACTIVITIES COMMITTEE 
W. A. Smith, Jr., Chairman 


C. E. Crede N. M. Mitchell 
G. B. Harvey Harry Searles 
M. H. Irons A. N. Sheldon 
R. M. Jones R. G. Shepherd 
R. J. McConnell F. D. Snyder 


W. W. Starke 


Wood Industries 


Organized, 1921 


EXECUTIVE COMMITTEE 


F. J. Hanrahan, Chairman (1948) 
F. F. Wangaard, Secretary (1951) 
E. D. May (1949) C. R. Nichols, Jr. (1950) 
R. R. Smith (1952) 


Advisory Committee 


A. C. Fegel C. B. Lundstrom 
D. R. Gray M. J. MacDonald 
T. D. Perry 
GENERAL COMMITTEE 
C. L. Babcock Cleveland Fyles 
P. H. Bilhuber F. W. Hagerty 
A. W. Dunbar Ralph Keller 
F. P. Forbes J. S. Mathewson 


W. B. Wilkins 


COMMITTEE CHAIRMEN 


Dimensional Limits and Allowances—A. C. Fegel 
Forest Protection—R. B. Sargent 
Wood Finishing—M. J. MacDonald 
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VICE-PRESIDENTS SECRETARIES 
REGION REGION 
I F. M. Gunsy I L. P. Le Bet 
II A. R. MuMrForp II W. L. Betts 
Ill P. B. Eaton III J. C. Reep 
IV E. E. WILLIAMS IV ARTHUR ROBERTS, JR. 
V T. E. PuRceti V H. L. CARSPECKEN, JR. 
VI T. 8S. McEwan VI W. H. OLDACRE 
VII J. CALVIN Brown VII M. B. Hocan 
VIII LINN HELANDER VIII R. P. Hann 


OFFICERS FOR 1948 REGIONAL DELEGATES CONFERENCE 


AKRON-CANTON 
(Region V) 
Organized: 1920 
Territory: Counties of Richland, Ashland, 


Medina, Summit, Portage, Wayne, Stark, 
Holmes, Tuscarawas, Carroll, and Coshoc- 
ton in Ohio 
Place of Meeting: As selected monthly 
Number of Members: 270 


EXECUTIVE COMMITTEF 


E. D. George, Chairman 
C. R. Beckwith, Vice-Chairman 
H. D. Chicoine, Secretary-Treasurer 


FE. W. Allardt R. G. Minns 
W. V. Grove M. C. Pierce 
FE. K. Hamlen M. J. Telle 
Z.N. Harris J. L. Waddell 
EF. B. Mansfield S. M. Weckstein 
G. C. MeMullen R. E. Wiltrout, Jr. 


ANTHRACITE-LEHIGH VALLEY 
(Region III) 


Organized: 1920, as Lehigh Valley; reor- 
ganized, 1928, as Anthracite-Lehigh Valley 

Territory: Counties of Bradford, Susque- 
hanna, Wayne, Sullivan, Wyoming, Lacka- 
wanna, Columbia, Luzerne, Monroe, Pike, 
Schuylkill, Carbon, Berks, Lehigh, North- 
ampton in Pennsylvania, and Warren in 
New Jersey 

Place of Meeting: One meeting annually at 
Allentown, Bethlehem, Easton, Hazleton, 
Pottsville, Reading, Scranton, and Wilkes- 
Barre 

Local Organization: 
of Lehigh Valley 

Number of Members: 270 


The Engineers’ Club 


EXECUTIVE COMMITTEF 
L. D. Graboski, Chairman 


W. E. Anderson) 
S. Hammond Vice-Chairmen 


J. W. Putt, Secretary-Treasurer 


C. W. Bell J. W. MecConaghy 
J. W. Bliss R. L. Ransom 
C. FE. Grimes C. T. Reilly 
J.C. Groff W. N. Richards 
C. W. Hubbell R. B. Stampfle 
R. C. Johnson S. F. Udstad 


William Lelgeman B. R. Wheelock, Jr. 


ASME SOCIETY RECORDS 


SECTIONS * 


S. T. MacKenzire, Speaker 
C. A. Davis, Vice-Speaker 
C. H. SHumaker, Secretary 
ARTHUR Roperts, JR., Chairman of Agenda 
MICHEL 
H. A. JoHNSON 
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ATLANTA 
(Region IV) 
Organized: 1913 
Territory: Radius of sixty miles from At- 
lanta, Ga. 


Place of Meeting: Atlanta Athletic Club 

Luncheon meeting every Monday at 12:30 
p.m. at Atlanta Athletic Club 

Number of Members: 153 


EXECUTIVE COMMITTEE 


T. E. Smith, Chairman 
R. A. Martin, Vice-Chairman 
P. H. Nichols, Secretary-Treasurer 
C. L. Huey P. R. Faymonville 
O. E. Kearney B. E. Sherrill 
0. O. Rae W. A. Snellgrove 


BALTIMORE 
(Region III) 


Organized: 1916 

Territory: Radius of thirty miles from Bal- 
timore, Md. 

Place of Meeting: Engineers Club of Bal- 
timore 

Number of Members: 330 


EXECUTIVE COMMITTEE 


E. H. Hanhart, Chairman 
S. F. Robertson, Vice-Chairman 
H. W. Hyde, Secretary-Treasurer 
L. E. Carter J. H. Potter 
L. E. Herbert S. B. Sexton 
P. J. Kiefer W. F. Weitzel 


2. H. Knust H. W. Woodward 
BIRMINGHAM 
(Region IV) 
Organized: 1915 
Territory: Radius of sixty miles from Bir- 


mingham, Ala. 
Place of Meeting: Tutwiler Hotel 
Number of Members: 115 


EXECUTIVE COMMITTEE 


J. A. Keene, Chairman 
R. M. Reed, Vice-Chairman 
G. S. Myers, Secretary-Treasurer 


J. B. Emory A. V. Jannett, IIT 


* Sections in Nominating Committee Regions, p. SR-9. 


BOSTON 
(Region I) 


Organized: 1909 
Territory: Radius of thirty miles from Bos- 
ton, Mass. 
Place of Meeting: Mass. Inst. of Technology 
Local Organization: Engineering Societies 
of New England 
Number of Members: 


EXECUTIVE COMMITTEE 


T. A. Fearnside, Chairman 
E. K. Bancroft, Vice-Chairman 
A. J. Ferretti, Secretary-Treasurer 
T. N. Graser Alton Kirkpatrick 
F. Everett Reed 
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BUFFALO 
(Region III) 


Organized: 1915 

Territory: Radius of thirty miles from 
Buffalo, N.Y. 

Place of Meeting: Markeen Hotel, 1391 
Main St. 

Local Organization: Engineering Society of 
Buffalo 

Number of Members: 241 


EXECUTIVE COMMITTEE 
P. E. Mohn, Chairman 
M. N. Brown, Vice-Chairman 
M. F. Veck, Secretary 
C. E. Harrington, Treasurer 


A. W. Eckstrom C. A. Ross 
C. G. Kiplinger N. S. Snyder 
C. F. Mittman Leopold Strauss 


F. H. Thomas 


CENTRAL ILLINOIS 


(Region VI) 
Organized:. 1937 
Territory: All the territory in Central 


Illinois between the following counties on 
the northern boundary: Bureau, LaSalle, 
Knox, Stark, Putnam, Marshall, Living- 
ston, Peoria; counties on the southern 
boundary: Pike, Scott, Morgan, Sanga- 
mon, Macon, Piatt, Douglas, and Edgar 
Place of Meeting: Hotel Pere Marquette or 
Caterpillar Show Room 
Number of Members: 149 
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CENTRAL ILLINOIS 
(Continued) 


EXECUTIVE COMMITTEE 


R. E. McClain, Chairman 
T. J. Dolan, Vice-Chairman 
H. D. Brown, Secretary-Treasurer 


W. L. Ackerman D. G. Ryan 
R. E. Gibbs K. J. Trigger 
C. D. Greffe W. C. Van Dyke 


CENTRAL INDIANA 
(Region VI) 


Organized: 1916 

Territory: Radius of eighty miles from In- 
dianapolis, within Indiana 

Meeting: Indianapolis Athletic 

u 

Local Organization: 
Society 

Number of Members: 251 


Indiana Engineering 


EXECUTIVE COMMITTEE 
C. L. Kline, Chairman 


M. E. Bechtold J. H. Maguire 

C. B. Castiglione J. C. Siegesmund 

Emmart LaCrosse, Jr. H. L. Solberg 
G. C. Weber 


CENTRAL IOWA 
(Region VI) 


Organized: 1946 

Territory: That part of the State of Iowa 
lying between a line coincident with the 
western boundaries of Linn and Johnson 
Counties, and a line coincident with the 
eastern boundaries of Dickinson and Page 
Counties 

Place of Meeting: Selected monthly. 

Number of Members: 56 


EXECUTIVE COMMITTEE 


G. D. Boylan, Chairman 
Merlin Hansen, Vice-Chairman 
E. D. Hay, Secretary-Treasurer 
M. P. Cleghorn G. B. Hill 
R. A. Engel J. S. Mikovec 
J. J. Symons 


CENTRAL PENNSYLVANIA 
(Region IIT) 


Organized: 1921 

Territory: Radius of approximately sixty 
miles from State College, Pa. 

Place of Meeting: State College and Al- 
toona, Pa. 

Number of Members: 110 


EXECUTIVE COMMITTEE 


A. H. Zerban, Chairman 
J. C. Reed, Vice-Chairman 
C. C. Dillio, Secretary-Treasurer 


W. C. Geiger Joseph Marin 

R. L. Hulsizer W. P. McDonnell 

L. B. Jones R. Y. Sigworth 

G. M. Kunkel C. G. Vandergrift 
J. W. Wallin 


ASME SOCIETY RECORDS 


CHICAGO 
(Region VI) 


Organized: 1913 

Territory: Radius of fifty miles from Chi- 
cago, Ill. 

Headquarters: Mid-West Office, ASME, 
Chicago Daily News Bldg., Room 2441, 
400 W. Madison St., Chicago 6, III. 

Place of Meeting: Civic Opera Bldg., 20 
North Wacker Drive 


Meetings: Tuesday, 7:30 p.m. 
Local Organization: Western Society of 
Engineers 


Number of Members: 1397 


EXECUTIVE COMMITTEE 


R. M. Krause, Chairman 
L. M. Johnson 
Nachman Vice-Chairmen 
W. H. Oldacre 
J. D. Pierce, Secretary-Treasurer 


C. C. Austin Adolph Langsner 
R. H. Bacon J. P. Magos 
D. J. Bergman J.C. Marshall 
R. A. Budenholzer T. S. McEwan 
J. B. Burkhardt J. R. Michel 
F. D. Cotterman R. M. Ostermann 
L. M. Ellison C. W. Parsons 
W. G. Frost J. T. Rettaliata 
R. 8. Hartenberg V. L. Streeter 
B. H. Jennings J. C. Thompson 
F. H. Lane S. E. Winston 


JUNIOR GROUP 


J. C. Thompson, Chairman 
J. B. Burkhardt 


CINCINNATI 
(Region V) 


Organized: 1912 

Territory: Radius of thirty miles from Cin- 
cinnati, Ohio 

Place of Meeting: Herman Schneider Foun- 
dation (Engineering Society Building) 

Local Organization: Engineers’ Club of Cin- 
cinnati 

Number of Members: 255 


EXECUTIVE COMMITTEE 


H. S. Malany, Chairman 
H. B. Welge, Vice-Chairman 
F. F. Borries, Secretary-Treasurer 


A. T. Blackburn R. S. Parker 
C. F. W. Frank H. L. Pope 
H. E. Hess H. T. Porter 
C. A. Joerger B. J. Yeager 
CLEVELAND 
(Region V) 
Organized: 1918 
Territory: Counties of Lorain, Cuyahoga, 


Lake, Geauga, and Ashtabula in Ohio 

Place of Meeting: Cleveland Engineering 
Society Club 

Local Organization: Cleveland Engineering 
Society 

Number of Members: 474 


EXECUTIVE COMMITTEE 


D. K. Wright, Jr., Chairman 
P. T. Eisele, Vice-Chairman 
E. R. McCarthy, Secretary-Treasurer 


R. W. Bolz C. M. Hickox 
H. 8S. Colby R. C. Sessions 
C. A. Dauber C. R. Sutherland 


COLORADO 
(Region VIII) 


Organized: 1919 

Territory: Entire State of Colorado 

Place of Meeting: Albany Hotel, Denver, 
Colo. 

Local Organization: Colorado Engineering 
Council (Colorado Society of Engineers) 

Number of Members: 132 


EXECUTIVE COMMITTEE 


A. A. Woodward, Chairman 
J. Y. Parce, Vice-Chairman 
W. M. Richtmann, Secretary-Treasurer 
D. R. Collins J. F. Ransom 
W. H. Parks J. Taylor Strate 


COLUMBUS 
(Region V) 


Organized: 1920 

Territory: Counties of Union, Delaware, 
Licking, Madison, Franklin, Fayette, 
Pickaway, and Ross in Ohio 

Place of Meeting: Battelle Memorial Insti- 
tute and The Ohio State University 

Number of Members: 140 


EXECUTIVE COMMITTEE 


W. H. Browne, Chairman 
F. L. Bagby, Jr., Vice-Chairman 
E. J. Boer, Secretary-Treasurer 


H. S. Dickerson A. P. Johnson 
T. H. Kerr 
DAYTON 
(Region V) 

Organized: 1926 


Territory: Counties of Drake, Miami, 
Champaign, Preble, Montgomery, Greene, 
and northern part of Butler and Warren 
in Ohio 

Place of Meeting: Engineers’ Club of Day- 
ton 

Local Organization: 
Dayton 

Number of Members: 145 


EXECUTIVE COMMITTEE 


A. W. Kimmel, Chairman 
A. W. Schmid, Vice-Chairman 
R. G. Olt, Secretary 
F. B. Northrup, Jr., Treasurer 
G. FE. Terpenny 
Burson Treadwell 
Collins Wight 


Engineers’ Club of 


B. F 
M. J. Foley 
F. H. 


DETROIT 
(Region V) 


Organized: 1916 

Territory: Rectangle extending 60 miles 
west and 115 miles north of Detroit 

Place of Meeting: Horace H. Rackham 
Educational Memorial, 100 Farnsworth 
Avenue, Detroit, Mich. 

Local Organization: Engineering Society of 
Detroit 

Number of Members: 664 
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DETROIT 
(Continued) 
EXECUTIVE COMMITTEE 


J. W. Brennan, Chairman 
R. F. Hanson, Secretary-Treasurer 
H. S. Walker, Chairman, Program 
Committee 


E. J. Abbott D. E. Jahncke 
F. J. Boddy F. J. Linsenmeyer 
H. 8. Ford G. J. Scranton 


F. T. Harrington O. A. Soderberg 
R. K. Weldy, Ex-Officio 


JUNIOR GROUP 


R. W. Wayman, Chairman 
J. P. Horvath, Vice-Chairman 
R. W. Vorhees, Jr., Secretary 

J. 8. Cullison, Treasurer 


EAST TENNESSEE 
(Region IV) 


Organized: 1922 

Territory: All counties in Tennessee east of 
the west boundary of Scott, Morgan, 
Cumberland, White, Warren, Coffee, 
Moore, Franklin; Belle County in Ken- 
tucky; and Rossville, Dade, Walker, Cat- 
tasa, Whitfield, Murray, Gordon, Chat- 
tooga in Georgia 

Place of Meeting: Selected monthly. 

Local Organization: Chattanooga Engineers 
Club and Knoxville Technical Club 

Luncheon Meeting every Monday noon at 
Chattanooga Engineers Club 

Number of Members: 238 


EXECUTIVE COMMITTEE 


H. J. Petersen, Chairman 
A. F. G. Bedinger 
K. A. Jones 
D. H. Riley, Jr. 
D. R. Shearer 
A. A. Abbatiello 
R. L. Culpepper 


Vice-Chairmen 


E. C. Holdredge 
G. W. Moorehouse 


ERIE 
(Region V) 
Organized: 1917 
Territory: Radius of thirty miles from 


Erie, Pa. 
Place of Meeting: Erie County Court House 
Number of Members: 120 


EXECUTIVE COMMITTEE 
F. D. Mosher, Chairman 


J. C. Rhoads, Vice-Chairman 
R. R. Blunt, Secretary 


F. G. Brinig G. I. Rainesalo 
H. E. Goetz M. S. Reed 
E. C. Ims F. B. Schneider 
G. H. Kaemmerling A. J. Showler 
G. L. Lindsay A. H. Morey, Ez-Officio 


FAIRFIELD COUNTY 
(Region I) 


Organized: 1917, as a Branch of Connecti- 
cut Section; reorganized as a Section, 
1923; name changed from Bridgeport Sec- 
tion, 1946 

Territory: Fairfield County, Conn. 

Place of Meeting: Stratfield Hotel 

Local Organizations: The Bridgeport Tool 
Engineers Association; The Bridgeport 

_ Engineers Club 
Number of Members: 252 
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EXECUTIVE COMMITTEE 


J. L. Corcoran, Chairman 
J. K. Hamil, Vice-Chairman 
J. P. Heumann, Secretary 
P. A. Ibold, Treasurer 


H. E. Adams P. A. Ibold 
J. F. Banthin C. R. Libby 
W. A. Bulger P. R. Roehm 
Charles Ecklund Alfred Sonntag 
C. N. Hoagland R. W. Waring 
W. E. Hogan J. F. Young 
FLORIDA 
(Region IV) 
Organized: 1925 
Territory: State of Florida 


Place of Meeting: Various cities in state 

Local Organization: Florida Engineering 
Society, Gainesville, Fla. 

Number of Members: 135 


EXECUTIVE COMMITTEE 


G. E. Remp, Chairman 
John Hunter, 1st Vice-Chairman 
A. R. Major, 2nd Vice-Chairman 
P. C. Capps, Seeretary-Treasurer 


S. H. Dowdell W. R. Hudson, Jr. 
R. Y. Pool 


FORT WAYNE 
(Region VI) 


Organized: 1939 

Territory: Counties of LaGrange, Steuben, 
Noble, DeKalb, Whitley, Allen, Wabash, 
Huntington, Wells, Adams, Miami, Black- 
ford and Jay in Indiana; Counties of 
Williams, Defiance, Paulding, Van Wert 
and Mercer in Ohio 

Local Organization: 
neers’ Society 

Number of Members: 44 


Fort Wayne Engi- 


EXECUTIVE COMMITTEE 


R. E. Gallatin, Chairman 
W. L. Sweet, Vice-Chairman 
W. W. Hackney, Secretary 
G. L. Goglia, Treasurer 


E. S. Buck I. A. Planck 
G. H. Frost R. B. Solberg 
F. C. Mason I. A. Terry 


GREEN MOUNTAIN 


(Region I) 
Organized: 1923 
Territory: Entire State of Vermont and 


neighboring and closely related communi- 
ties of Claremont and Hanover, N.H. 

Place of Meeting: Springfield, Windsor, 
Vt., and Claremont, N.H. 

Local Organization: Vermont Engineering 
Society 

Number of Members: 63 


EXECUTIVE COMMITTEE 


R. G. Chapman, Chairman 
FE. H. Garrett, Vice-Chairman 
Leif Fersing, Secretary-Treasurer 


D. T. Hamilton J. B. Johnson 
L. E. Seeley 


GREENVILLE 
(Region IV) 


Organized: As a Branch, 1923; as a Sec- 
tion, 1927 
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Territory: Radius of sixty miles from 
Greenville, S.C. 

Place of Meeting: Meetings held at Green- 
ville, Clemson College, S.C., Canton, Ashe- 
ville, and Enka, N.C. 

Number of Members: 70 


EXECUTIVE COMMITTEE 


J. C. Whitehurst, Chairman 
E. M. Williams, Vice-Chairman 
R. 8. Pruitt, Secretary-Treasurer 
C. R. Hoey, Jr. J. H. Sams, Jr. 
G. R. Morgan W. P. Tindall 
J. E. Waldrep 


HARTFORD 
(Region I) 


Organized: 1917, as Branch of Conn. Sec- 
tion; reorganized, 1923; New Britain 
Section merged with Hartford Section, 
July 1, 1940 

Territory: Hartford County except that 
portion served by New Britain Section 

Place of Meeting: Hartford Electric Light 
Company 

Number of Members: 227 


EXECUTIVE COMMITTEE 


L. P. Le Bel, Chairman 
R. L. Weil } 
A. C. Crownfield, Jr. 
W. E. Loomis, Secretary-Treasurer 


A. E. Anderson K. E. Peiler 
J. S. Appleyard H. F. Ramm 
T. F. Cassidy H. P. Smith 
Herbert Burdick L. C. Smith 
E. P. Herrick C. C. Stevens 
F. O. Hoagland S. J. Teller 
R. D. Keller Albert Vuilleumier 
FE. R. Lewis H. M. Wohnus 


Vice-Chairmen 


INLAND EMPIRE 
_ (Region VIT) 


Organized: 1921 

Territory: East of Columbia River in State 
of Washington, and Counties of Okanogan 
and Benton, and part of Northern Idaho 

Place of Meeting: Davenport Hotel, Spo- 
kane 

Luncheons: Wednesdays at 12:00 noon, 
Davenport Hotel, Spokane 

Local Organization: Associated Engineers 
of Spokane 

Number of Members: 48 


EXECUTIVE COMMITTEE 
C. F. Quackenbush, Chairman 
N. W. Humphrey, Secretary-Treasurer 


F. W. Candee J.G. McGivern 
I. A. Shirk 


ITHACA 


(See Southern Tier) 


KANSAS CITY 
(Region VIII) 


Organized: 1921 

Territory: Radius of sixty miles from 
Kansas City, Mo. 

Place of Meeting: University Club 

Local Organization: Engineers’ Club of 
Kansas City 

Number of Members: 209 
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KANSAS CITY 
(Continued) 


EXECUTIVE COMMITTEE 


H. E. Manuel, Chairman 
B. B. Brainard, Vice-Chairman 
Harold Grasse, Secretary 
H. B. Atherton, Treasurer 
J. T. Jennings, Chairman, Program 
Committee 
E. M. Bruzelius C. C. Holt 
H. L. Daasch N. L. Miller 
Chester Cotter, fficio 


LOUISVILLE 
(Region VI) 


Organized: 1922 

Territory: Radius of thirty miles from 
Louisville, Ky. (includes Lexington, Ky.) 

Place of Meeting: Univeristy of Louisville, 
Louisville, Ky. 

Local Organization: Engineers and Archi- 
tects Club 

Number of Members: 89 


EXECUTIVE COMMITTEE 


E. J. Dreyer, Chairman 
W. V. Hambleton, Vice-Chairman 

J. W. Godbey, Secretary 

M. G. Olower, Treasurer 
L. S. Churchill A. G. Rosenbaum 
J. E. Glass K. H. Scheidt, Jr. 
P. J. Oreskovich G. D. Willey 

D. L. Witherspoon 


MEMPHIS 
(Region IV) 


Organized: 1923 

Territory: Radius of sixty miles from 
Memphis, Tenn., and eastern half of Ar- 
kansas including all the territory east of 
a line drawn north and south through the 
western boundary of the City of Little 
Rock 

Number of Members: 30 


EXECUTIVE COMMITTEE 


C. K. Sharp, Chairman 
J. J. Thomason, Vice-Chairman 
J. A. Dew, Secretary-Treasurer 
E. W. Elam G. Russell Schneider 
R. M. King J. H. Tole 


METROPOLITAN 
(Region II) 


Organized: 1910 

Territory: Metropolitan District, New 
York and New Jersey 

Place of Meeting: Engineering Societies 
Building, 29 West 39th Street, New York, 
N.Y., and Newark, N.J. 

Number of Members: 4619 


EXECUTIVE COMMITTEE 


H. R. Kessler, Chairman 
F. P. Brand, Secretary 
A. D. Blake, Treasurer 


W. F. Friend W. H. Rowand 
G. G. Hyde L. B. Schueler 
H. A. Johnson V. W. Smith 


R. W. Flynn, E2-Officio 
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JUNIOR GROUP 


J. M. Langley, Chairman 


H. E. Cook, Jr. B. H. Edelstein 
Louis Feld 


MID-CONTINENT 
(Region VIII) 


Organized: 1919 

Territory: Entire State of Oklahoma; ter- 
ritory in Arkansas not included in 
Memphis Section; part of Louisiana; and 
territory in Texas north of the southern 
boundaries of the counties of Gaines, 
Dawson, Bordon, Scurry, Fisher, Jones, 
and Shackelford 

Place of Meeting: Usually Mayo Hotel, 
Tulsa, Okla. 

Luncheon Meetings with Engineers Club of 
Tulsa, Mondays at 12:00 noon 

Local Organization: Engineers Club of 
Tulsa 

Number of Members: 244 


EXECUTIVE COMMITTEE 


F. J. Daasch, Chairman 
M. D. Creech 
R. G. Paddock V 
H. G. Thuesen 
J. A. Wilson 
A. J. Hanssen, Secretary 
J. T. Carmichael Chester Fanshier 
L. Wood Jackson 


ice-Chairmen 


MILWAUKEE 
(Region VI) 


Organized: 1904 

Territory: Radius of fifty miles from Mil- 
waukee, Wis. 

Place of Meeting: Wisconsin Club 

Local Organization: Engineers’ Society of 
Milwaukee 

Luncheon Meetings once each month, 3rd 
Wednesday at Wisconsin Club 

Number of Members: 358 


EXECUTIVE COMMITTEE 


H. L. Heywood, Chairman 
R. H. Meiners, 7'reasurer 
F. Warren Weithofer, Secretary 


T. F. Eserkaln E. H. Laabs 

E. N. Jacobi W. D. O’Connor 

Sebastian Judd J. F. Roberts 
MINNESOTA 


(Region VI) 


Organized: Minneapolis, 1913; St. Paul, 
1913; the two Sections merged, 1934 

Territory: Entire State of Minnesota 

Place of Meeting: Minnesota Union, Univ. 
of Minnesota 

Local Organization: Minneapolis Engineers’ 
Club, Minnesota Federation of Archi- 
tectural and Engineering Societies 

Number of Members: 164 


EXECUTIVE COMMITTEE 


A. O. Lee, Chairman 
R. T. Lesch, Vice-Chairman 
J. G. Davies, Secretary-Treasurer 
W. Lyle Borst B. J. Robertson 
K. A. Powell ; J.J. Ryan 


NEBRASKA 
(Region VI) 


Organized: 1922 

Territory: State of Nebraska, and Council 
Bluffs, Iowa 

Place of Meeting: Lincoln and Omaha 

Local Organization: Engineers’ Club of 
Lincoln and Omaha 

Luncheon Meeting every Wednesday noon at 
the Omaha Engineers’ Club—4th Monday 
Evening at Lincoln 

Number of Members: 54 


EXECUTIVE COMMITTEE 


J. K. Ludwickson, Chairman 
C. F. Moulton, Vice-Chairman 
Cc. A. N. Armstrong, Secretary-Treasurer 


J. W. Kurtz R. W. Mann 
G. A. Rogers 


NEW HAVEN 
(Region I) 


Organized: 1912; reorganized, 1923 

Territory: Portions of New Haven ani 
Middlesex Counties, Conn. 

Place of Meeting: Mason Laboratory, Yale 
University 

Number of Members: 141 


EXECUTIVE COMMITTEE 


EF. H. Walton, Chairman 
J. O. Mullen, Seeretary-Treasurer 
F. E. Caspell B. R. Onuf 
W. M. Gilbreth A. M. Plant 
A. R. Reissig 


NEW LONDON 
(Region I) 


Organized: 1930, as the Norwich Section; 
name changed, 1943 

Territory: Counties of Tolland, Windham. 
and New London in Connecticut, and 
Westerly District in Rhode Island 

Place of Meeting: New London Junior Col- 
lege, Pequot Ave., New London, Conn. 

Number of Members: 49 


EXECUTIVE COMMITTEE 


L. A. Lachman, Chairman 
FE. R. Stephan, Secretary-Treasurer 


W. E. Beaney H. FE. Keuhn 
K. P. Hanson J. S. Leonard 
NEW ORLEANS 


(Region VIII) 


Organized: 1916 

Territory: All of Louisiana except the 
northern part allotted to Mid-Continent 
Section 

Place of Meeting: Room 422, St. Charles 
Hotel 

Local Organization: Louisiana Engineering 
Society 

Number of Members: 187 


EXECUTIVE COMMITTEE 


E. A. McLellan, Chairman 
M. C. Abrahm, Vice-Chairman 
R. M. Seago, Secretary-Treasurer 
J. W. Chambers R. L. Nall 
C. D. Foley W. S. Nelson 
FE. Landry Murphy 
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NORTH TEXAS 
(Region VIII) 
Organized: 1922 


Territory: All of Texas north of an ap- 
proximately straight line through Del 
Rio, Fredericksburg, Georgetown, Cam- 
eron, Nacogdoches, and Center, including 
the cities mentioned, and south of north 
boundaries of the counties of Parmer, 
Castro, Swisher, Briscoe, Hall, and Chil- 
dress. Also the City of Texarkana, Ark. 

Place of Meeting: Dallas Power & Light 
Co. Bldg. Auditorium 

Local Organization: Technical Club of 
Dallas 

Number of Members: 180 


EXECUTIVE COMMITTEE 
C. H. Shumaker, Chairman 
L. J. Powers 
G. W. Beesley, Secretary-Treasurer 
C. A. Besio H. R. Pearson 
Cc. A. Lundberg L. J. Powers 
E. J. Wacker 


ONTARIO 
(Region V) 


Organized: 1917 

Territory: Province of Ontario, Canada 

Place of Meeting: Hart House, University 
of Toronto 

Number of Members: 295 


EXECUTIVE COMMITTEE 


Frederick Truman, Chairman 
R. R. Service, Secretary-Treasurer 
J. D. Abell James McKenzie 
H. H. Angus C. G. Southmayd 
KE. J. Calnan J. B. Treloar 
C. R. Davis W. R. Trusler 
F. G. East R. C. Wiren 


OREGON 
(Region VII) 


Organized: 1919 

Territory: State of Oregon and that terri- 
tory in Washington within a radius of 
thirty miles from Portland, Ore. 

Place of Meeting: Usually Public Service 
Bldg., Portland, Ore. 

Local Organization: Oregon Society of En- 
gineers 

Number of Members: 91 


EXECUTIVE COMMITTEE 


G. E. Joost, Chairman 
E. D. Rowan, Vice-Chairman 
P. D. Christerson, Secretary-Treasurer 


B. G. Dick Charles McGonigle 
C.G. Tupling 
PENINSULA 

(Region V) 

Organized: 1923 


Territory: West of the east boundaries of 
the following counties: Emmet, Charle- 
voix, Antrim, Kalkaska, Missaukee, Clare, 
Isabell, Gratiot, Clinton, Eaton, Calhoun, 
and Branch, Mich. 

Place of Meeting: Grand Rapids, Mich. 

a Meeting last Thursday noon each 
mont 
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Local Organization: Engineers’ Club of 
Grand Rapids 


Number of Members: 79 


EXECUTIVE COMMITTEE 


E W. Colby C. J. Kuenzel’ 

. H. Frost H. R. Limbacher 

. R. Krupnick H. J. Luth 
H. I. Steinman 


PHILADELPHIA 
(Region III) 


Organized: 1912 

Territory: Counties of Bucks, Montgomery, 
Chester, Philadelphia, Delaware, Pa., and 
the State of Delaware 

Place of Meeting: Philadelphia Engineers’ 
Club, 1317 Spruce Street, Philadelphia, 
Pa. 

Local Organization: 
neers’ Club 

Luncheon Meeting every Thursday noon at 
12:30 p.m. at Philadelphia Engineers’ 
Club 

Number of Members: 


Philadelphia Engi- 


1,484 


EXECUTIVE COMMITTEE 
M. C. Randall, Chairman 
B. F. Keene, Vice-Chairman 
C. B. Campbell, Secretary-Treasurer 
W. J. Kinderman G. M. Muschamp 
S. T. Mackenzie, Ex-Officio 


TRENTON SUBSECTION 
Paul Lupke, Jr., Chairman 
E. M. Yard, Vice-Chairman 

C. H. Hoskins, Secretary-Treasurer 


WILMINGTON SUBSECTION 


W. E. Segl, Chairman 
D. L. Arm, Vice-Chairman 
A. P. Wendland, Secretary-Treasurer 
J. R. Chowning Walter Locke 
F. H. McBerty 


JUNTOR GROUP 


Albert Schade III, Chairman 
R. E. Derby, Vice-Chairman 
. F. Pierpoline, Secretary-Treasurer 


PIEDMONT—NORTH CAROLINA 
(Region IV) 


Organized: As a Branch, 1923; as a Section, 
1927; name changed from Charlotte Sec- 
tion to Piedmont—North Carolina, July 
1, 1940 

Territory: Radius of seventy-five miles 
from Charlotte, N.C. 

Luncheon Meeting every other Monday at 
1:00 p.m. at Efirds Department Store 
Dining Room 

Local Organization: 
Club 

Number of Members: 75 


Charlotte Engineers 


EXECUTIVE COMMITTEE 


M. D. Thomason, Chairman 
M. E. Turner 

J.T. Potter 

C. A. Dewey, Jr., Secretary-Treasurer 
N. H. Brown A. B. LeClere 
T. C. Heyward T. O. Sills 


} Vice-Chairmen 


S. M. Snyder 
F. Raymond Jackson, Ex-Officio 
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PITTSBURGH 
(Region V) 
Organized: 1920 
Territory: Counties of Allegheny, Arm- 


strong, Beaver, Butler, Clarion, Fayette, 
Forest, Greene, Indiana, Jefferson, Ve- 
nango, Washington, and Westmoreland 
in Pennsylvania; Counties of Brooke, 
Marshall, Ohio, and Hancock in West 
Virginia; and Counties of Belmont, Jef- 
ferson, and Jackson in Ohio 

Place of Meeting: Engineers’ Society of 
Western Pennsylvania, William Penn 
Hotel 

Local Organization: Engineers’ Society of 
Western Pennsylvania 

Number of Members: 676 


EXECUTIVE COMMITTEE 


E. W. Jacobson, Chairman 
H. H. Hall, Vice-Chairman 
W. O. Lytle, Secretary 
K. F. Treschow, Treasurer 


Tomlinson Fort A. A. Markson 

A. J. Kerr A. M. G. Moody 

J. Z. Linsenmeyer Leo Tattersall 
Christian Wilson, Jr. 


PLAINFIELD 
(Region III) 


Organized: 1921 

Territory: Plainfield and territory included 
between Elizabeth, Bound Brook, Me- 
tuchen, and Watchung, N.J. 

Place of Meeting: Elizabeth Carteret Hotel, 
Elizabeth, aud Plainfield Masonic Tem- 
ple, Plainfield 

Local Organization: Plainfield Engineers 
Club, Singer Engineering Society 

Number of Members: 275 


EXECUTIVE COMMITTEE 


G. N. Hodge, Chairman 
P. N. Fimble, Vice-Chairman 
C. E. Tyroff, Secretary 
F. C. Frolander, Treasurer 


W. L. Boswell J. D. Potter 
W. H. Chaffe K. A. Reeve 
A. W. Horne Herman Ritter 


G. J. Koechlein 
P. C. Osterman 


H. F. J. Skarbeck 
William Wockenfuss 


PROVIDENCE 
(Region I) 
Organized: 1920 
Territory: Radius of thirty miles from 


Providence, R.I. 

Place of Meeting: Providence Engineering 
Society Building, 195 Angell St., Provi- 
dence, R.I. 

Local Organization: 
ing Society 

Number of Members: 187 


EXECUTIVE COMMITTEE 


Charles Haggerty, Chairman 
I. O. Miner, Vice-Chairman 
E. A. Johnson, Secretary-Treasurer 


Providence Engineer- 


D. E. Congdon M. J. Knott 
F. E. Foster C. A. Roberts 
E. M. Gordon F. C. Tanner 


E. W. Howe Joel Warren 
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RALEIGH 
(Region IV) 


Organized: As a Branch, 1923; as a Sec- 
tion, 1927 

Territory: Radius of sixty miles from 
Raleigh, N.C. 

Place of Meeting: North Carolina State 
College, Raleigh, N.C.; Duke University, 
Durham, N.C. 

Local Organizations: North Carolina So- 
ciety of Engineers, Raleigh Engineers 
Club 

Number of Members: 72 


EXECUTIVE COMMITTEE 


H. I. West, Chairman 
J. W. May, Vice-Chairman 
N. W. Conner, Secretary-Treasurer 


G. W. Baity W. J. Crabbs 
T. C. Brown F. 0. Gibbs 
F. J. Reed 
ROCHESTER 
(Region III) 

Organized: 1919 
Territory: Radius of thirty miles from 


Rochester, N.Y. 

Place of Meeting: Rochester Engineering 
Society Rooms, Sheraton Hotel 

Local Organization: Rochester Engineering 
Society, Sheraton Hotel 

Luncheon Meeting every Tuesday at 12:15 
p.m. at Sheraton Hotel 

Number of Members: 182 


EXECUTIVE COMMITTEE 


A. S. Hamilton, Jr., Chairman 
A. B. Rogers, Vice-Chairman 
A. E. Schell, Secretary-Treasurer 


P. H. Goeltz H. W. Miley 
C. E. Kraus H. A. Mosher 
T. G. McChesney C. C. Ross 


L. J. Summerhays 


ROCK RIVER VALLEY 
(Region VI) 


Organized: 1926 

Territory: Thirty miles east and west of 
Madison, Wis., and extending southward 
through Rockford, Il. 

Place of Meeting: Madison, Wis., Beloit, 
Wis., and Rockford, III. 

Local Organization: Rock River Valley 
Engineering Council 

Number of Members: 91 


EXECUTIVE COMMITTEE 


F. J. Zircher, Chairman 
J. D. Swannack, Vice-Chairman 
Urban Floor, Secretary-Treasurer 
J. E. Bell A. C. Mattison 
C. A. Gilpin D. W. Nelson 


ST. JOSEPH VALLEY 
(Region VI) 


Organized: 1929 

Territory: Counties of La Porte, Starke, 
Pulaski, St. Joseph, Marshall, Fulton, 
Elkhart, and Kosciusko in Indiana, and 
Cass and Berrien Counties in Michigan 

Place of Meeting: South Bend, Ind. 

Number of Members: 83 
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EXECUTIVE COMMITTEE 


G. R. MeNeile, Chairman 
C. O. Harris 


Bill Maddock } Vice-Chairmen 
W. McKean White, Jr., Secretary-Treasurer 


E. R. Egry C. C. Wilcox 
R. C. Fitch O. E. Zahn 


ST. LOUIS 
(Region VI) 


Organized: 1909 

Territory: Radius of thirty miles from St. 
Louis, Mo. 

Place of Meeting: Place varies 

Local Organization: Engineers’ Club of St. 
Louis 

Number of Members: 272 


EXECUTIVE COMMITTEE 


G. V. Williamson, Chairman 
C. S. Fox, Vice-Chairman 
F. V. Hartman, Secretary-Treasurer 
C. B. Briscoe P. H. Buxton 
J. C. Parmely 


SAN FRANCISCO 
(Region VII) 


Organized: 1910 

Territory: All territory north of the north- 
ern boundaries of the counties of San 
Luis Obispo, Kern, and San Bernardino 

Place of Meeting: Engineers’ Club, 206 
Sansome St. 

Luncheon Meetings, Tuesdays, California 
Hotel, Oakland; Thursdays, Engineers’ 
Club, San Francisco 

Local Organization: San Francisco Engi- 
neers’ Club 

Number of Members: 698 


EXECUTIVE COMMITTEE 


A. G. Cattaneo, Chairman 
J. Alan Campbell, Vice-Chairman 
H. A. Johnson, Secretary-Treasurer 
E. Paul DeGarmo R. Lannert Iglehart 
R. A. Fulton W. G. Moore 
J. M. Trickett 


SAVANNAH 
(Region IV) 


Organized: 1923 

Territory: Radius of 125 miles from Savan- 
nah in Georgia 

Place of Meeting: Savannah Hotel 

Local Organization: Engineers’ Council of 
Savannah Chamber of Commerce 

Number of Members: 34 


EXECUTIVE COMMITTEE 


T. H. Gardner, Chairman 
G. W. Witmer, Vice-Chairman 
A. C. Ormond, Secretary-Treasurer 
T. C. Earl L. C. Roesel 
D. E. Kehoe B. J. Sams 


SCHENECTADY 
(Region III) 


Ocgaseees: As a Branch, 1919; as a Section, 

Territory: Radius of thirty miles from 
Schenectady, N.Y. 

Place of Meeting: Rice Hall 

Number of Members: 341 


EXECUTIVE COMMITTEE 


C. J. Walker, Chairman 
K. B. Rowell, Vice-Chairman 
W. L. Fleischmann, Secretary 

R. L. Jackson, Treasurer 

A. J. Nerad, Ex-Officio 


SOUTHERN CALIFORNIA 
(Region VII) 


Organized: 1915 as Los Angeles Section; 
reorganized, 1941 

Territory: South of southern boundaries of 
following counties: Monterey, Kings, 
Tulares, and Inyo, Calif. 

Place of Meeting: Barker Bros. Store 

Local Organization: Technical Societies of 
Los Angeles 

Luncheon Meetings Thursdays at 12:00 noon 
at Engineers’ Club 

Number of Members: 992 


EXECUTIVE COMMITTEE 


V. A. Peterson, Chairman 
A. R. Weigel, Vice-Chairman 
J. K. Morris, Seecretary-Treasurer 


G. W. Ehrhart G. R. Nance 
J. B. Johnson V. L. Peickii 
D. R. Jones W. W. Reaser 
R. T. Knapp H. 8. Spaulding 


H. C. Reed, Ex-Officio 


SAN DIEGO SUBSECTION 


B. L. Stovall, Chairman 
J. P. Hardway, Jr., Secretary 
E. H. Birdsall, Treasurer 
C. K. Sencebaugh 


SOUTHERN TIER 
(Region III) 


Organized: 1936; name changed, 1946. 

Territory: Radius of thirty miles from 
Ithaca plus following cities: Bingham- 
ton, Corning, Endicott, Geneva, Painted 
Post 

Place of Meeting: Alternately in different 
cities of Section territory, as announced 

Number of Members: 128 


EXECUTIVE COMMITTEE 
R. E. Kinsman, Chairman 

S. W. Fairman 
R. W. Ramage 

J. W. Ryan, Secretary-Treasurer 


} Vice-Chairmen 


S. W. Fairman H. C. Perkins 
H. H. Mabie C. C. Tyrrell 
SOUTH TEXAS 


(Region VIII) 


Organized: 1919 

Territory: South Texas and the northern 
part of the State not included in the 
North Texas Section territory 

Place of Meeting: No fixed meeting place, 
but all meetings held in Houston 

Number of Members: 299 


EXECUTIVE COMMITTEE 


M. I. Kearns, Chairman 
G. H. Thompson, Vice-Chairman 
G. E. Nevill, Secretary-Treasurer 


W. T. Alliger H. E. Degler 

H. S. Cameron _H. B. Hiebeler 

P. E. Darling W. G. Lowther 
B. E. Short 
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SUSQUEHANNA 
(Region III) 


Organized: 1927 

Territory: Counties of Cumberland, Dau- 
phine, Lebanon, Adams, York, and Lan- 
caster 

Place of Meeting: Engineering Society of 
York, and at Lancaster twice a year 

Local Organization: Engineering Society 
of York and Engineers’ Society of Penn- 
sylvania, Harrisburg, Pa. 

Number of Members: 140 


EXECUTIVE COMMITTEE 


E. W. Gallenkamp, Chairman 
J. Wayne Deegan 
G. Dugan Johnson 
R. E. Coates 
V. T. Kartorie 


Vice-Chairmen 


C. H. Neiman 
M. E. Silberger 


SYRACUSE 
(Region III) 


Organized: 1920 

Territory: Radius of thirty miles from 
Syracuse, N.Y. 

Place of Meeting: Ball Room of the Onon- 
daga Hotel 

Local Organization: The Technology Club 
of Syracuse 

Number of Members: 120 


EXECUTIVE COMMITTEE 


G. I. Vincent, Chairman 
L. E. Potter, Vice-Chairman 
F. G. Hensel, Secretary-Treasurer 


C. A. Aronson H. C. Keller 
H. T. Avery M. B. Moyer 
J S. Chadwick FE. P. Palmatier 
J. 8S. Hoyt K. W. Schug 
H. W. Jeffeock D. V. Shetland 
TOLEDO 
(Region V) 
Organized: 1920 


Territory: Radius of thirty miles from 
Toledo, Ohio 

Place of Meeting: 
ledo, Ohio 

Local Organization: 
Societies of Toledo 

Number of Members: 86 


University Club, To- 


Affiliated Technical 


EXECUTIVE COMMITTEE 


William McCandless, Chairman 
H. H. Vogel, Vice-Chairman 
J. D. Lenardson, Secretary-Treasurer 
R. C. W. Peterson, Assistant Secretary 
B. FE. Boyd W. A. Nelden 
N. A. Dicks D. M. Palmer 
Paul Gravelle Arthur Vogtsberger 


TRENTON 
(See Philadelphia) 


TRI-CITIES 
(Region VI) 


Organized: 1920 

Territory: Radius of thirty miles from 
Moline, Tl. 

Place of Meeting: Rock Island, Il., Moline, 
Ill., and Davenport, Iowa 

Luncheon Meeting every Wednesday, Dav- 
enport Hotel, 12:00 noon 

Number of Members: 84 
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EXECUTIVE COMMITTEE 


E. H. Throckmorton, Chairman 
H. I. Hansen, Vice-Chairman 
H. P. Wilson, Secretary-Treasurer 


C. C. Anderson H. A. Kleinman 
H. O. Croft G. M. Mast 
E. G. Erickson H. C. Pollitz 
UTAH 
(Region VII) 


Organized: 1923 

Territory: State of Utah 

Place of Meeting: University Club, Salt 
Lake City 

Local Organization: Utah Society of Pro- 
fessional Engineers 

Number of Members: 44 


EXECUTIVE COMMITTEE 


H. J. Hassell, Chairman 
J. S. Pearson, Vice-Chairman 
H. P. Lott, Secretary-Treasurer 


D. A. Elkins W. R. Hansen 


VIRGINIA 
(Region IV) 


Organized: 1919 

Territory: State of Virginia 

Place of Meeting: Richmond, Norfolk, 
Blacksburg, Charlottesville, Roanoke, Uni- 
versity, Petersburg 

Local Organization: Central Virginia En- 
gineers Club of Hampton Roads 

Number of Members: 248 


EXECUTIVE COMMITTEE 


C. E. Pond, Chairman 
M. L. Ireland, Jr. 
F. Q. Saunders 

J. B. Jones, Secretary 

C. E. Trent, Treasurer 


} Vice-Chairmen 


C. H. Hancock J. R. Probst 
J. A. Johnston N. L. Street 
M. P. Lawrence W. B. Wingo 


WASHINGTON, D.C. 
(Region III) 


Organized: 1919 

Territory: District of Columbia 

Place of Meeting: Auditorium, Potomac 
Electric Power Co., 10th & E Sts., Wash- 
ington, D.C. 

Number of Members: 412 


EXECUTIVE COMMITTEE 


F. J. Hanrahan, Chairman 
C. E. Berberich, Vice-Chairman 
W. G. Allen, Secretary-Treasurer 
G. A. Vacea, Assistant Secretary 


B. C. Cruickshanks W. O. King 
G. A. DeShazer R. P.. Lathrop 
W. F. Dietz J. W. Thomas 
H. P. Harwood F. M. Thuney 


P. S. Van Wyck 


WATERBURY 
(Region I) 


Organized: 1917, as a Branch; reorganized 
as a Section, 1923 

Territory: Litchfield County and a portion 
of New Haven County 

Place of Meeting: Elton Hotel 

Number of Members: 86 
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EXECUTIVE COMMITTEE 


T. M. Rianhard, Jr., Chairman 
R. W. Simpson, Vice-Chairman 
W. E. Allan, Secretary 


G. H. Hatch J. Heartt Raug 
A. W. Miner R. 8. Storrs 
P. E. Peterson J. L. Vaill 


R. G. Vanderweil 


WESTERN MASSACHUSETTS 
(Region I) 


Organized: 1922 
Territory: Includes counties of Berkshire, 
Franklin, Hampden, and Hampshire 
Place of Meeting: Highland Hotel, Spring- 
field, Mass. 
Local Organization: Engineering Society of 
Western Massachusetts 
Number of Members: 125 


EXECUTIVE COMMITTEE 


W. S. Mabb, Chairman 
J. A. Powell, Vice-Chairman 
D. A. Bartlett, Secretary-Treasurer 
M. R. Edwards Sidney Low 
H. F. Tapp 


WESTERN WASHINGTON 
(Region VII) 
Organized: 1919 
Territory: State of Washington west of 


Columbia River with exception of terri- 
tory included in 30-mile radius of Port- 


land, Ore. 

Place of Meeting: Engineers’ Club, Seattle, 
Wash. 

Local Organization: Seattle Engineers’ 
Club 


Luncheon Meetings daily at noon at Engi- 
neers’ Club, Seattle 
Number of Members: 220 


EXECUTIVE COMMITTEE 


J. M. Consley, Jr., Chairman 

L. B. Cooper, Vice-Chairman 

R. W. Crain, Sr., Secretary-Treasurer 
H. I. Chatterton W. R. Gibson 
S. Leroy Crawshaw F. G. Greaves, Sr. 


WEST VIRGINIA 
(Region V) 


Organized: 1925 
Territory: State of ‘West Virginia, South 

of Parallel 39 
Place of Meeting: Charleston, W.Va. 
Number of Members: 109 


EXECUTIVE COMMITTEE 


L. B. MeQuaide, Chairman 
Donald Thompson, Vice-Chairman 
J. C. Bond, Secretary-Treasurer 

J. Y. S. Mitchell, Assistant Secretary 


Thompson Chandler V. T. Robins 
J. C. Curry G. M. Rosengarten 
0. C. Lang J. B. Tinker 


H. L. Carspecken, Jr., Ex-Officio 


WILMINGTON 
(See Philadelphia) 


or 

r 
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WORCESTER 
(Region I) 


Organized: 1915 

Territory: Radius of thirty miles from 
Worcester, Mass. 

Place of Meeting: Sanford Riley Hall, 
Worcester Poly. inst. 

Local Organization: Worcester Engineer- 
ing Society 

Number of Members: 165 


EXECUTIVE COMMITTEE 


C. C. Tucker, Chairman 
W. S. Snow, Vice-Chairman 
R. H. Tolman, Secretary-Treasurer 


F. E. Bailey M. L. Price 
J. B. Chamberlain R. L. Rougemont 


YOUNGSTOWN 
(Region V) 


Organized: 1928 

Territory: Counties of Trumbull, Mahon- 
ing, and Columbiana in Ohio, and Mercer 
and Lawrence in Pennsylvania 

Place of Meeting: Republic Rubber Co. 
Club Rooms, Albert St., Youngstown, Ohio 

Number of Members: 68 


EXECUTIVE COMMITTEE 


G. B. Brown, Chairman 
Emil Jantsch, Vice-Chairman 
A. L. Thurman, Secretary 
J. G. Schaefer, Treasurer 
C. H. Bode W. E. Kerr 
T. P. Hamilton F. L. Lindemuth 
A. W. Schultz 
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STUDENT BRANCHES 


Communicate with Student Branch through Honorary Chairman 


Name and Location Region * 
Alabama Polytechnic Inst., Auburn, Ala......... IV 
Alabama, Univ. of, University, Ala............. IV 
Arizona, Univ. of, Tucson, Ariz.........cccceees VII 
Arkansas, Univ. of, Fayetteville, Ark............ VIII 
British Columbia, Univ. of, Vancouver, B.C., Can. VII 
Bucknell Univ., Lewisburg, 
Calif. Inst. of Tech., Pasadena, Calif............ VII 
California, Univ. of, Berkeley, Calif............. VII 
Carnegie Inst. of Tech., Pittsburgh, Pa.......... V 
Case Inst. of Tech., Cleveland, Ohio............. V 
Catholic Univ. of America, Washington, D.C..... Ill 
Cincinnati, Univ. of, Cincinnati, Ohio........... V 
Clarkson College of Tech., Potsdam, N.Y......... III 
Clemson A. & M. College, Clemson College, S.C... IV 
Colorado A. & M. College, Ft. Collins, Colo....... VIII 
Colorado, Univ. of, Boulder, Colo............... VIII 
Colorado School of Mines Div., Golden...... VII 
Univ., Now Tork: N.S ccc II 
Connecticut, Univ. of, Storrs, Conn.............. I 
Cooper Union School of Engineering, New York, 
Delaware, Univ. of, Newark, Del...............- Ill 
Detroit, Univ. of, Detroit, Mich................ V 
Drexel Inst. of Tech., Philadelphia, Pa.......... IIT 
Florida, Univ. of, Gainesville, Fla............... TV 
George Washington Univ., Washington, D.C..... Ill 
Georgia School of Tech., Atlanta, Ga............. IV 
Idaho, Univ. of, Moscow, Idaho................ VII 
Illinois Inst. of Tech., Chicago, Ill.............. VI 
Tikinets,. Univ. of, Urbana, Ti... VI 
Navy Pier Div., Chicago, Ill........ccccccees VI 
State College, Ames, VI 
Iowa, State Univ. of, Iowa City, Iowa.......... VI 
Johns Hopkins Univ., Baltimore, Md............ III 
Kansas State College, Manhattan, Kan........... VIII 
Kansas, Univ. of, Lawrence, VIII 
Kentucky, Univ. of, Lexington, Ky.............. VI 
Lafayette College, Easton, 
Lehigh Univ., Bethlehem, III 
Louisiana State Univ., University, La............ Vill 
Louisville, Univ. of, Louisville, Ky.............. VI 
Maine, Univ. of, Orono, Maine.........ccccccece I 
Marquette Univ., Milwaukee, Wis............... VI 
Maryland, Univ. of, College Park, Md........... III 
Massachusetts Inst. of Tech., Cambridge, Mass.... I 
Michigan College of Min. & Tech., Houghton, Mich. VT 
Michigan State College, East Lansing, Mich...... V 
Michigan, Univ. of, Ann Arbor, Mich........... V 
Minnesota, Univ. of, Minneapolis, Minn......... VI 
Mississippi State College, State College, Miss..... IV 
Missouri School of Mines & Metallurgy, Rolla, Mo. VI 
Missouri, Unive of, Columbia, Mo.............-- VI 
Montana State College, Bozeman, Mont.......... Vit 
Nebraska, Univ. of. Lincoln, 
Nevada, Unie: 08, Rend, VII 
Newark College of Engineering, Newark, N.J..... II 
New Hampshire, Univ. of, Durham, N.H......... I 
New Mexico State College of A. & M. Arts, State 


New Mexico, Univ. of, Albuquerque, New Mex... VIII 
New York, College of the City of, New York, N.Y. II 
New York Univ., New York, N.Y. 


Day School ...... II 
North Carolina State College, Raleigh, N.C...... IV 


* Vice-Presidents and Secretaries for Regions, p. SR-19. 


Year 


Author- 


ized 


1924 
1920 
1931 
1937 
1910 
1938 
1923 
1916 
1914 
1912 
1913 
1913 
1922 
1909 
1930 
1921 
1914 
1914 
1909 


1941 


1920 
1940 
1908 
1929 
1930 
1920 
1935 
1926 
1924 
1915 
1925 
1940 
1909 
1947 
1919 
1913 
1917 
1914 
1909 
1911 
1919 
1911 
1916 
1928 
1910 
1923 
1937 
1909 
1930 
1917 
1914 
1913 
1926 
1930 
1909 
1920 
1909 
1923 
1924 
1926 


1938 
1935 
1922 


1909 
1933 
1920 


Chairman 


R. J. Harry 

Sam Bounds 
Joseph Wolanin 
R. E. Brown 

C. C. Brittain 
W. A. Barron 

H. K. Sleicher 

A. G. Rowe 

R. W. Poindexter 
Charles Kohlenberger 
T. D. Power 

R. A. Anjeskey 
A. L. Bain 
Alexander Stolley 
Raymond Wolgast 
Phillip Klinck 

R. A. Brimmer 

FE. Grieshaber 

W. H. Goodhue 


Gerald Levine 
M. M. Malkin 
C. P. Perrin 


Carl Zimmer 
G. N. Rullo 

R. E. Heath 
John Dick 
Richard Teazel 
William Bayer 


J. P. Marsh 
Herbert Murray 
E. R. Dubose 

K. Niebauer 
Rudolf Hempel 
R. W. Smith 

J. L. McCaffrey 
W. W. Robinson 
E. C. Sincox 

P. D. Flynn 

D. O. Wilson 

J. C. Sells 

J. L. Morrissey 
E. T. Aldington 
R. H. Jones 
Ralph Dupuy 

A. J. Maynard 
W. E. Fellows 
R. N. Wanta 

R. A. Shumaker 


William Bangser, Jr. 


C. A. Phalen 
Harvey Wilson 

F. D. Amon 

H. N. Danforth, Jr. 
W. A. Bartholomew 
Elmo Lindquist 

P. J. Edson 

Caleb Christian 

R. E. Rosenbaum 
Charles Coe 

D. T. DeMuth 

C. W. Morse, Jr. 


N. A. Chesney 
H. J. Hall, Jr. 
Irving Schrom 


W. A. Roth, Jr. 
R. M. Jensen 
A. W. Futrell 


Secretary 


C. R. Kline, Jr. 
L. A. Alexander 
F. S. Wang 

R. 8. Feibelman 
H. L. Poe 

J. L. Harbell 
Richard Chakroff 
J. M. Stahl, Jr. 
B. D. Gavril 
Nora-Lee Hayter 
R. A. Roos 

J. B. Austin 

J. E. Shea 

J. F. Bertsch 

J. P. Ossi 

S. C. Brown 

R. N. Nau 


‘Jo Ann Schwalbe 


R. L. Hodapp 


W. A. Hecht 
F. W. Oppenheimer 
Sidney Felix 


Robert Shapiro 
A. N. Semmelroth 
J. B. Friedrich 
James Echeverria 
Harlan Hanson 
Joseph Vasta 

W. D. Roxlo 

G. H. West 

Mary E. Freeman 
R. W. Reeves 
Don Walker 

M. J. Nee 

W. M. Alexander 
L. J. Kilroy, Jr. 
D. T. Bowden 

J. F. Gibson 

F. M. Hessemer 
Mary H. Hood 
E. P. Hansen 

H. H. Moxey 

M. E. Mangels 
C. H. Engler 
Jack Morrison 
J. L. Mehne 
Helen Gorden 

T. Phannerstill 
H. H. Loose 
A..B. Wolf 
Marion Smith 

D. C. Wolf 

D. J. DeFrain 

R. W. Ernt 

G. H. Catheart 
George Ramsey 
A. P. Mosier 
Gene Coleman 
Wilber Lehnert 
Robert Weber 
W. Lieberman 
R. C. McPherson 


D. B. Jett, Jr. 
William Baisley 
Tony Baldo 


Harvey Brock 
J. Kozieracka 
Joseph Seid 


Honorary 
Chairman 
W. M. Petry 
C. R. Hixon 
D. H. Shenk 


A. Joel Warren 
J. C. Reed 


W.S. McKee 
R. R. Slaymaker 
M. E. Wechsler 
R. L. Smith 
Gordon Babcock 
F. C. Mills 
J. S. Chasteen 
B. H. Spurlock, Jr. 
A. R. Yappel 


V. E. Scottron 
E. R. Stephan 


W. A. Vopat 
W. S. Kut 

H. H. Mabie 
J. I. Clower 
Dawson Dowell 
F. J. Reed 

N. C. Ebaugh 
C. E. Greeley 
W. A. Hinton 


Francis Seyfarth 
C. T. McDonald 
R. W. Breckenridge 


ws 


. B. Brainard 
. L. Daasch 
M. Carter 
. G. McLean 
. B. Hartman 
. F. Matthes 
. S. Churchill 
. H. Prageman 


. A. Shreeve, Jr. 
arry Majors, Jr. 


A. O. Lee 


ee 


T. S. Kauppinen 


A. M. Lukens 
FE. C. Rightley 
G. A. Guerdan 


F. L. Singer 


N. W. Conner 
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R. G. Paddock 
ie 
ope 
% 
> 
H. Potter 
P. Young 
C. Price 
"4 
J.K. Ludwicksen 
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Name and Location Region * 

North Dakota Agric. College, Fargo, N.D........ VI 
North Dakota, Univ. of, Grand Forks, N.D....... VI 
Northeastern Univ., Boston, Mass............... I 
Northwestern Univ., Evanston, Ill............... VI 
Notre Dame, Univ. of, Notre Dame, Ind......... VI 
Ohio Northern Univ., Ada, Ohio................ V 
Ohio State Univ., Columbus, Ohio............... Vv 
Oklahoma A. & M. College, Stillwater, Okla...... VIII 
Oklahoma, Univ. of, Norman, Okla.............. Vill 
Oregon State College, Corvallis, Ore............. VII 
Pennsylvania State College, State College, Pa.... III 
Pennsylvania, Univ. of, Philadelphia, Pa......... III 
Pittsburgh, Univ. of, Pittsburgh, Pa............ Vv 
Polytechnic Inst. of Brooklyn, Brooklyn, N.Y. 

Pratt ines Brookaya, II 
Princeton Univ., Princeton, III 
Puerto Rico, Univ. of, Mayaguez, P.R........... II 
Purdue Univ., West Lafayette, Ind.............. VI 
Queen’s Univ., Kingston, Ont., Can.............. V 
Rensselaer Polytechnic Inst., Troy, N.Y.......... III 
Rhode Island State College, Kingston, R.I....... I 
Rochester, Univ. ci, Rochester, N.Y.............. III 
Rose Polytechnic Inst., Terre Haute, Ind......... VI 
Rutgers Univ., New Brunswick, NwJ............ II 
Santa Clara, Univ. of, Santa Clara, Calif......... VII 


South Dakota State College, Brookings, S.D..... VI 
Southern California, Univ. of, Los Angeles, Calif.. VII 


Southern Methodist Univ., Dallas, Tex........... VIII 
Stanford Univ., Stanford University, Calif....... VII 
Stevens Inst. of Tech., Hoboken, N.J............ II 
Swarthmore College, Swarthmore, Pa............ III 
Syracuse Univ., Syracuse, Ill 
Tennessee, Univ. of, Knoxville, Tenn............. IV 
Texas, A. & M. College of, College Station, Tex... VIII 
Texas Technological College, Lubbock, Tex....... VIII 
Toronto, Univ. of, Toronto, Ont., Can............ V 
‘Durts College, Mediord, Dams... 
Tulane Univ. of Louisiana, New Orleans, La...... VIII 
U.S. Naval Academy, Annapolis, Md. . 
TII 
Postgraduate School! III 
Utah, Univ. of, Salt Lake City, Utah............ VII 
Vanderbilt Univ., Nashville, Tenn............... IV 
Vermont, Univ. of, Burlington, Vt............... I 
Villanova College, Villanova, Pa................ IIT 
Virginia Polytechnic Inst., Blacksburg, Va....... IV 
Virginia, Univ. of, University, Va............... IV 
Washington, State College of, Pullman, Wash.... VII 
Washington Univ., St. Louis, Mo................ VI 
Washington, Univ. of, Seattle, Wash............. VII 
West Virginia Univ., Morgantown, W.Va........ Vv 
Wisconsin, Univ. of, Madison, Wis............... VI 
Worcester Polytechnic Inst., Worcestér, Mass... . I 
Wyoming, Univ. of, Laramie, Wyo.............. VIII 
Yale Univ, New Haven, I 


* Vice-Presidents and Secretaries for Regions, p. SR-19. 


Year 


Author- 


ized 


1929 
1923 
1922 
1935 
1929 
1922 
1911 
1921 
1917 
1909 
1909 
1925 
1917 


1909 
1940 
1923 
1926 
1923 
1909 
1941 
1910 
1930 
1926 
1945 
1926 
1920 
1925 
1935 
1929 
1933 
1909 
1908 
1921 
1912 
1923 
1921 
1930 
1921 
1933 
1917 
1933 


1947 
1925 
1923 
1928 
1922 
1925 
1915 
1923 
1920 
1911 
1917 
1947 
1922 
1909 
1914 
1925 
1910 
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Chairman 


W. K. Erickson 
Roy Will 

M. J. Reiser 
James Carroll 
F. T. Hushek 
Roger Wright 
G. C. Morris 

L. M. Morton 
R. M. Wright 
J. Pesheck 

R. A. Bland 

C. L. Newman 
C. R. Matthews 


Joseph Turchiano 
J. T. Reiners 

H. H. Kornahrens 
Jos. Fischer 

J. Nieves Suarez 
Robert Eddy 

W. J. Sutherland 
L. V. O’Connor 
Oscar Brandy 
W. A. Green 

T. E. Hoffman 
G. N. Blount 

D. D. Acker 
James Conway 
Vernon Bushnell 
W.L. Holmes 

C. A. Phillips 
William Geissert 
W. L. Ford 

Geo. Hammond 
H. H. Morris 

C. E. Lennon 
Beldon Peters 
C. B. Faubion 
J. B. Adams 

C. R. Fleming 
T. E. Perkins 


M. C. McFarland 
H. M. Rowe 

S. E. Shelby 

L. 8. Marshall 
Joseph Beals 

W. G. Boggs 

G. C. Carpenter 
Dean Ladd 

C. F. Ullman 

J. MacNichols 


L. J. Easterday, Jr. 


J. M. Raine 
F. A. Pitschke 
A. E. Riley 
T. L. Yugvich 
S. B. Girdler 


Secretary 


R. F. Beglau 

D. Stonestraum 
R. W. Keck 
George Dovenmuehle 
R. W. Murray 
W. J. Sutz 

T. J. Dunn 

F. L. Magoon, Jr. 
S. C. Black, Jr. 
J. R. Nelson 
Mary L. Ilgen 

E. W. Dezmelyk 
R. J. McGonegal 


Joel Miller 

A. M. Beitl 

F. J. Ruderman 
J.C. Davis 

A. S. Herpin 
Everett Hutson 
J.F.S. Smythe 
F. E. Hunt 

A. O’Brodavich 
A. H. Plyer 
Robert Angell 
M. FE. Lindley 
Mary Stillwell 
John Power 

D. L. Green 

P. J. Hodgetts 
A. P. Johnston 
David Denkers 
S. J. Root 
Stephen Mucha 
E. L. Bischoff 
G. W. Holthofer 
E. A. Pela 

L. L. Blagg 
J.N. Troxell, Jr. 
D. A. Saunders 
W. R. Collier 
R. L. Pons 


J. E. Draim 

R. J. Madison, Jr. 
Stanley Zane 

R. W. Millington 
L. J. Alvare 

C. M. Mease 

W. H. Spicer, Jr. 
George Ladd 

P. B. Henderson 
Ernest O’Gieblyn 
Irving Moser 

W. M. Bowers 
Richard DuVall 
S. W. Cocks 

R. E. Hogan 

R. E. Cox 


Honorary 
Chairman 


. S. White 
. 8S. Lindenmeyer 


. E. Applegate 


3 


. 8. Gjesdahl 
J. R. Anderson 
. O. Manifold 


Q 


K. E. Quier 
G. W. Shepherd 
Luis Stefani 


R. 8. Spence 

FE. L. Carpenter 
James Woodburn 
L. H. Query 
Irvin P. Hooper 


K. J. Moser 
W. E. Reaser 
G. A. Henderson 
R. W. Morton 

C. W. Files 

L. J. Powers 

B. F. Treat 

G. Ross Lord 
D. A. Fisher 

J. H. Peebles 


R. M. Johnston 
H. Lee 

H. Acker 

. B. Hopkinson 
. H. Auth 

J. Lucien Jones 
A. F. MacConochie 


T. Reynolds 
Rose 


ay. H. G. Conn 
b 
H 
R. 
B. 
we ra 
R. 
La 
A. 
M. L. Price 
= E. J. Lindahl 
B. R. Onuf 
W. 
F. 
Ww 
T. 
Apy 
pro| 
F. 
M. ] 
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RESEARCH COMMITTEES 
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ARTICLE B6A, Par. 15-d: The Research Committee, under the direction of the Board on 
Technology, shall have supervision of the research activities of the Society. 


The first Standing Committee on Research was organized in 1909. 


RESEARCH COMMITTEE 


G. A. HAWKINS, Chairman (1948) 
E. L. Roprnson (1949) 
W. A. NEWMAN (1950) 
J.P. Magos (1951) 
HartLey Rowe (1952) 


LUBRICATION 


Appointed October, 1915, to investigate the 
fundamental problems of lubrication, to 
formulate results of investigations previ- 
ously made, and to keep in touch with 
contemporary research in this field 


(Reorganized May, 1936) 


B. L. Newkirk, Chairman 
8S. J. Needs, Secretary 


E. M. Barber M. D. Hersey 
A. L. Beall C. M. Larson 
W. E. Campbell F. C. Linn 
R. W. Dayton S. A. McKee 
H. A. Everett E. S. Pearce 
P. G. Exline S. K. Talley 
J. C. Geniesse E. O. Waters 


W. A. Zisman 


FLUID METERS 


Appointed 1916 to develop the theory of 
fluid meters of all kinds and to report on the 
best methods for their installation and use 


(Reorganized July, 1926) 


S. R. Beitler, Chairman 
E. W. Jacobson, Secretary 
E. E. Ambrosius I. O. Miner 
H. S. Bean J. E. Overbeck 
R. K. Blanchard W. S. Pardoe 
B. O. Buckland R. J. S. Pigott 
J. R. Carlton L. K. Spink 
R. G. Folsom R. E. Sprenkle 
Louis Gess E. FE. Stovall 
A. J. Kerr L. S. Wrightsman 
M. J. Zucrow 


METAL CUTTING DATA AND 
BIBLIOGRAPHY 


Appointed in September, 1928, to study the 
problems of metal cutting, including tool 
materials, tool design, speeds and feeds 


(Reorganized December, 1943) 


M. E. Martellotti, Chairman 


0. W. Boston W. L. Kennicott 
L. V. Colwell F. W. Lucht 
W. C. De Graff E. L. Murray 
F. M. Fisher W. H. Oldacre 
W. W. Gilbert F. J. Oliver 
T. F. Githens G. P. Witteman 


CUTTING FLUIDS 
Appointed in September, 1928, to study the 
problems of metal cutting, including lubrica- 
tion and cooling 


(Reorganized December, 1943) 


O. W. Boston, Chairman 


Joseph Geschelin D. W. Murphy 

F. W. Lucht W. H. Oldacre 

M. E. Martellotti Don Wangelin 
G. P. Witteman 


MECHANICAL SPRINGS 


Appointed May, 1924, to determine the 

status of the mechanical-spring art, to pro- 

mote and conduct necessary and adequate 

research, and to develop the art to the point 
of standardization 


J. R. Townsend, Chairman 

C. T. Edgerton, Secretary 
R. D. Brizzolara, Alt. L. C. Peskin 
R. W. Cook R. E. Peterson 
W. T. Donkin J. W. Rockefeller, Jr. 
Rupen Eksergian B. W. St. Clair 


G. E. Hansen M. F. Sayre 
A. C. Keller T. R. Weber 
Benjamin Liebowitz Keith Williams 
David Lofts J. K. Wood 


D. J. McAdam, Jr. F. P. Zimmerli 


ELEVATORS 


Appointed June, 1924, to study the funce- 
tion and operation of elevator safeties and 
buffers and their associated mechanisms 
and to develop methods of test for the ap- 
proval of elevator safety devices 


(Reorganized August, 1940) 
D. J. Purinton, Chairman 


J. A. Dickinson, Secretary 
S. W. Jones, fficio 


E. M. Bouton J. L. Keane, Alt. 


C. R. Callaway, Alt. G. P. Keogh 
K. A. Colahan J.J. Matson 
E. B. Dawson, Alt. Fred’k Pavlicek, Jr., Alt. 
Frederick Hymans C. A. Peters 


G. H. Reppert, Alt. 


EFFECT OF TEMPERATURE ON THE 
PROPERTIES OF METALS 


Appointed December, 1924, as a Joint Re- 
search Committee of the ASTM and the 
ASME to encourage the investigation and 
accumulation of data on the properties of 
metals used in the mechanic arts at ez- 
tremely high and low temperatures 


N. L. Mochel, Chairman 
FE. L. Robinson, Vice-Chairman 
H. C. Cross, Secretary 


W. H. Armacost H. J. French 
A. B. Bagsar A. J. Herzig 
A. D. Bailey J. J. Kanter 
F. E. Bash C. E. MacQuigg 
J. W. Bolton V. T. Maleolm 
C. L. Clark R. F. Miller 
FE. 8. Dixon J. H. Romann 
F. B. Foley Leo Schapiro 
Russell Franks R. H. Tingey 
J. R. Freeman, Jr. A. E. White 


J. Worth 
Director, National Bureau of Standards, 
U.S. Department of Commerce 
Representative of Bureau of Ships, U.S. 
Navy Department 


BOILER FEEDWATER STUDIES 


Appointed March, 1925, as a Joint Research 
Committee of the American Boiler Manu- 
facturers Association, American Railway 
Engineering Association, American Water 
Works Association, Edison Electric Insti- 
tute, the American Society for Testing Ma- 
terials, and the ASME to study methods 
of analysis and treatment of boiler feed- 
water for stationary and railroad practice 

W. C. Schroeder, Chairman 

J. B. Romer, Secretary | 


A. G. Christie * A. E. White * 
(Committee being reorganized) 


CONDENSER TUBES 


Appointed May, 1925, to investigate and 

report on the causes of failure of tubes used 

in steam condensers and similar heat inter- 
change apparatus 


A. E. White, Chairman 
D. C. Weeks, Vice-Chairman 


P. A. Bancell V. M. Frost 
R. A. Bowman C. F. Harwood 
E. S. Bunn G. C. Holder 
D. K. Crampton W. C. Holmes 
C. A. Crawford Alan Morris 
R. E. Dillon J. C. Phillips 
C. O. Evans W. B. Price 


J. R. Freeman, Jr. J. S. Rodgers 
Chief, Bureau of Ships, U.S. Navy Depart- 
ment 


‘STRENGTH OF VESSELS UNDER 
EXTERNAL PRESSURE 


Appointed June, 1929, to develop reliable 

design data on the strength of cylindrical 

and spherical surfaces under external pres- 

sure, particularly with reference to jacketed 
vessels 


F. V. Hartman, Chairman 


M. B. Higgins R. G. Sturm 
FE. C. Korten D. B. Wesstrom 
H. E. Saunders Dana Young 


CRITICAL PRESSURE STEAM BOILERS 


Appointed June, 1931, to study the char- 
acteristics of high-pressure forced-circula- 
tion steam-generating units 


H. L. Solberg, Chairman 


W. H. Armacost J. P. Magos 
C. L. Clark E. L. Robinson 
C. H. Fellows W. H. Rowand 

L. B. Schueler 


W. H. McAdams 


* Official ASME representative serving 
on this committee. 


. 
4 
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PLASTIC FLOW OF METALS 


Appointed October, 1938, to study plasticity 
in the particular field of rolling of steel 


A. L. Nadai, Chairman 
C. W. MacGregor, Secretary 
C. L. Eksergian J. L. Holmquist 
LeVan Griffis W. P. Roop 
J. H. Hitchcock M. D. Stone 
W. Trinks 


FURNACE PERFORMANCE FACTORS 


Appointed in October, 1941, to collect and 

rationalize data on the performance of com- 

mercially important furnaces as an aid to 
design and operation 


A. R. Mumford, Chairman 
John Blizard J. R. Michel 


O. F. Campbell G. R. Milne 
W. A. Carter A. J. Nerad 
R. C. Corey A. A. Orning 
Ollison Craig E. B. Powell 
B. J. Cross A. A. Raymond 
T. B. Drew W. T. Reid 
F. G. Ely W. C. Schroeder, Alt. 
A. C. Fieldner L. B. Schueler, Alt. 
J. H. Harlow R. A. Sherman 
H. C. Hottel Philip Sporn 
M. H. Howard Herman Weisberg 


W. H. McAdams W. J. Wohlenberg 
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INTERNAL-COMBUSTION ENGINES 


Appointed in September, 1944, to prosecute, 

correlate, analyze, and report on research 

relating to efficiency, reliability, mainte- 

nance, and operating conditions of internal- 
combustion engines 


Lee Schneitter, Chairman 


W. L. H. Doyle C. W. Good 
M. A. Elliott W. F. Joachim 


PROPERTIES OF GASES AND GA 
MIXTURES 


Appointed in June, 1945, to assemble and 
co-ordinate present available data on the 
properties of gases and gas mictures 


J. A. Goff, Chairman 
H. W. Emmons F. G. Keyes 
Serge Gratch R. V. Kleinschmidt 
Gerhard Herzberg FE. L. Robinson 
H. L. Johnston F. D. Rossini 
J. H. Keenan R. B. Smith 


AUTOMATIC REGULATION THEORY 


Appointed in November, 1945, to supply 

basic data for correlating the apparent con- 

flicts between the various approaches to the 
‘theory of automatic process control 


C. E. Mason, Chairman 

A. F. Sperry, Secretary 
G. S. Brown Herbert Harris, Jr. 
D. P. Campbell Nicholas Minorsky 
C. O. Fairchild George Philbrick 


FATIGUE STRENGTH OF SCREW 
THREADS 


Appointed in May, 1947, in connection with 

international standardization to supervise 

machining of screw thread samples and 

testing of these machined samples in avial 
fatigue 


G. 8. Case, Chairman 


J. S. Davey W. C. Stewart 
P. J. DesJardins L. B. Tuckerman 


ASME Representatives on 
Other Research Committees 


See also ASME Representatives on Other 
Activities, page SR-10 


AMERICAN COORDINATING COMMITTEE 
ON CORROSION 
American Society for Testing Materiqls 
C. H. Fellows S. L. Kerr 


E-9 ON FATIGUE, SUBCOMMITTEE ON 
RESEARCH 


American Society for Testing Materials 
C. T. Edgerton 


METALLURGICAL RESEARCH 


Advisory Committee to the National Bureau 
of Standards 


(To be appointed) 


PROPERTIES OF REFRACTORY MATERIALS 


Advisory Committee to the National Bureau 
of Standards 


E. B. Powell 


WATER FOR INDUSTRIAL USES (D-19) 
American Society for Testing Materials 
B. J. Cross 
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STANDARDIZATION COMMITTEES 


ArticLtE B6A, Par. 16-a: 


The Standardization Committee, under the direction of the 


Board on Codes and Standards, shall supervise the Standards activities work of the Society. 


The first Standing Committee on Standardization was organized in April, 1911. 


STANDARDIZATION AND UNIFICA- 
TION OF SCREW THREADS (B1) 


* Joint sponsorship with the Society of 

Automotive Engineers. Sectional Committee 

originally organized in June, 1921. Reor- 
ganized in May, 1929 


ASME Members (Total personnel, 50) 


E. J. Bryant, Chairman 
F. P. Tisch, Vice-Chairman 
Earle Buckingham P. V. Miller t 
G. S. Case W. C. Mueller 
I. H.. Fullmer R. H. Perry 
A. M. Houser ¢ L. F. Polk 
L. W. Kattelle, Alt. H. W. Robb 
H. L. Keller W. C. Stewart, Alt. 
H. C. E. Meyer S. R. Terry 
G. T. Trundle, Jr. 


SUBCOMMITTEE CHAIRMEN 


No. 1 on Revision of American Standard 
for Screw Threads for Bolts, Nuts, Ma- 
chine Screws, and Threaded Parts—P. J. 
DesJardins 

No. 2 on Acme and Stub 
Threads—P. J. DesJardins 

No. 3 on Buttress Screw Threads—D. R. 
Miller 


Acme Screw 


No. 4 on Instrument Screw Threads—F. FE. ° 


Richardson 

No. 5 on External Screw Threads With an 
Allowance Class A—H. L. Keller 

No. 6 on Internal Screw Threads in Nuts— 
F. P. Tisch 

No. 7 on Screw Threads for High-Tempera- 
ture Bolting—W. H. Gourlie 

No. 8 on Nomenclature and Letter Symbols 
for Screw Threads—I. H. Fullmer 

No. 9 on Gages and Gaging—W. H. Gourlie 


PIPE THREADS (B2) 


* Joint sponsorship with the American Gas 
Association. Sectional Committee originally 
organized in 1918. Reorganized December, 
1927 
ASME Members (Total personnel, 38) 
A. S. Miller, Chairman 
C. A. Badeau H. W. Robb 
A. F. Breitenstein + L. N. Shannon 
E. 8. Cornell, Jr. S. B. Terry 
J. J. Crotty Frank Thornton, Jr. 
J. J. Dunn O. M. Tishlarich 
A. M. Houser Rowland Tompkins 
L. W. Kattelle B. B. Wescott 
P. V. Miller + J. H. Williams 


* Note: All of these standards committees 
for which the Society is sponsor or joint 
sponsor, or on which it has representation, 
are organized under the procedure of the 
American Standards Association. 

| Official ASME representative serving 
on this committee. 


STANDARDIZATION COMMITTEE 


D. S. Evuis, Chairman (1948) 
F. Moreweap (1949) 
F. K. (1950) 
GRANGER DAVENPORT (1951) 
P. V. MILLER (1952) 


SUBCOMMITTEE CHAIRMEN 
No. 1 on Editing and Gaging—P. G. Schulz 


No. 4 on Plumbers’ Threads, ete—A. F. 
Breitenstein 
Subcommittee on International Pipe 


Threads—B. B. Wescott 


ALLOWANCES AND TOLERANCES FOR 
CYLINDRICAL PARTS AND LIMIT 
GAGES (B4) 


* Sole sponsorship. Sectional Committee 
originally organized in June, 1920. Reor- 
ganized in December, 1930 


ASME Members (Total personnel, 34) 


J. E. Lovely, Chairman t 
KF. E. Banfield, Jr. E. N. Jacobi 
D. FE. Batesole H. C. E. Meyer 
F. 8S. Blackall, Jr. P. V. Miller 
Earle Buckingham f W. C. Mueller 
F. H. Colvin ft E. C. Peck t 
i. H. Fullmer R. H. Perry 
Kk. W. Gardinor C. C. Stevens 
Kk. FE. W. Harrison G. H. Stimson 
F. O. Hoagland G. T. Trundle, Jr. 


SUBCOMMITTEE CHAIRMAN 


Subcommittee on Tolerances and Allowances 
for the Dimensions of Parts for Cylin- 
drical Fits—C. F. McElwain 


SMALL TOOLS AND MACHINE TOOL 
ELEMENTS (B5) 


* Joint sponsorship with the National Ma- 

chine Tool Builders’ Association and the 

Society of Automotive Engineers. Sectional 
Committee organized September, 1922 


ASME Members (Total personnel, 34) 
A. F. Murray, Vice-Chairman + 
J. B. Armitage L. N. Hampton, Alt. 


O. W. Boston H. E. Harris 
Farle Buckingham John Haydock 


R. P. Carroll F. O. Hoagland 
F. H. Colvin J. P. Laux + 
S. A. Einstein J. E. Lovely + 
J.P. Gill G. W. Metz 


~ 


F. Habach Erik Oberg t 
Frank Thornton, Jr. 


TECHNICAL COMMITTEES 
No. 1 on T-Slots 
ASME Members (Total personnel, 7) 


Erik Oberg, Chairman 


J.B. Armitage S. A. Einstein 
Harry Cadwallader, Jr. F. O. Hoagland 


No. 2 on Single-Point Tools and Tool Posts 
ASME Members (Total personnel, 10) 


O. W. Boston, Chairman 


F. H. Colvin F. W. Lucht 
W. L. Kennicott G. W. Metz 
N. A. Oldenkamp 


No. 3 on Machine Tapers 
ASME Members (Total personnel, 17) 


J. B. Armitage E. E. Griffiths 
F. S. Blackall, Jr. H. E. Harris 
Earle Buckingham F. O. Hoagland 
F. H. Colvin J. H. Horigan 
T. F. Githens G. W. Metz, Alt. 
B. P. Graves L. F. Nenninger 


No. 4 on Spindle Noses and Collets for 
Machine Tools 


ASME Members (Total personnel, 5) 


J. E. Lovely, Chairman 
H. W. Fahrlander F. O. Hoagland 


No. 5 on Milling Cutters 
ASME Members (Total personnel, 13) 


G. W. Metz, Chairman 


J. B. Armitage : Erik Oberg 
Hans Ernst A. O. Schmidt, Alt. 


No. 6 on Designations and Working 
Ranges of Machine Tools 


ASME Members (Total personnel, 8) 


John Haydock, Chairman 
H. W. Fahrlander B. P. Graves 
L. F. Nenninger 


No. 7 on Twist Drill Sizes 
ASME Members (Total personnel, 14) 


H. L. Bean E. E. Griffiths 
T. F. Githens G. W. Metz, Alt. 
C. W. Wilke 


No. 8 on Jig Bushings 
ASME Members (Total personnel, 9) 


FE. E. Griffiths J. H. Horigan 
G. W. Metz, Alt. 


No. 9 on Punch Press Tools 
ASME Members (Total personnel, 11) 


H. E. Harris 
G. W. Metz, Alt. 
D. M. Palmer 


F. C. Danneman 
FE. W. Ernest 
FE. E. Griffiths 
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No. 10 on Forming Tools and Holders 
ASME Members (Total personnel, 8) 


W. E. Blank E. E. Griffiths 
G. W. Metz, Alt. 


No. 11 on Chucks and Chuck Jaws 
ASME Member (Total personnel, 9) 
J. E. Lovely, Chairman 


No. 12 on Cut and Ground Thread Taps 
ASME Member (Total personnel, 6) 
J. E. Ennis 


No. 13 on Splines and Splined Shafts 
ASME Members (Total personnel, 33) 


J. B. Armitage R. E. W. Harrison 

H. W. Fahrlander F. O. Hoagland 

B. P. Graves J. E. Lovely 
W. A. Siler 


No. 17 on Nomenclature for Small Tools 
and Machine Tool Elements 


ASME Members (Total personnel, 5) 


O. W. Boston, Chairman and Secretary 


F. S. Blackall, Jr. H. E. Harris 
F. H. Colvin F. O. Hoagland 


No. 20 on Reamers 
ASME Members (Total personnel, 15) 


F. H. Colvin J. H. Horigan 
T. F. Githens O. E. Koehler 
E. E. Griffiths G. W. Metz, Alt. 


No. 21 on Tool-Life Tests for Single-Point 
Tools 


ASME Members (Total personnel, 8) 


O. W. Boston, Chairman 


E. E. Griffiths G. W. Metz, Alt. 
M. F. Judkins H. L. Moir 
F. W. Lucht G. P. Witteman 


No. 22 on Grinding Wheel Markings 
(Total personnel, 3) 


No. 23 on Machine Pins 
ASME Members (Total personnel, 13) 


G. W. Metz, Secretary 


Adam Gabriel J. J. McBride 
E. E. Griffiths H. W. Robb 
R. H. Smith 


No. 24 on Carbide Tipped Milling Cutting 
Bodies 


ASME Members (Total personnel, 17) 


H. B. Lewis, Chairman 
R. B. Smith, Secretary 


J. B. Armitage N. A. Lombard 
P. P. Dubosclard F. W. Lucht 
Hans Ernst R. F. Onsrud 
W. L. Kennicott Ernest Reaney 


A. A. Schwartz 


ASME SOCIETY RECORDS 


No. 25 on Accuracy of Engine and Tool 
Room Lathes 


ASME Members (Total personnel, 4) 


A. F. Murray, Chairman 


John Haydock F. O. Hoagland 
Erik Oberg 


No. 26 on Lubricating and Cooling Pumps 
ASME Members (Total personnel, 7) 
H. W. Fahrlander G. F. Habach 


GEARS (B6) 


* Joint sponsorship with the American Gear 
Manufacturers Association. Sectional Com- 
mittee organized June, 1921 


ASME Members (Total personnel, 19) 


Earle Buckingham, Vice-Chairman t 
G. H. Acker L. H. Fry 
A. H. Candee t C. B. Hamilton, Jr. 
S. L. Crawshaw D. T. Hamilton 
Eberhardt O. A. Leutwiler 

H. W. Robb 


SUBCOMMITTEE CHAIRMEN 


No. 3 on Nomenclature—D. T. Hamilton 
No. 9 on Inspection—Granger Davenport 


PIPE FLANGES AND FITTINGS (B16) 


* Joint sponsorship with the Heating, Pip- 

ing and Air Conditioning Contractors Na- 

tional Association and the Manufacturers 

Standardization Society of the Valve and 

Fittings Industry. Sectional Committee or- 
ganized November, 1921 


ASME Members (Total personnel, 57) 
Emmart LaCrosse, Chairman 
L. W. Benoit, Secretary t 
John Blizard, Alt. M. B. MacNeille 


A. L. Brown 


V. M. Frost A. W. Oakley 


A. R. Gatewood Fred Ophuls 
H. E. Haller D. G. Reid 
F. H. Hehemann D. B. Rossheim 
J. S. Hess J. E. Stark 
H. A. Hoffer + J. R. Tanner t 


A. M. Houser t 
L. W. Kattelle 
C. A. Kelting t 
W. P. Kliment 
J. R. Kruse 

J. D. Mattimore 


Rowland Tompkins 
H. A. Wagner 

‘ G. W. Watts 
F. S. G. Williams 

J. H. Williams 

J. H. Zink 


SUBCOMMITTEE CHAIRMEN 


No.1 on Cast Iron Flanges and Flanged 
Fittings—W. P. Kliment 

No. 2 on Screwed Fittings—L. W. Kattelle 

No. 3 on Steel Flanges and Flanged Fit- 
tings—F. 8. G. Williams 

No. 4 on Materials and Stresses—H. O. 
Smith-Petersen 

No. 5 on Face to Face Dimensions of Fer- 
rous Flanged Valves—J. R. Tanner 

No. 6 on Malleable Iron or Steel Brass 
Seat Unions (to be appointed) 

No. 8 on Marking of Pipe Fittings—L. W. 
Kattelle 


SHAFTING (B17) 
* Sole sponsorship. Organized October, 1918 


ASME Members (Total personnel, 10) 


H. C. E. Meyer H. D. Tanner 
H. W. Robb, Alt. L. W. Williams t+ 


L. S. Morse, Sr. ° 


DIMENSIONAL STANDARDIZATION OF 
BOLTS, NUTS, RIVETS, SCREWS AND 
SIMILAR FASTENERS (B18) 


* Joint sponsorship with the Society of 
An’ motive Engineers. Sectional Committee 
organized March, 1922 


ASME Members (Total personnel, 49) 


H. W. Robb, Chairman 
W. C. Stewart, Secretary 


H. E. Aldrich A. M. Houser t 
F. C. Billings W. P. Kliment 
E. D. Campbell J.J. McBride, Alt. 
G. S. Case S. F. Newman 
J. S. Davey R. H. Perry 


J. R. Tanner 
F. P. Tisch, Alt. 


|. H. Fullmer 
A. R. Gatewood 


SUBCOMMITTEE CHAIRMEN 


No. 1 on Large and Small Rivets—W. N. 
Boyd 

No. 2 on Wrench-Head Bolts and Nuts— 
C. F. Newpher 

No. 3 on Slotted and Recessed Head Screws 


—F. P. Tisch 
No. 4 on Track Bolts and Nuts—C. B. 
Bronson 


No. 5 on Round Unslotted Head _ Bolts 
(Carriage Bolts)—J. 8. Davey 

No. 6 on Plow Bolts—W. G. Waltermire 

No. 9 on Socket Head Cap and Set Screws 
—F. W. Helming 

No. 10 on Glossary of Terms—I. H. Full- 
mer 

No. 11 on Tubular and Split Rivets—J. A. 
Sharkey 

Special Subcommittee on Slotted and Socket 
Head Screws—F. P. Tisch 

Special Subcommittee on Internal Wrench- 
ing Bolts—R. A. Frye 


PLAIN AND LOCK WASHERS (B27) 


* Joint sponsorship with the Society of 
Automotive Engineers. Sectional Commit- 
tee organized March, 1926 


ASME Members (Total personnel, 37) 


W. R. Bryans J. S. Morehouse 
C. H. Loutrel W. C. Mueller t¢ 
J. J. McBride H. W. Robb 
H. C. E. Meyer F. P. Tisch t¢ 


SUBCOMMITTEE CHAIRMEN 


No. 1 on Plain Washers—Perry House 
No. 2 on Spring Washers—E. D. Cowlin 


TRANSMISSION CHAINS AND 
SPROCKETS (B29) 


* Joint sponsorship with the Society of 
Automotive Engineers, and the American 
Gear Manufacturers Association. Sectional 
Committee originally organized September, 
1917. Reorganized December, 1926 


ASME Members (Total personnel, 11) 


J. M. Bryant + E. B. Nichols t 
Joseph Joy D. B. Perry 
L. V. Ludy t¢ C. R. Weiss 


Sp 


N 
N 
SI 
tee 
C. | 
A. 
A 
L. V 
A. 
J.J 


CODE FOR PRESSURE PIPING (B31) 


*Sole sponsorship. Sectional Committee 
originally organized November, 1926. Reor- 
ganized December, 1937 
ASME Members (Total personnel, 77) 


L. W. Benoit, Alt. G. Sinding-Larsen 


J.D. Capron, Alt. H. C. E. Meyer 
L. H. Carr, Alt. J. W. Moore 
D. H. Corey H. H. Morgan 
Sabin Crocker L. S. Morse, Sr. 
J. J. Crowe, Alt. R. M. Nee 
H. D. Edwards E. W. Norris 
V. M. Frost C. W. Obert 
T. W. Greene, Alt. A. L. Penniman, Jr. 
H. E. Haller E. B. Ricketts 
H. A. Hoffer J. H. Romann 
A. M. Houser t¢ D. B. Rossheim 


Alfred Iddles 
D. S. Jacobus 
L. W. Kattelle 
H. E. Keeler 
Cc 


G. W. Saathoff 

G. K. Saurwein 

J. R. Tanner 

F. 8. G. Williams 
J. H. Williams 

E. J. Wiseman, Alt. 
T. F. Wolfe 


. A. Kelting 

W. P. Kliment 

E. H. Krieg 
J. H. Zink 


SUBCOMMITTEE CHAIRMEN 


Subcommittee on Scope and Intent—Sabin 
Crocker 

No. 1 on Plan, Seope, and Editing—Sabin 
Crocker 

No. 2 on Power Piping—Alfred Iddles 

No. 4 on Gas and Air Piping (to be ap- 
pointed 

No. 5 on Refrigeration Piping—A. B. Stick- 
ney 

No. 6 on Oil Piping (to be appointed) 

No. 7 on Piping Materials and Identifica- 
tion—L. W. Kattelle 

No. 8 on Fabrication Details 
pointed) 

No. 9 on District Heating Piping—G. K. 
Saurwein 

Special Subcommittee on Allowable Stresses 
in Piping and Quality Factors of Castings 
(to be appointed) 

Special Subcommittee on Instrument Piping 
—A. L. Penniman, Jr. 


(to be ap- 


WIRE AND SHEET METAL GAGES 
(B32) 


* Joint sponsorship with the Society of 

Automotive Engineers. Sectional Commit- 

tee originally organized November, 1928. 
Reorganized November, 1939 


ASME Members (Total personnel, 34) 


C. 8. Cole J. F. Howe t 
A. P. Cottle H. W. Robb 
E. W. Ernest Walter Samans 
T. H. Fullmer F. G. Wilson ¢ 


SCREW THREADS FOR HOSE 
COUPLINGS (B33) 


* Sole sponsorship. Sectional Committee 
organized October, 1928 


ASME Members (Total personnel, 20) 
A. L. Brown, Secretary 


L. W. Benoit F. C. Ernst, Alt. 
A. F. Breitenstein t+ A. R. Gatewood 
J. J. Crotty H. C. E. Meyer 


W: E. Dunham ¢ J. H. Williams 


ASME SOCIETY RECORDS 


WROUGHT IRON AND WROUGHT STEEL 
PIPE AND TUBING (B36) 


* Joint sponsorship with the American So- 
ciety for Testing Materials. Sectional Com- 
mittee organized May, 1928 


ASME Members (Total personnel, 37) 


J. J. Kanter, Chairman 
J. R. Tanner, Vice-Chairman 
L. W. Kattelle, Secretary 


J. S. Adelson H. H. Morgan 
H. E. Aldrich H. B. Oatley ft 
F. S. Clark, Alt.t J. H. Romann 
A. R. Gatewood Ludwig Skog t 
D. 8S. Jacobus t H. A. Wagner 
H. C. E. Meyer A. E. White 


PRESSURE AND VACUUM GAGES (B40) 


* Sole sponsorship. Sectional Committee 
organized December, 1930 


ASME Members (Total personnel, 33) 


M. D. Engle, Chairman 
A. W. Lenderoth, Secretary t 


J. P. Cavanaugh tf R. J. Kehl 
J. J. Crowe J. C. McCune t 
Paul Diserens A. H. Morgan 
C. H. Graesser H. B. Reynolds 
W. F. Jones W. H. Sears 


STOCK SIZES, SHAPES AND LENGTHS 
FOR HOT AND COLD FINISHED 
IRON AND STEEL BARS (B41) 


* Sole sponsorship. Sectional Committee 
organized June, 1930 
ASME Members (Total personnel, 18) 


Cc. D. Allen E. W. Ernest 
H. D. Tanner 


SUBCOMMITTEE CHAIRMEN 


No. 1 on Hot Rolled Steel—Henry Wysor 

No. 2 on Cold Finished Steels—L. E. 
Creighton 

No. 3 on Hot Rolled Iron (to be appointed) 


CLASSIFICATION AND DESIGNATION 
OF SURFACE QUALITIES (B46) 


* Joint sponsorship with the Society of 
Automotive Engineers. Sectional Commit- 
tee organized December, 1932 


ASME Members (Total personnel, 58) 


R. F. Gagg, Chairman 
E. R. Boynton, Secretary 


FE. J. Abbott H. F. Kurtz 
L. W. Benoit J. H. Lansing 
R. C. Deale t F. C. Linn 
U. S. Eberhardt Joseph Manuele 
S. A. Einstein L. F. Polk 
W. W. Gilbert C. C. Stevens 


R. E. W. Harrison t 
F. O. Hoagland 
H. J. Holtzclaw 


W. C. Stewart 
J.S. Tawresey 


S. B. Terry 


SUBCOMMITTEE CHAIRMEN 


Special Subcommittee on Revision and Edit- 
ing—R. F. Gagg 

Subcommittee on Ways, Means, and Appa- 
ratus for Measuring Quality of Surface— 
W. W. Werring 

Subcommittee on Standardization of Sur- 
face Roughness Blocks for Machined Sur- 
faces—H. J. Griffing 
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SHAFT COUPLINGS, INTEGRALLY 
FORGED FLANGE TYPE FOR 
HYDROELECTRIC UNITS 
(B49) 


* Sole sponsorship. Sectional Committee 
organized October, 1943 


ASME Members (Total personnel, 20) 


R. E. B. Sharp, Chairman t+ 
D. J. McCormack, Secretary + 


G. T. Abernathy G. R. Rich 
D. L. Barbour E. B. Strowger 
A. A. Moline R. V. Terry 
L. F. Moody W. F. Uhl 


COMBUSTION SPACE FOR SOLID FUELS 
(B50) 


* Sole sponsorship. Sectional Committee 
organized June, 1938 


ASME Members (Total personnel, 17) 
C. E. Bronson, Chairman 


W. G. Christy J. P. Magos 
John Hunter F. L. Meyer 
A. J. Johnson C. A. Reed 
V. G. Leach t John Van Brunt + 


J. G. Wheatley, Alt. 


SUBCOMMITTEE CHAIRMEN 


No. 1 on Purpose and Scope—C. E. Bron- 
son 

No. 2 on Combustion and Design (to be ap- 
pointed) 

No. 3 on Warm Air Furnaces—J. H. Manny 

No. 4 on Steel Heating Boilers—W. B. Rus- 
sell 

No. 5 on Cast Iron Boilers—J. F. McIntire 


SCHEME FOR IDENTIFICATION OF 
PIPING SYSTEMS (A13) 


* Joint sponsorship with the National 
Safety Council. Sectional Committee or- 
ganized June, 1922 


ASME Members (Total personnel, 30) 


E. E. Ashley R. McKane, Alt. 

W. L. Bunker H. L. Miner 

Crosby Field F. L. Neweomb 
Frank Umbehocker t 


MINIMUM REQUIREMENTS FOR 
PLUMBING AND STANDARD- 
IZATION OF PLUMBING 
EQUIPMENT (A40) 


* Joint sponsorship with The American 
Public Health Association. Sectional Com- 
mittee organized November, 1928 


ASME Members (Total personnel, 41) 


J. F. Carney, Alt. O. Z. Klopsch 
C. 8. Cole V. T. Manas 
J. J. Crotty W. K. McAfee 
A. M. Houser t F. Hugh Morehead 


A. H. Morgan t 


SUBCOMMITTEE CHAIRMEN 


Research Committee on Plumbing—F. M. 
Dawson 

Temporary Editing Committee on Plumbing 
Code—G. N. Thompson 

No. lon Minimum’ Requirements for 
Plumbing—Theodore Irving Coe 

No. 2 on Staple Vitreous China Plumbing 
Fixtures—H. R. Van Sciver 


e 
— = 
“ 
; 
3 
3 


SR-34 


No. 3 on Staple Porcelain (All Clay) 
Plumbing Equipment—H. R. Van Sciver 

No. 4 on Enameled Sanitary Ware (to be 
appointed) 

No. 5 on Traps (to be appointed) 

No. 6 on Brass Plumbing Products (to be 
appointed) 

No. 7 on Brass Fittings for Flared Copper 
Tubes—F. L. Riggin 

No. 8 on Cast Iron Soil Pipe and Fittings 
(to be appointed) 

No. 9 on Gasoline, Oil and Grease Separa- 
tors (to be appointed) 

No. 11 on Soldered Fittings for Tubing— 
A. M. Houser 

No. 12 on Minimum Air Gaps in Plumbing 
Systems—W. K. McAfee 

Subgroup on American Standard Plumbing 
Code—A. H. Morgan 


ROLLED THREADS FOR SCREW SHELLS 
OF ELECTRIC SOCKETS AND LAMP 
BASES (C44) 


* Joint sponsorship with the National Elec- 
trical Manufacturers Association. Sectional 
Committee organized June, 1929 


ASME Members (Total personnel, 12) 
Earle Buckingham + A. B. Morgan, Alt. 


LETTER SYMBOLS AND ABBREVIA- 
TIONS FOR SCIENCE AND ENGI- 
NEERING (Z10) 


* Joint sponsorship with the American As- 
sociation for the Advancement of Science, 
American Institute of Electrical Engineers, 
American Society of Civil Engineers, and 
the American Society for Engineering Edu- 
cation. Sectional Committee originally or- 
ganized January, 1926. Reorganized Octo- 
ber, 1935 


ASME Members (Total personnel, 39) 


8S. R. Beitler, Alt.t R. E. Peterson t 
K. H. Condit G. A. Stetson 
L. C. Lichty Frank Thornton, Jr. 


SUBCOMMITTEE CHAIRMEN 


Executive Committee—H. M. Turner 

Steering Committee—H. M. Turner 

Committee on Form—H. T. Larsen 

No. 1 on Letter Symbols and Signs for 
Mathematics—A. A. Bennett 

No. 2 on Symbols for Hydraulics (to be 
appointed) 

No. 3 on Symbols for Mechanics—R. E. 
Peterson 

No. 4 on Symbols for Structural Analysis 
—aAlbert Haertlein 

No. 5 on Symbols for Heat and Thermody- 
namics (to be appointed) 

No. 6 on Symbols for Illuminating Engi- 
neering—A. E. Parker 

No. 7 on Letter Symbols for Aeronautics 
and Aerodynamics-—T. F. Ball 

No. 8 on Symbols for Electrical Quantities 
—Edward Bennett 

No. 9 on Symbols for Radio—H. M. Turner 

No. 10 on Symbols for Physics—H. . 
Hughes 

No. 11 on Abbreviations for Scientific and 
Engineering Terms—G. A. Stetson 

No. 12 on Symbols for Chemical Engineer- 
ing—J. H. Perry 


ASME SOCIETY RECORDS 


STANDARDS FOR DRAWINGS AND 
DRAFTING ROOM PRACTICE 
(Z14) 


* Joint sponsorship with the American So- 
ciety for Engineering Education. Sectional 
Committee organized September, 1926 


ASME Members (Total personnel, 42) 


L. W. Benoit H. B. Langille 
H. P. Frear Rudolph Michel, Alt. 
A. C. Harper F. W. Ming 
FE. R. Hill W. C. Mueller 
Samuel Ketchum t¢ E. B. Neil 
W. J. Kunz R. 8S. Paffenbarger 
C. W. Keuffel F. C. Panuska 
F. R. Laney Ed 8. Smith + 


SUBCOMMITTEE CHAIRMEN 


Subcommittee on Revision—F. G. Higbee 
Subcommittee on Design and Dimensioning 
With Tolerances and Allowances for In- 
terchangeable Manufacture—H. L. Keller 


GRAPHIC PRESENTATION (Z15) 


* Sole sponsorship. Sectional Committee 
organized December, 1926 


ASME Members (Total personnel, 31) 


G. E. Hagemann, Secretary t+ 


C. M. Bigelow R. S. Paffenbarger 
Wallace Clark D. B. Porter + 


SUBCOMMITTEE CHAIRMEN 


No. 1 on Plan and Scope (to be appointed) 

No. 2 on Terminology (to be appointed) 

No. 3 on Preferred Practice for Time 
Series Charts—F. E. Croxton 

No. 4 on Engineering and Scientific Graphs 
—W. A. Shewhart 


GRAPHICAL SYMBOLS AND ABBREVIA- 
TIONS FOR USE ON DRAWINGS (Z32) 


* Joint sponsorship with American Institute 
of Electrical Engineers. Sectional Commit- 
tee organized April, 1936 


ASME Members (Total personnel, 49) 


FE. E. Ashley W. C. Mueller 
J. M. Barnes L. L. Munier 
L. W. Benoit G. F. Nordenholt 


G. F. Habach 
D. T. Hamilton 
W. J. Kunz t 


W. C. Stewart 
F. K. Teichmann 
T. R. Thomas 


SUBCOMMITTEE CHAIRMEN 


No. 1 on Symbols for Use in Mechanical 
Engineering—W. J. Kunz 

No. 2 on Symbols for Use in Electrical En- 
gineering—W. L. Heard 

No. 3 on Abbreviations for Use on Draw- 
ings—W. J. Kunz 


DEVELOPMENT OF STATISTICAL AP- 
PLICATIONS IN ENGINEERING 
AND MANUFACTURING 


Joint sponsorship with the American _Mathe- 
matical Society, American Society for 
Testing Materials, American Statistical As- 
sociation, and Institute of Mathematical 
Statistics. Appointed in December, 1929 


ASME Members (Total personnel, 11) 


A. G. Ashcroft W. H. Fulweiler 
Howard Coonley L. K. Silleox + 
J. S. Tawresey t+ 


F. C. Panuska ft - 


SPECIAL STANDARDS COMMITTEE 
ON STEAM TURBINES 


K. M. Irwitf, Chairman 
G. A. Gaffert, Secretary 


R. C. Allen E. H. Krieg 
C. B. Campbell A. L. Penniman, Jr. 
A. G. Christie W. F. Ryan 


G. B. Warren 


SPECIAL COMMITTEE ON STANDARD- 
IZATION OF THERBLIGS, PROCESS 
CHARTS, AND THEIR SYMBOLS 


D. B. Porter, Chairman 
G. M. Varga, Secretary 
R. M. Barnes F. C. Gossett 


L. M. Gilbreth J. O. P. Hummel 
H. B. Maynard 


PLANT LAYOUT TEMPLATES AND 


MODELS : 

R. W. Mallick, Chairman 
B. J. Carroll H. C. Keller 
G. E. Hagemann S. Logan Kerr 


Richard Rimbach, Sr. 


ASME Representatives on 
Miscellaneous Standard- 
ization Committees 


See also ASME Representatives on Other 
Activities, page SR-10 


ACOUSTICAL MEASUREMENTS AND 
TERMINOLOGY (Z24) 


* Sponsor body: Acoustical Society of 
America 


(To be appointed) 


AEPONAUTICS (D9) 


* Sponsor body: Society of Automotive 
Engineers 


E. A. Sperry, Jr. 


BUILDING CODE REQUIREMENTS FOR 
LIGHT AND VENTILATION (A53) 


* Sponsor bodies: Federal Housing Admin- 
istration, and U.S. Public Health Service 


F. R. Scherer 


CAST IRON AT ELEVATED TEMPERATURES 


Subcommittee of American Society for Test- 
ing Materials Committee A-3 on Cast Iron 


D. B. Rossheim 


COAL AND COKE (D5) 


Committee of American Society for Testing 
Materials 


R. M. Hardgrove 


DEFINITIONS TERMS 


* Sponsor body: American Institute of 
Electrical Engineers 


(To be appointed) 
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DRAINAGE OF COAL MINES (M6) 
* Sponsor body: American Mining Congress 
(To be appointed) 


ELECTRIC WELDING APPARATUS (C52) 
* Sponsor body: American Welding Society 
R. E. Kinkead 


SPECIFICATIONS FOR FIRE TESTS OF 
BUILDING CONSTRUCTION AND 
MATERIALS (A2) 


* Sponsor bodies: ASA Fire Protection 
Group, National Bureau of Standards, and 
American Society for Testing Materials 


R. C. Parlett 


FOREST FIRE PROTECTION 


Committee of National Fire Protection 
Association 


C. B. White 


JOINT CONFERENCE COMMITTEE ON 
PIPING CODES AND STANDARDS 


C. A. Kelting, Chairman 


V. M. Frost F. Hugh Morehead 
Alfred Iddles D. B. Rossheim 
W. P. Kliment F. S. G. Williams 
J. R. Kruse J. H. Zink 


LOADING PLATFORMS AT FREIGHT TER- 


MINALS AND WAREHOUSES (E12) 


* Sponsor body: American Trucking 
Association, Inc. 


M. C. Maxwell 


MANHOLE FRAMES AND COVERS (A35) 


“Sponsor bodies: ASA Telephone Group, 
and American Society of Civil Engineers 


Anton Hansen 
ASA MECHANICAL STANDARDS 
COMMITTEE 


A. L. Baker, Alt. J. R. Kruse 


ASME SOCIETY RECORDS 


METHODS OF TESTING WOOD (04) 


* Sponsor bodies: U.S. Forest Service, and 
American Society for Testing Materials 


C. M. Bigelow 


MISCELLANEOUS OUTSIDE COAL- 
HANDLING EQUIPMENT (M10) 


* Sponsor body: American Mining Congress 
Ralph Sargent 


MODEL ELECTRICAL ORDINANCE AND 
STATUTE (Z56) 


Sponsor body: American Standards 
Association 


William Ferguson 


NUMBERING SYSTEM FOR ANTIFRICTION 
BEARINGS (B54) 


L. C. Fisk David Ware 


PETROLEUM ee AND LUBRICANTS 
* Sponsor body: American Society for 
Testing Materials 
(To be appointed) 


PREFERRED NUMBERS (Z17) 
* Special Committee of ASA 
K. H. Condit 


REFRIGERATION NOMENCLATURE (B53) 


* Sponsor body: American Society of Re- 
frigeration Engineers 


A. C. Buensod R. G. Ewer 
W. J. Kunz 


ROTATING ELECTRICAL MACHINERY (C50) 


* Sponsor body: ASA Electrical Standards 
Committee 


C. D. Wilson 
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SPECIFICATIONS FOR CAST IRON PIPE 
AND SPECIAL CASTINGS (A21) 


* Sponsor bodies: American Gas Associa- 

tion, American Society for Testing Ma- 

terials, American Water Works Associa- 

tion, and the New England Water Works 
Association 


L. R. Howson 


SPECIFICATIONS FOR CLEAN BITUMINOUS 

COAL (M26) 

* Sponsor body: American Institute of Min- 
ing and Metallurgical Engineers 


E. L. Lindseth, Alt. R. A. Sherman 


SPECIFICATIONS FOR SIEVES FOR TEST- 
ING PURPOSES (Z23) 


* Sponsor bodies: American Society for 
Testing Materials and National Bureau of 
Standards 


R. M. Hardgrove 


THERMAL INSULATING MATERIALS (C16) 


Committee of American Society for Testing 
Materials 


R. H.. Heilman 
U.S. INTERDEPARTMENTAL COMMITTEE 


ON SCREW THREADS 


I. H. Fullmer H. W. Robb 
W. C. Stewart 


VOLUME WATER HEATING 
Committee of American Gas Association 
(To be appointed) 


WIRE ROPES FOR MINES (M11) 
* Sponsor body: American Mining Congress 


E. S. Wellhofer 


AMERICAN STANDARDS ASSOCIATION 


W. H. Hillt L. W. Kattelle, Alt. 
W. C. Mueller 
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ASME SOCIETY RECORDS 
SAFETY COMMITTEES 


ARTICLE B6A, Par. 16-b: The Safety Committee, under the direction of the Board on 
Codes and Standards, shall supervise the safety activities of the Society, except the activi- 
ties of the Boiler Code Committee, for which special provision is made. 


The first Standing Committee on Safety was appointed in October, 1921. 


SAFETY COMMITTEE 


J. J. ZEITNER, Chairman (1950) 
F. J. Grar (1948) 
H. W. Hernricu (1949) 
E. R. GRANNIsS (1951) 
J. V. GRIMALDI (1952) 


SAFETY CODE FOR ELEVATORS (Al7) 


* Joint sponsorship with The American 
Institute of Architects, and the National 
Bureau of Standards. Sectional Committee 
originally organized November, 1922, 
reorganized June, 1940 


ASME Members (Total personnel, 39) 


E. M. Bouton Bassett Jones t 
C. I. Cady, Alt. D. J. Purinton t 
C. R. Callaway W. H. Ramberg 
O. P. Cummings, Alt. W.H. Seaquist, Alt.t 
J. W. Degen t S. F. Voorhees 


SUBCOMMITTEE CHAIRMEN 


Executive Committee—D. J. Purinton 

Inspectors’ Manual—K. A. Colahan 

Working—G. H. Reppert 

Editorial Subcommittee (to be appointed) 

Subcommittee on “Alteration” Definition 
and Requirements—G. P. Keogh 

Subcommittee on Operating Rules—L. W. 
Mauger 

Subcommittee on Dumbwaiters and Hand 
Power Elevators (to be appointed) 

Subcommittee on Control and Operations— 
D. Santini 

Subcommittee on Mechanical Safety De- 
vices and Machine Design—H. V. Mc- 
Cormick 

Subcommittee on Interlocks, Contacts, and 
Door Locks—G. H. Reppert, Temporary 
Chairman 

Subcommittee on Hoistways—F. Pavlicek, 
Temporary Chairman 

Subcommittee on Capacity and Loading— 
H. V. McCormick, Chairman 

Subcommittee on Escalators—C. I. Cady, 
Chairman 


SAFETY CODE FOR MECHANICAL 
POWER TRANSMISSION APPA- 
RATUS (B15) 


* Joint sponsorship with the International 

Association of Industrial Accident Boards 

and Commissions, and the National Conser- 

vation Bureau. Sectional Committee organ- 
ized February, 1921 


ASME Members (Total personnel, 20) 


G. M. Naylor, Chairman t+ 
P. G. Rhoads, Secretary 
D. C. Wright ft 


*Note: All of the safety committees 
for which the Society is sponsor or joint 
sponsor, or on which it has representation, 
are organized under the procedure of the 
American Standards Association. 

+ Official ASME representative serving 
on this committee. 


SAFETY CODE ON COMPRESSED AIR 
MACHINERY AND EQUIPMENT (Bi9) 
* Joint sponsorship with the American So- 
ciety of Safety Engineers—Engineering Sec- 
tion of National Safety Council. Sectional 
Committee organized May, 1923 
ASME Members (Total personnel, 21) 


D. L. Royer, Chairman 


H. D. Edwards R. M. Johnson 
H. M. Spring 


SAFETY CODE FOR CONVEYORS AND 
CONVEYING MACHINERY (B20) 


* Joint sponsorship with the National Con- 

servation Bureau. Sectional Committee 

originally organized November, 1925, reor- 
ganized April, 1937 


ASME Members (Total personnel, 49) 


D. L. Royer, Chairman 


W. G. Hudson ft P. T. Onderdonk 

H. C. Keller C. G. Pfeiffer t+ 

M. A. Kendall ¢ R. B. Renner 

R. W. Mallick H. F. Watson 

William Moeller J. G. Wheatley 
J. J. Zeitner 


SUBCOMMITTEE CHAIRMAN 
Special Editing Committee—H. C. Keller 


SAFETY CODE FOR CRANES, DERRICKS 
AND HOISTS (B30) 


* Joint sponsorship with U.S. Navy Depart- 
ment, Bureau of Yards and Docks. Sectional 
Committee organized November, 1926 


ASME Members (Total personnel, 46) 


J.C. Wheat, Chairman 
W. C. Carl F. H. Schwerin 


Lewis Price t R. H. White t 
SUBCOMMITTEE CHAIRMAN 
Executive Committee—J. C. Wheat 


SAFETY CODE FOR INDUSTRIAL 
POWER TRUCKS (B56) 


* Sponsor body: The American Society of 
Mechanical Engineers. Sectional Committee 
organized August, 1947 


(To be appointed) 


SAFETY CODE FOR MANLIFTS (A90) 


* Joint sponsorship with National Conserva- 
tion Bureau. Sectional Committee organized 
July, 1946 


(To be appointed) 


ASME Representatives on 
Other Safety Committees 


See also ASME Representatives on Other 
Activities, page SR-10 


SAFETY CODE WHEELS 


*Sponsor bodies: Grinding Wheel Manu- 
facturers Association of United States and 
Canada, and International Association of In- 
dustrial Accident Boards and Commissions 


J. W. Streett 


SAFETY CODE WORK 


* Sponsor bodies: The American Institute 
of Architects, and National Safety Council 


(To be appointed) 


ASA SAFETY CODE CORRELATING 
COMMITTEE 


A. W. Luce, Alt. J.J. Zeitner 


SAFETY CODE SYSTEMS 


* Sponsor body: International Association 
of Industrial Accident Boards and Com- 
missions 
A. C. Stern 


SAFETY CODE FOR FLOOR AND 
WALL OPENINGS, RAILINGS 
AND TOE BOARDS (Al12) 
*Sponsor body: National Safety Council 


(To be appointed) 


SAFETY CODE FOR FORGING AND HOT 
METAL STAMPING (B24) 


* Sponsor bodies: American Drop Forging 
Institute, and National Safety Council 


(To be appointed) 


SAFETY CODE FOR LADDERS (A14) 


* Sponsor body: American Society of Safety 
Engineers—Engineering Section of National 
Safety Council 


R. F. Powell 
SAFETY CODE FOR LAUNDRY MACHINERY 
AND OPERATION (Z8) 


* Sponsor bodies: American Institute of 
Laundering, International Association of 
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Governmental Labor Officials, and National 
Association of Mutual Casualty Companies 


E. J. Carroll 


SAFETY CODE FOR LIGHTING FACTORIES, 

MILLS, AND OTHER WORK PLACES (All) 

* Sponsor body: Illuminating Engineering 
Society 


A. W. 


Luce 


SAFETY CODE FOR MECHANICAL 
REFRIGERATION (B9) 
* Sponsor body: American Society of 
Refrigerating Engineers 
E. W. Gallenkamp W. F 
A. W. Oakley, Alt. 


Jones 


PANEL OF CONSULTANTS TO ADVISE THE 
MERCHANT MARINE COUNCIL AT U.S, 
COAST GUARD 

WASHINGTON, 


D. 8. Jacobus P. R. Cassidy, Alt. 


SAFETY CODE FOR PAPER AND PULP 

MILLS (P1) 

* Sponsor body: National Safety Council 
R. L. Weldon 

SAFETY CODE FOR POWER PRESSES AND 

FOOT AND HAND PRESSES (B11) 

*Sponsor body: National Safety Council 

F. J. Paukner 


ASME SOCIETY RECORDS 


SAFETY CODE FOR PREVENTION OF DUST 
EXPLOSIONS (Z12) 


* Sponsor bodies: National Fire Protection 
Association, and U.S. Department of Agri- 
culture 


R. M. Ferry W.S. Rearick, Alt. 


SAFETY CODE FOR PROTECTION 
HEADS, EYES, AND RESPIRATOR 
ORGANS OF INDUSTRIAL 
WORKERS (Z2) 


* Sponsor body: National Bureau of 
Standards 


T. A. Walsh, Jr T. F. Hatch, Alt. 


NATIONAL COMMITTEE FOR TRAFFIC 
SAFETY 


A voluntary Association of national, civic, 
service, business, fraternal, professional, and 
other organizations * 


FE. R. Granniss 
SAFETY CODE FOR OF 
INDUSTRIAL WORKE 
FOUNDRIES 


H. M. Lane 


SAFETY IN QUARRY OPERATIONS (M28) 
* Sponsor body: 


Redfield Proctor 
SAFETY CODE = MACHINERY 


* Sponsor bodies: International Association 
of Industrial Accident Boards and Commis- 
sions and National Safety Council 


(To be appointed) E. 8. Ault, Alt. 


AND METHOD OF TEST 
R SAFETY GLASS (Z26) 
*Sponsor bodies: National Bureau of 
Standards and National Conservation 
Bureau 


T. A. Walsh, Jr. 


National Safety Council © 
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SAFETY CODE FOR TEXTILES (Li) 
* Sponsor body: National Safety Council 


M. A. Golrick, Jr. 


SAFETY CODE FOR VENTILATION (Z5) 


* Sponsor body: American Society of Heat- 
ing and Ventilating Engineers 


A. C. Stern 
SAFETY CUDE SURFACES 


* Sponsor bodies: The American Institute 

of Architects, and American Society of 

Safety Engineers—Engineering Section of 
National Safety Council 


G. K. Palsgrove 
SAFETY CODE FOR WORK IN COMPRESSED 
AIR (Z28) 


* Sponsor body: International Association 
of Industrial Accident Boards and Com- 
missions 


L. J. Eibsen 
SPONSORING COMMITTEE FOR THE 
CENTER FOR SAFETY EDUCATION 


(Joint activity of New York University 
and National Conservation Bureau) 


Sponsor body: Association of Casualty 
and Surety Executives 


E. R. Granniss 
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ASME SOCIETY RECORDS 
ce BOILER CODE COMMITTEES 


~ ARTICLE B6A, Par. 16-c: The Boiler Code Committee, under the direction of the Board on 

ge. Codes and Standards, shall supervise the activities of the Society in connection with the 
“ASME Boiler Construction Code,” including the formulation, revision, and interpretation 
of such Code. 


The first Special Committee on Boiler Code was organized in September, 1911. 


BOILER CODE COMMITTEE 


H. B. OarLey, Chairman 
H. E. Avpricu, Vice-Chairman 
D. S. Jacosus, Honorary Chairman 


C. O. 
A. L. PENNIMAN, JR. 
D. B. RossHEIM 


C. A. ADAMS 

H. C. BoARDMAN 
P. R. CAssipy 
R 
F 
A 


5 . E. CEcIL D. L. Royer 
. W. Davis WALTER SAMANS 
ELy J. F. Scorr 


V. M. Frost 
W. P. GERHART 
W. D. HaALsey 
W. F. Hess 


J. W. TURNER 

S. K. VARNES 

A. C. WEIGEL 

C. W. WHEATLEY 


W. H. 

W. F. DurAND 

E. R. Fisu 

C. E. Gorton 

A. M. GREENE, JR. 
W. G. HuMPTON 


F. S. G. WILLIAMS 


T. H. Currier, Secretary 
M. Jurist, Assistant Secretary 


Honorary Members 


C. L. Huston 
W. F. Kieset, Jr. 


J. O. LEECH 


M. F. Moore 
I. E. 
H. LeRoy WHITNEY 


CONFERENCE COMMITTEE 


A. H. Agaton—California 

T. R. Archer—Delaware 

M. L. Blair—Arkansas 

B. M. Book—Pennsylvania 

S. A. Bowen—New York 

A. C. Bozeman—Knoxville, Tenn. 
J. N. Briggs—Ontario, Can. 

C. M. Britain—Seattle, Wash. 
H. S. Brunson—Minnesota 

S. Cherrington—Ohio 

A. J. Clay—Memphis, Tenn. 

A. L. Colby—Louisiana 

A. E. Craig—Oklahoma 

Cliff Cummings—Tulsa, Okla. 

R. H. Dalrymple—Utah 

G. W. Dean—Michigan 

M. Del Begio—Manitoba, Can. 

M. A. Edgar—Wisconsin 

E. A. Erickson—Canal Zone 

M. Fogarty—Washington 

C. L. Fredericks—Kansas City, Mo. 
Gerald Gearon—Chicago, 
Matthew Gibson—Maryland 

J. J. Gray—Nova Scotia, Can. 

F. Hagist—Hawaiian Islands 
W. Harness—Iowa 

C. Jacobs—St. Louis, Mo. 

C. Joughin—Tampa, Fla. 

K. Kugel—District of Columbia 
E. Leddy—New Orleans, La. 
C. Luster—Miami, Fla. 

. McGinnis—Los Angeles, Calif. 
. Mann—Indiana 

. Miller—Nebraska 

. Murdock—Massachusetts 

. Murray, Rhode Island 

. Nater—Puerto Rico 

. Peal—Nashville, Tenn. 

. Rasmussen—Omaha, Neb. 
C. Rehard—Detroit, Mich. 


ROR 
HOR 


Theo. Reynolds—Quebec, Can. 
Charles Sattler—West Virginia 

E. K. Sawyer—Maine 

J. F. Scott—New Jersey 

Robt. Scott—Alberta, Can. 

F. H. Shuford—North Carolina 

F. W. Smith—Oregon 

C. E. Steward—Texas 

Joseph Taylor—Saskatchewan, Can. 
G. L. Walters—Mississippi 


EXECUTIVE COMMITTEE 


H. E. Aldrich, Chairman 
D. 8. Jacobus, Honorary Chairman 


H. C. Boardman H. B. Oatley 
A. J. Ely D. L. Royer 
V.M. Frost F. 8. G. Williams 


SUBCOMMITTEES 
Boilers of Locomotives 


James Partington, Chairman 


J. M. Hall H. B. Oatley 
R. P. Johnson Alexander Ross 
H. C. Miller A. J. Townsend 


Care of Steam Boilers and Other Pressure 
Vessels in Service 


F. M. Gibson, Chairman 


D. C. Carmichael P. B. Place 
V. M. Frost S. T. Powell 
J. R. Gill C. W. Rice 
Frank Henry J. B. Romer 
J. A. Hunter W. C. Schroeder 


F. G. Straub 


Code Symbol Stamps 


C. O. Myers, Chairman 
Hf. E. Aldrich W. D. Halsey 


Co-ordination 


V. M. Frost, Chairman 


W. D. Halsey H. B. Oatley 
C. W. Obert 


Heating Boilers 


J. W. Turner, Chairman 
C. E. Bronson J. A. Darts 
T. D. Casserly Wm. Ferguson 
L. N. Hunter 


Materials 


« C. A. Adams, Chairman 
P. J. Smith, Member-at-Large 


SuBGROUP ON FERRITIC PLATES AND TUBULAR 
Propucts 
P. R. Cassidy, Chairman 
Ferritic Plates Tubular Products 
FE. H. Davidson J.S. Adelson 
W. P. Gerhart Sabin Crocker 
L. P. McAllister R. W. Emerson 
A. C. Weigel T. G. Stitt 
C. W. Wheatley A. B. Wilder 


Susperoup on Ferritic CASTINGS 
W. F. Hess, Chairman 


J. W. Bolton J. J. Kanter 
M. V. Healey Vv. Malcolm 
J. W. Juppenlatz J. 8. Vanick 
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Superour ON FERRITIO FORGINGS AND 
MISCELLANEOUS FERRITIC MATERIALS 


J. 8. Worth, Chairman 


F. W. Davis A. O. Schaefer 
L. W. Heise F. S. G. Williams 
D. B. Rossheim E. J. Wiseman 


SUBGROUP ON AUSTENITIO PLATES, TUBULAR 
Propucts, CASTINGS AND ForGInGs 


S. K. Varnes, Chairman 


R. H. Aborn E. C. Chapman 
P. R. Cassidy D. B. Rossheim 
G. A. Sands 


SuBGROUP ON NONFERROUS MATERIALS 
F. W. Davis, Chairman 
Cc. L. Bulow W. P. Kliment 
H. L. Burghoff H. B. Oatley 
J. R. Freeman, Jr. Merril Scheil 


G. C. Holder R. L. Templin 
R. M. Wilson 


SUBGROUP ON STRESS ALLOWANCES FOR 
MATERIALS 
E. C. Chapman, Chairman 
J. G. Althouse R. F. Miller 
A. B. Bagsar N. L. Mochel 
P. M. Brister M.S. Northup 
L. D. Burritt FE. L. Robinson 
» L. Clark D. B. Rossheim 
M. B. Higgins J. W. Sands 
A. Hurtgen A. P. Spooner 
J.J. Kanter S. K. Varnes 
R. K. Kulp A. E. White 
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Miniature Boilers 


J. W. Turner, Chairman 


Wm. Ferguson E. W. Mears 
J. G. Wheatley 


Power Boilers 


H. E. Aldrich, Chairman 


P. R. Cassidy A. L. Penniman, Jr. 
Martin Frisch D. L. Royer 
V. M. Frost A. C. Weigel 
W. D. Halsey E. J. Wiseman 


SuspcGroup ON Fire-Tuse Borers 


D. L. Royer, Chairman 


C. O. Myers 
G. Welter 


J. M. Guy 
F. W. Hainer 
A. T. Worth 


ASME SOCIETY RECORDS 


Rules for Inspection 


D. L. Royer, Chairman 
T. B. Allardice E. B. Van Sant 
Gustave Welter 


Special Design 
D. B. Wesstrom, Chairman 


). O. Bergman E. C. Korten 
H. C. Boardman F. L. Plummer 


R. E. Cecil D. B. Rossheim 
T. W. Greene E. O. Waters 


F. 8. G. Williams 


Unfired Pressure Vessels 


Walter Samans, Chairman 


E. O. Bergman Paul Diserens 
H. C. Boardman A. J. Ely 
A. L. Brown W. D. Halsey 
R. E. Cecil D. B. Rossheim 
D. B. Wesstrom 
Welding 
ASME Borer Cope CoM MITTEE 
J. H. Deppeler, Chairman 
W. B. Bunn W. D. Halsey 


O. R. Carpenter 


J. T. Phillips 
EK. C. Chapman 


K. L. Walker 


AWS CoNFERENCE COM MITTEE 
C. W. Obert, Chairman 


C. A. Adams Walter Samans 
H. C. Boardman A. C. Weigel 


SPECIAL COMMITTEES 
Bolted Flanged Connections 
F. 8S. G. Williams, Chairman 


Clad Vessels 


S. K. Varnes, Chairman 


Dished Heads 


H. C. Boardman, Chairman 


Failure of Spherical Hydrogen Storage 
Tank 


F. L. Newcomb, Chairman 
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Feedwater 
C. W. Rice, Chairman 


Jacketed Vessels 


Walter Samans, Chairman 


Layer Vessels 


H. C. Boardman, Chairman 


Low Temperature Vessels 
C. W. Obert, Chairman 


Openings and Reinforcements 
F. S. G. Williams, Chairman 


Plate Specifications for Boilers and 
Unfired Pressure Vessels 


P. R. Cassidy, Chairman 


Radiographic Examination of Welded 
Joints 


C. A. Adams, Chairman 


Revision of Section VIII of the ASME 
Boiler Code 


E. R. Fish, Chairman 


Safety Valve Requirements 
H. B. Oatley, Chairman 


Steel Flanges for Low Pressures and Low 
Temperatures 


F. S. G. Williams 


API-ASME COMMITTEE ON UNFIRED 
PRESSURE VESSELS 


Walter Samans, Chairman 


ASME Representatives 


H. C. Boardman D. 8. Jacobus 
R. E. Cecil James Partington 
D. B. Wesstrom 


API Representatives 


K. V. King 


M. B. Higgins Walter Samans 


T. D. Tifft 
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ASME SOCIETY RECORDS 


POWER TEST CODES COMMITTEES 


ARTICLE B6A, Par. 16-d: The Power Test Codes Committee, under the direction of the 
Board on Codes and Standards, shall supervise the activities of the Society in connection 
with the Power Test Codes, including the formulation, revision, and interpretation of such 


Codes and Supplements. 


The first Standing Committee on Power Test Codes was organized in December, 1918, to 
revise and extend the Power Test Codes which had been formulated by various technical 
committees appointed to develop particular codes. This work began in 188}. 


THEODORE BAUMEISTER 


POWER TEST CODES COMMITTEE 


A. G. CHRISTIE, Chairman 
W. A. Carter, Vice-Chairman 


R. V. KLernscHMIDT 


DISERENS E. S. Lee 
W. L. H. DoyLe L. F. Moopy 
Louis ELLIoTT H. B. OatLtry 
S. N. FIALa G. A. OrroK, JR. 
C. C. FRANCK J. T. RETTALIATA 
P. H. Harpie E. B. RIcKEettTs 
L. J. Hooper R. A. SHERMAN 
R. M. JoHNSON R. B. SmitH 
R. P. JoHNSON M. C. Stuart 
S. Logan Kerr P. W. Swain 


(1) GENERAL INSTRUCTIONS 
Appointed December, 1918 
Reorganized September, 1939 
Theodore Baumeister, Chairman 


Paul Diserens R. H. Snyder 
H. D. Harkins C. R. Soderberg 
M. C. Stuart 


(2) DEFINITIONS AND VALUES 


Appointed December, 1918 
Reorganized June, 1936, November, 1945 
Louis Elliott, Chairman 
C. 8. Cragoe L. 8. Marks 
A. E. Grunert R. A. Sherman 
R. B. Smith 


(3) FUELS 


Appointed December, 1918 
Reorganized April, 1944 


R. A. Sherman, Chairman 


O. F. Campbell F. W. Keator 
H. C. Carroll M. A. Mayers 
F. G. Ely W. Nacovsky 
8. B. Flagg E. X. Schmidt 
A. B. Hersberger W. A. Selvig 


L. Shnidman 
(4) STATIONARY STEAM-GENERATING 
UNITS 


Appointed December, 1918 
M. W. Benjamin, Chairman 


A. D. Bailey P. H. Hardie 
B. J. Cross R. M. Hardgrove 
Martin Frisch E. L. McDonald 
F. X. Gilg E. B. Powell 


R. Shellenberger 


W. J. WOHLENBERG 


(5) RECIPROCATING STEAM ENGINES 


Appointed December, 1918 
Reorganized December, 1931 
A. G. Christie, Chairman 
K. 8. M. Davidson J. A. Hunter 


Henrik Greger H. G. Muelier 
A. V. Saharoff 


.(6) STEAM TURBINES 


Appointed December, 1918 

Reorganized November, 1945 

W. E. Caldwell, Chairman 
Peter Cherdantzeff A. E. Grunert 
A. G. Christie Francis Hodgkinson 
C. C. Franck P. H. Knowlton, Jr. 
V. M. Frost T. E. Purcell 

C. A. Robertson 


(7) RECIPROCATING STEAM-DRIVEN 
DISPLACEMENT PUMPS 


Appointed December, 1918 


(To be appointed), Chairman 
E. H. Brown M. B. MacNeille 
L. A. Quayle 


(8) CENTRIFUGAL AND ROTARY 
PUMPS 


Appointed December, 1918 
Reorganized March, 1936, November, 1945 


F. G. Switzer, Chairman 
B. K. Erdoss, Secretary 


K. W. Beattie L. F. Moody 
A. P. Brocklebank W. S. Pardoe 
Aladar Hollander H. L. Ross 
Harry Knecht W. C. Rudd 


R. M. Watson 


(9) DISPLACEMENT COMPRESSORS 
AND BLOWERS 


Appointed December, 1918 
Reorganized October, 1935 


Paul Diserens, Chairman 


G. T. Felbeck J. F. Huvane 
J. B. Hartman R. M. Johnson 
C. R. Houghton J. F. Downie Smith 


(10) CENTRIFUGAL AND TURBO- 
COMPRESSORS AND BLOWERS 


Appointed December, 1918 
Reorganized October, 1929 


R. B. Smith, Chairman 
Theodore Baumeister H. F. Hager 
C. A. Booth F. H. Jenkins 
W. H. Carrier R. M. Johnson 
Thomas Chester W. E. Johnson 


A. H. Church H. D. Kelsey 
FE. D. Curley W. W. Lawrence 
L. E. Day R. D. Madison 
Z. G. Deutsch J. H. Marchant 
S. H. Downs L. 8. Marks 
B. K. Erdoss A. M. G. Moody 
P. E. Good M. C. Stuart 
J. J. Grob R. M. Watson 


7 (11) FANS 
Appointed December, 1944 
M. C. Stuart, Chairman 


Theodore Baumeister B. K. Erdoss 
C. A. Booth J. J. Grob 
W. H. Carrier H. F. Hagen 
Thomas Chester F. H. Jenkins 
E. D. Curley W. W. Lawrence 
S. H. Downs R. D. Madison 


L. S. Marks 
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(12) CONDENSERS, WATER-HEATING, 
AND COOLING EQUIPMENT 


Appointed December, 1918 


P. H. Hardie, Chairman 


J. F. Grace H. B. Reynold 
D. W. R. Morgan P. E. Reynolds 


(13) REFRIGERATING SYSTEMS 


Appointed December, 1918 
Reorganized May, 1939 


B. H. Jennings, Chairman ¢ 
A. C. Buensod A. W. Oakley 


J. C. Consley E. P. Palmatier t 
R. G. Ewer t H. B. Pownall, Alt. 
M. A. Nelson t C. L. Svenson 


R. W. Waterfill, Alt. 


(14) EVAPORATING APPARATUS 
Appointed December, 1918 


B. N. Bump H. L. Parr 
L. C. Rogers 


(15) STEAM LOCOMOTIVES 


Appointed December, 1918 
Reorganized April, 1946 


L. H. Fry, Chairman 


C. D. Barrett Ralph Johnson 
W. F. Collins H. G. Miller 
J. E. Davenport H. B. Oatley 


A.J. Townsend 


(16) GAS PRODUCERS 
Appointed December, 1918 
C. D. Smith 


(17) INTERNAL-COMBUSTION ENGINES 


Appointed December, 1918 
Reorganized May, 1928, March, 1939 


Lee Schneitter, Chairman 

W. L. H. Doyle, Secretary 
J. C. Barnaby E. J. Kates 
x. C. Boyer E. C. Magdeburger 
G. J. Dashefsky Russell Pyles 


H. E. Degler M. J. Reed 
F. H. Dutcher W. W. Schettler 
O. D. Treiber 


L. B. Jackson 


+ Official ASME representative serving on 
this committee. 


ASME SOCIETY RECORDS 


(18) HYDRAULIC PRIME MOVERS 


Appointed December, 1918 
Reorganized October, 1931 


S. Logan Kerr, Chairman 
G. T. Abernathy D. J. McCormack 


C. M. Allen L. F. Moody 
K. W. Beattie R. S. Quick 
N. R. Gibson W. J. Rheingans 
J. P. Growdon G. R. Rich 
T. H. Hogg J. F. Roberts 
L. J. Hooper E. B. Strowger 


C. W. Hubbard H. 8S. Van Patter 


(19) INSTRUMENTS AND APPARATUS 
Appointed December, 1918 
W. A. Carter, Chairman 


C. M. Allen J. B. Grumbein 
W. C. Andrae W. W. Johnson 
E. G. Bailey W. H. Kenerson 
H. S. Bean E. S. Lee 
L. J. Briggs R. J. S. Pigott 
J.D. Davis E. B. Ricketts 
K. J. DeJuhasz W. A. Sloan 
R. E. Dillon R. B. Smith 
F. M. Farmer I. M. Stein 


(20) SPEED, TEMPERATURE AND PRES- 
SURE RESPONSIVE GOVERNORS 


Appointed December, 1921 
Reorganized February, 1940 


Raymond Sheppard, Chairman 
C. L. Avery C. E. Kenney 
W. L. H. Doyle S. Logan Kerr 
Herbert Estrada A. F. Schwendner 


S. N. Fiala H. Steen-Johnson 
W. C. Holmes M. J. Steinberg 
P. G. Ipsen H. E. Stickle 


(21) DUST SEPARATING APPARATUS 
Appointed October, 1934 
M. D. Engle, Chairman 


Ollison Craig, Secretary 


A. D. Bailey J. W. Fehnel 
H. H. Bubar H. F. Hagen 
W. G. Christy P. H. Hardie 


H. O. Croft C. W. Hedberg 
J.M. DallaValle J. H. Leech 
H. O. Danz H. E. Macomber 
H. C. Dohrmann H. C. Murphy 


B. F. Tillson 


(22) GAS TURBINES 
Organized October, 1945 
J. 1. Yellott, Chairman 


J. E. Bodmer M. A. Mayers 
Alan Howard T. J. Putz 
W. J. King J. T. Rettaliata 


R. V. Kleinschmidt R. Tom Sawyer 
W. A. Wilson 
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(23) ATMOSPHERIC WATER-COOLING 
EQUIPMENT 


(Being organized) 


(24) STEAM-JET COMPRESSORS 
(Being organized) 


SPECIAL SUBCOMMITTEE ON CO- 
ORDINATING CODES FOR PTC 
COMMITTEES NOS. 9, 10, 
AND 11 
Appointed April, 1944 
M. C. Stuart, Chairman 


Theodore Baumeister J. J. Grob 
Paul Diserens R. M. Johnson 
R. D. Madison 


ASME Representatives on 
Other Technical 
Committees 
See also ASME Representatives on Other 
Activities, page SR-10 


COMMITTEE ON REDEFINING SO-CALLED 
STANDARD TON OF REFRIGERATION 


Sponsor body: American Society of 
Refrigerating Engineers 
G. B. Bright 


COMMITTEE ON GASEOUS FUELS (D-3) 


Sponsor body: American Society for 
Testing Materials 


E. X. Schmidt 


COAL TESTING CODE COMMITTEE 


Joint sponsorship with the American 
Institute of Mining and 
Metallurgical Engineers 


A. R. Mumford 


SPECIFICATIONS FOR PRIME MOVER 
SPEED GOVERNING 


Joint sponsorship with the American Insti- 
tute of Electrical Engineers 


C. L. Avery C. E. Kenney 
Herbert Estrada A. F. Schwendner 
Raymond Sheppard 
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THE WOMAN’S AUXILIARY TO THE ASME 


The Woman’s Auxiliary to the ASME was organized on May 10, 1923, and its Constitu- 
tion and By-Laws was approved by the Council of the ASME on October 27, 1924. The 
objects of the Auxiliary are to render service to all that pertains to ‘the interest of the 
profession of mechanical engineering; to co-operate with any committees of the ASME; 
to assist the sons and daughters of the members of the Society or worthy students of 
mechanical engineering in obtaining scholarships; and to promote any other objects consistent 


with the aims or objects of the ASME. 


NATIONAL OFFICERS 


President, Mrs. Ear, B. SMITH 

First Vice-President, Mrs. C. YOUNG 
Second Vice-President, Mrs. J. PAGE HARBESON, JR. 
Third Vice-President, Mrs. CHARLES M. Hickox 

Fourth Vice-President, Mrs. A. B. OPENSHAW 

Fifth Vice-President, Mrs. R. R. RoBINnson 

Recording Secretary, Mrs. CHARLES GLADDEN 
Corresponding Secretary, Mrs. FRANK W. MILLER 

Treasurer, Mrs. RANDALL B. PuRDY 
Assistant Treasurer, Mrs. J. M. LABBERTON 


STANDING COMMITTEE CHAIRMEN 


Courtesy, Mrs. JouHn C. SOMERS 
Student Loan, Mrs. HAaro_p E. Ers 
Membership, Mrs. G. E. HAGEMANN 

Publicity, Mrs. A. R. CULLIMORE 

Sections, Mrs. W. M. SHEEHAN 

Custodian, Mrs. CrosBy FIELD 

Calvin W. Rice Scholarship, Mrs. W. E. Kare 


COUNCIL REPRESENTATIVES 


EvuGene W. O’BRIEN 
D. Rospert YARNALL 


OFFICERS OF LOCAL SECTIONS 
Cleveland 
Chairman, Mrs. E. R. McCartTuy 


Los Angeles 
Chairman, Mrs. W. D. Burton 


Metropolitan 


Chairman, Mrs. BerNarp E. ToBEN 
First Vice-Chairman, Mrs. H. R. Kessler 
Second Vice-Chairman, Mrs. Joun H. Hocutt 
Third Vice-Chairman, Mrs. F. M. FARMER 
Recording Secretary, Mrs. Geo. A. HARMON 
Corresponding Secretary, Mrs. W. L. ILIFF 

Treasurer, Mrs. Harotp E. Erp 


Philadelphia 


Chairman Mrs. E. 8. BrIsTOL 


Chicago 


Chairman, Mrs. ALEXANDER COWIE 
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AWARDS 


The following paragraphs deal with the medals, awards, scholar- 
ships, and loan funds which come within the jurisdiction of the 
ASME. Other awards available to Student Members are listed 
in Mechanical Engineering, February, 1938, page 183. The Society 
also participates with other engineering societies in a number of 
joint awards. Further details concerning all the awards may be 
obtained from the headquarters of the Society. 


Honorary Membership, to which persons of acknowledged profes- 
sional eminence are elected by unanimous vote of the Council under 
the provisions of the By-Laws and Rules. A list of honorary mem- 
bers is given on page SR-47. 


Life Membership, which may be conferred by the Council for 
distinguished service to the Society; or secured by a member by 
payment for an annuity in accordance with the provisions of the 
By-Laws. 


ASME Medal, established by the Society in 1920 to be pre- 
sented, together with an engraved certificate, for distinguished 
service in engineering and science. May be awarded for general 
service in science having possible application in engineering. 


Holley Medal, instituted and endowed in 1924 by George I. Rock- 
wood, Past Vice-President of the Society, to be bestowed, together 
with an engraved certificate, for some great and unique act of 
genius of engineering nature that has accomplished a great and 
timely public benefit. 


Worcester Reed Warner Medal, established in 1930, provision 
for which was made in the will of Worcester Reed Warner, Hon- 
orary Member of the Society, is a gold medal to be bestowed, to- 
gether with an engraved certificate, for an outstanding contribution 
to permanent engineering literature. 


Melville Prize Medal for Original Work, established in 1914 by 
the bequest of Rear-Admiral George W. Melville, Honorary Mem- 
ber and Past-President of the Society, to be presented, together 
with an engraved certificate, for an original paper or thesis of 
exceptional merit, presented to the Society by a member for dis- 
cussion and publication during the calendar year previous to the 
year of award, to encourage excellence in papers. Only papers of 
single authorship are eligible. The medal may be presented 
annually. 


Spirit of St. Louis Medal, established by an endowment fund 
created in 1929 by citizens of St. Louis, Mo., to be awarded for 
meritorious service in the advancement of aeronautics. This medal 
will be awarded at the discretion of the Council of the Society at 
approximately three-year periods upon the recommendation of its 
Board on Honors. 


Spirit of St. Louis Junior Award, established in 1938 by an 
endowment fund created by the General Committee for the 1935 
Aeronautic Meeting in St. Louis; a cash award of $50 and certifi- 
cate made every three years, for the best paper on an aeronautic 
subject presented at any ASME meeting during the three-year 
period either personally by the author (a Junior Member of the 
Society under thirty years of age) or by a Junior Member desig- 
nated by him, and submitted to the Board on Honors within a 
reasonable period (to be determined by the Board) after its initial 
presentation. 


The Richards Memorial Award, established in 1944, endowed by 
Pi Tau Sigma, national honorary mechanical engineering frater- 
nity, is presented for outstanding achievement in mechanical engi- 
heering within twenty to twenty-five years after graduation from 
a regular four-year mechanical engineering course of a recognized 
American college or university. 


Pi Tau Sigma Medal Award, established in 1938, endowed by 
Pi Tau Sigma, the national honorary mechanical engineering 
fraternity, to be presented annually, together with an engraved 
certificate, to a young mechanical engineer for outstanding achieve- 
ment in his profession within ten years after graduation from a 
regular four-year mechanical engineering course of a recognized 
American college or university. Any mechanical engineering 
graduate, not more than thirty-five years of age, whose achieve- 
ment has been all or in part in any field including industrial, edu- 
cational, political, research, civic, etc., is eligible. 


Junior Award, annual cash award of $50, established in 1914 
from a fund created by Henry Hess, Past Vice-President of the 


Society, to be presented, together with an engraved certificate, for 
the best paper or thesis submitted during the calendar year pre- 
vious to the year of award by a Junior Member not more than 
thirty years of age. Papers of joint authorship are eligible. 


Charles T. Main Award, annual cash award of $150, established 
in 1919 from a fund created by Charles T. Main, Past-President 
of the Society, to be awarded, together with an engraved certifi- 
cate, to a Student Member of the Society for the best paper within 
the general subject of the influence of the profession upon public 
life. The exact subject is assigned by the Board on Honors, subject 
to the approval of the Council, and is announced each year through 
the Honorary Chairmen of the Student Branches. 


Student Awards, two annual cash awards of $25 each, established 
in 1914 from a fund created by Henry Hess, Past Vice-President 
of the Society, to be presented, together with engraved certificates, 
for the best papers or theses submitted by Student Members. The 
awards for 1932 and subsequent years have been given, one for 
undergraduate and the other for postgraduate work. 


SCHOLARSHIPS AND LOAN FUNDS 


Mar Toltz: Loan Fund of $15,000 established by Major Max 
Toltz, former member of the Council of the Society, the income to 
be used for assistance to Student Members. 

John R. Freeman: Fund of $25,000 established in 1926 by John 
R. Freeman, Past-President of the Society, the income to be used 
for travel scholarships and research. 

Woman’s Auriliary: Educational Loan Fund offered by the 
Woman’s Auxiliary to the Society to assist sons and daughters of 
members or worthy students of mechanical engineexing. Calvin W. 
Rice Memorial Scholarship Fund for students in mechanical engi- 
neering from South America. 


RECIPIENTS OF AWARDS 


The names of the recipients of the different awards to date are 
given in the following lists, together with the dates of presenta- 
tion, and the services or papers for which the awards were made. 
There were no awards for the years not listed. 


ASME Medal 


1921 Hsatmar GorTrriep CARLSON, in recognition of the services 
rendered the Government because of his invention and part 
in the production of 20,000,000 Mark III drawn steel booster 
casings used principally as a component of 75-mm high 
explosive shells, but also used extensively in gas shells and 
bombs 

1922 FrepertcK ArTHUR HaAtsey, for his paper describing the 
premium system of wage payments presented before the 
Society at the Providence Meeting in 1891, as the adoption 
of the methods there proposed has had a profound effect 
toward harmonizing the relations of worker and employer 

1923 JoHN RipLey FREEMAN, for his eminent service in engi- 
neering and manufacturing by his meritorious work in fire 
prevention and the preservation of property 

1926 R. A. MILLIKAN, in recognition of his contributions to 
science and engineering 

1927 WitFrep Lewis, for his contributions to the design and con- 
struction of gear teeth 

1928 JULIAN KENNEDY, for his services and contributions to the 
iron and steel industry 

1929 WritraAmM LeRoy Emmet, for his contributions in the de- 
velopment of the steam turbine, electric propulsion of ships, 
and other power-generating apparatus 

1931 AtLpert Krnessury, for his research and development work 
in the field of lubrication 

1933. AmMBROSE Swasey, for his contributions to the advancement 
of the engineering profession and for his part in the develop- 
ment of the turret lathe and the astronomical telescope 

1934 Wiis H. Carrier, in recognition of his research and de- 
velopment work in air-conditioning 

1935 CHARLES T. MAIN, for distinguished achievements in the 
textile and other industries, in engineering education, and 
for eminent service to the engineering profession 

1936 Epwarp BauscH, for meritorious mechanical developments 
in the field of optics 
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1937 
1938 
1939 
1940 
1941 


1942 
1943 
1944 
1945 


1946 
1947 


1924 


1927 


1929 


1934 


1936 


1937 


1938 
1939 
1940 
1941 


1942 


1943 
1944 


1945 


1946 
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Epwarp P. BuLLARD, for outstanding leadership in the de- 
velopment of station-type machine tools 

STEPHEN J. Pigott, for outstanding leadership in marine 
propulsion and construction > 

JAMES E. GLEASON, for service to the cause of safer and 
better transportation 

CuarLes F. Ketrerina, for outstanding inventions and 
research 

THEODOR Von KArMAN, for his brilliance as a teacher, his 
researches in elasticity and many fields of physics and me- 
chanics, and his distinguished leadership in the fields of 
aerodynamics and aircraft design 

E. G. BaILey, for achievement and leadership in steam and 
combustion engineering 

Lewis K. SILLcox, pre-eminent learned technologist—lover 
of wisdom—inspirer of men 

Epwarp G. Bupp, for the development of stainless-steel 
railway passenger cars 

Wru1aAM F. Dvuranp, world renowned authority in hydro- 
dynamic and aerodynamic science and its practical applica- 
tion; great teacher with an inspiring character and a unique 
capacity for lucidity and simplicity in imparting highly 
technical material; trusted adviser to Government in the 
solution of many intricate scientific problems in peace and 
during two world wars 

Morris E. Leeps, pioneer in industrial development and 
industrial relations 

Pavut W. Kierer, for outstanding achievement in railway 
transportation 


Holley Medal 


HJALMAR GOTFRIED CARLSON, for his inventions and proc- 
esses which made possible the timely production of drawn 
steel booster casings for artillery ammunition, thereby aid- 
ing victory in World War I (diploma in recognition of 
achievements presented in 1921) 

ELMER AMBROSE SPERRY, for achievements and inventions 
that have advanced the naval arts, including the gyroscope 
that has freed navigation from the dangers of the fluctu- 
ating magnetic compass 

Baron CHuzasuro Suis, for his contributions to knowl- 
edge through fundamental research, including the field of 
aerodynamics, by the development of ultra-rapid kinemato- 
graphic methods 

Irvine LANGMUIR, for his contributions to science and engi- 
neering, including the development of gas-filled incandescent 
lamps, thoriated filament for thermionic emission, atomic 
hydrogen welding, phase control operation of the thyratron 
tube, and fundamental research in oil films 

Henry Forp, for revolutionary influence through invention 
and practice on transportation and on mass production 
methods in manufacturing 

FREDERICK G. CoTTrRELL, for pre-eminent public service—the 
invention of electric precipitation—advancement of the 
science of gas liquefaction—gifts for engineering research 
Francis HopeKInson, for meritorious services in the devel- 
opment of the steam turbine 

Cart E. JOHANSSON, in recognition of his pioneer work in 
the development of basic measuring gages 

Epwin Howarp ARMSTRONG, for his leadership in the fiéld 
of radio communication 

JoHN C. GARAND, for the invention and development of the 
semi-automatic rifle, which has been adopted by the U.S. 
Army as the U.S. Rifle, Caliber .30, M1, an outstanding 
contribution to our national defense 

Ernest O. LAWRENCE, for originating the cyclotron, a unique 
invention for producing high-speed electrified particles, and 
for adapting it to research in physics, chemistry, medicine, 
and the properties of engineering materials 

VANNEVAR Bush, for machines used in easing applied mathe- 
matics from computational barriers 

Cart L. Norpen, for the invention and development of the 
Norden bombsight and other valuable devices which should 
hasten the peace 

Sanrorp A. Moss, for his many contributions over a long 
period of years to the development of centrifugal com- 
pressors, particularly as related to the highly successful 
application of turbosuperchargers to internal-combustion 
engines in the field of aeronautics 

NorMAwn R. Gipson, for achievements which have advanced 
the sciences of hydraulics and hydromechaniecs, including an 
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original method of water measurement which made possible 
more accurate testing of large hydroelectric generating units 
RayMonpd D. JOHNSON, pioneer in hydraulic engineering, 
master of fluid acceleration, accelerator of engineering 
progress 


Worcester Reed Warner Medal 


Dexter 8. KiMBALL, for his contributions to efficiency in 
management as exemplified by his recently revised “Prin- 
ciples of Industrial Organization” and by his many articles, 
engineering society papers, and public addresses 

FLANpDERS, for his contributions to a better under- 
standing of the relationship of the engineer to economic 
problems and social trends as exemplified by the many 
papers which he has presented 

STEPHEN TIMOSHENKO, for his contributions to the theory 
of the design of elastic structures and the treatment of 
dynamics of moving machinery 

CHARLES M. ALLEN, for his early and continued hydraulic 
laboratory work and for the permanent value of the papers 
on his development of methods of testing large hydraulic 
turbine installations 

CLARENCE F. HiIrRsHFELD, for his research and contributions 
to the theory and practice of heat-power engineering as 
exemplified by books and papers 

Lawrorp H. Fry, for contributions relating to improved 
locomotive boiler design and utilization of better materials 
in railway equipment , 

RupeEN EKSERGIAN, for influential papers of permanent value 
in ASME Transactions 

WILLIAM BENJAMIN GreGorRY, for distinguished work in 
hydraulic engineering, which has been the basis for many 
engineering papers . 

RicHArRD VYNNE SOUTHWELL, for his many distinguished 
services to engineering and science through papers and pub- 
lications in many fields, including aeronautics, theory of 
structures, elasticity, and hydrodynamics 

Frep H. Corvin, for his contributions to both technical ad- 
vancement and improvement in management in the metal- 
working industries, as influenced by more than fifty years 
of articles and books—particularly American Machinists’ 
Handbook 

I. Sikorsky, for contributions inspiring creative engi- 
neering, especially in aeronautics 

EARLE BUCKINGHAM, for original contributions to engineer- 
ing literature 

JosEPH M. JuRAN, for his outstanding contributions to the 
problem of quality control in mass production and his 
splendid records of such work as are contained in his books 
“Bureaucracy, A Challenge to Better Management” and 
“Management of Inspection and Quality Control” 

Arpap L. Napat, for pioneering contributions to the theory 
of plasticity 


Melville Prize Medal for Original Work 


Leon P. Atrorp, “Laws of Manufacturing Management” 
JoserH W. Ror, “Principles of Jig and Fixture Practice” 
HERMAN DriepertcHs and WILLIAM D. Pomeroy, “The Oc 
currence and Elimination of Surge or Oscillating Pressure 
in Discharge Lines From Reciprocating Pumps” 

Arruur E, Grunert, “Comparative Performance of a Pul- 
verized-Coal-Fired Boiler Using Bin System and Unit Sys 
tem of Firing” 

ALexey J. STEPANOFF, “Leakage Loss and Axial Thrust in 
Centrifugal Pumps” 

E. Catpwe tt, “Characteristics of Large Hell Gate 
Direct-Fire Boiler Units” 

Oscar R. WrIKANDeER, “Draft-Gear Action in Long Trains” 
H. A. Stevens Howarrn, “The Loading and Friction of 
Thrust and Journal Bearings With Perfect Lubrication” 
J. Bitcut, “Supercharging of Internal-Combustion 
Engines With Blowers Driven by Exhaust-Gas Turbines” 
ALPHONSE I. Liperz, “Air Resistance of Railroad Equip 
ment” 

Lester M. “High-Pressure High-Temperature 
Turbine-Electric Steamship J. W. Van Dyke” 

Cart A. W. Branopt, “The Locomotive Boiler” 

Rocer V. Terry, “Development of the Automatic Adjustable 
Blade-Type Propeller Turbine” 
J. Kennet Saurissury, “The Steam-Turbine Regenerative 
Cycle—An Analytical Approach” 
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Ernest L. Ropinson, “Bursting Tests of Steam-Turbine 
Disk Wheels” 

WituiaM J. Kina, “The Unwritten Laws of Engineering” 
TROELS WARMING, “Polar Diagram for Tuning of Exhaust 
Pipes” 

RAYMOND C. MARTINELLI, “Heat Transfer to Molten Metals” 


Spirit of Saint Louis Medal 


DANIEL GUGGENHEIM, founder of the Guggenheim Fund for 
the Promotion of Aeronautics 

Pav LitcHFIELp, for his work in encouraging and sponsor- 
ing airship design and construction in this country 

WILL Roaers, for his splendid, constructive, and unselfish 
work in the achievement of aviation, and the building up 
of public confidence in aviation through his articles in the 
press, over the radio, and from the speaker’s platform 
JAMES H. Doo.uitTrie, for meritorious service in the advance- 
ment of aeronautics 

Joun E. Youncer, for notable contributions to the science 
of airplane design, particularly in the conception, analysis, 
and supervision of the development of the fundamental 
design principles, requirements, and criteria which first as- 
sured the success of the pressure-cabin type of high-altitude 
airplane 

GerorGE W. Lewis, for leadership in direction and encourage- 
ment of aeronautical research, having an extensive influence 
on aeronautical engineering during the past quarter century 
JoHN K. Nortrurop, for his originality and vision in the 
engineering of military and commercial airplanes, and par- 
ticularly for his development of a successful flying wing 


Spirit of Saint Louis Junior Award 


Wiper W. Reaser, “Calculation of the Heat Loss From an 
Airplane Cabin” 

Martin Gotanp, “The Influence of the Shape and Rigidity 
of an Elastic Inclusion on the Transverse Flexure of Thin 
Plates” 

Harry H. Haverr, Jr., “Thermal Anti-Icing of the Eagle 
Airfoil” 


Richards Memorial Award 


Jacop P. Den Hartoe, for outstanding achievement in 
mechanical engineering 


Pi Tau Sigma Medal 


Witrrp FE. Jounson, for his development work in the field 
of refrigeration 

Joun I. YELLoTT, JR., in recognition of significant achieve- 
ments in steam-flow research and engineering education; also 
contributions on “Supersaturated Steam” and “Condensation 
of Flowing Steam in Diverging Nozzles” 

Grorck A. HAWKINS, for significant achievements in high- 
pressure steam. research and engineering education 

R. HosmMeR Norris, for outstanding achievement in me- 
chanical engineering, particularly in the heat-transfer field 
Jonn T. RETTALIATA, for outstanding achievement in me- 
chanical engineering 

Davin CocuRan, for outstanding achievement in mechanical 
engineering 


Junior Award 


Ernest .O. Hickstein, “Flow of Air Through Thin Plate 
Orifices” 

L. M. McMitzan, “The Heat Insulating Properties of Com- 
mercial Steam-Pipe Coverings” 

FE. D. WHALEN, “Properties of Airplane Fabrics” 

S. Locan Kerr, “Moody Ejector Turbine” 

R. H. Herman, “Heat Losses From Bare and Covered 
Wrought-Iron Pipe at Temperatures up to 800 Degrees 
Fahrenheit” 

F. L. Katiam, “Preliminary Report on the Investigation of 
the Thermal Conductivity of Liquids” 

S. S. SANForD and Saprn Crocker, “The Elasticity of Pipe 
Bends” 

R. H. Hetiman, “Heat Losses Through Insulating Material” 
Gripert S. ScHatiter, “An Investigation of Seattle as a 
Location for a Synthetic Foundry Industry” 
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WILLIAM M. FRAME, “Stresses Occurring in the Walls of an 
Elliptical Tank Subjected to Low Internal Pressure” 

M. D. AtsensteIn, “A New Method of Separating the Hy- 
draulic Losses in a Centrifugal Pump” 

ArtHurR M. WAHL, “Stresses in Heavy, Closely Coiled 
Helical Springs” 

Ep Srnciarr SMITH, “Quantity-Rate Fluid Meters” 

M. K. Drewry, “Radiant-Superheater Developments” 
EpmMonp M. Wagener, “Frictional Resistance of a Cylinder 
Rotating in a Viscous Fluid Within a Coaxial Cylinder” 
TOWNSEND TINKER, “Surface Condenser Design and Operat- 
ing Characteristics” 

Joun I. YeEtiott, Jr., “Supersaturated Steam” 

STANLEY J. MIKINA, “Effect of Skewing and Pole Spacing 
on Magnetic Noise in Electrical Machinery” 

Harwoop F. MULLIKIN, Jr., “Evaluation of Effective Ra- 
diant Heating Surface and Application of the Stefan-Boltz- 
mann Law to Heat Absorption in Boiler Furnaces” 

Lestre J. Hooper, “American Hydraulic-Laboratory Prac- 


ArtTHUR C. Stern, “Separation and Emission of Cinders and 
Fly Ash” 
Ropert E. Newton, “A Photoelastic Study of Stresses in 
Rotary Disks” , 
Joun T. Retrarrata, “The Combustion Gas Turbine” 
Winston M. Dun .ey, “Analysis of Longitudinal Motions in 
Trains of Several Cars” 
TROELS WARMING, “Power Pulsation Between Synchronous 
Generators” 
Bruce FE. Det Mar, “Presentation of Centrifugal-Com- 
pressor Performance in Terms of Nondimensional Relation- 
ships” 
Martin GoLanp, “The Flutter of a Uniform Cantilever 
Wing” 
Gitpert T. Rowe, “A Correlation of Measured and Pre- 
dicted Flow Characteristics of an Aircraft Ram Air Duct 
System” 

Charles T. Main Award 


CLEMENT R. Brown, Catholic University of America. Sub- 
ject: “The Influence of the Locomotive on the Unity of 
the United States” 

W. C. Saytor, Johns Hopkins University. Subject: “The 
Effect of the Cotton Gin Upon the History of the United 
States During Its First Seventy Years” 

No Award. Subject: “Scientific Management and Its Effect 
Upon the Industries” 

Ropert M. Meyer, Newark College of Engineering. Sub- 
ject: “Scientific Management and Its Effect Upon Manu- 
facturing” 

No Award. Subject: 
Farm Production” 
JuLEs Popnossorr, Polytechnic Institute of Brooklyn. Sub- 
ject: “The Value of the Safety Movement in the Industries” 
Rosert E. Kutse, University of Michigan. Subject: “Inter- 
changeability—Its Development and Significance in Indus- 
try” 

MARSHALL ANDERSON, University of Michigan. 
“Apprenticeship and Vocational Training” 
GrorceE D. WILKINSON, JR., Newark College of Engineering. 
Subject: “Progress in the Prevention of Smoke and Atmos- 
phere Pollution” 

Purp P. Serr, Colorado State College. Subject: “Air Con- 
ditioning—Its Practicability and Relation to Public Wel- 
fare” 

G. LoweLL Lafayette College. Subject: “Co- 
ordinated Transportation—An Economie Comparison of 
Railroad, Bus, Truck, Water, and Air Transportation for 
Long and Short Haul” ; 

No Award. Subject: “Developments in the Generation and 
Distribution of Power and Their Effect Upon the Consumer” 
ALLAN P. Stern, Case School of Applied Science. Subject: 
“The Influence of the Introduction of Labor Saving Ma- 
chinery Upon Employment in the United States” 
Epwarp W. Connotty, University of Detroit. Subject: 
“Economie Limitations in Engineering Design, With Con- 
crete Examples” 

JAMES R. Brieut, Lehigh University. Subject: “The Eco- 
nomics of Investment in New Manufacturing Equipment— 
With Concrete Cases” 

FRANK De Povutp, Case School of Applied Science. Subject: 
“What Has Been the Effect of Technological Advance on 
Employment?” 
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JoHN J. BALUN, University of Detroit. Subject: “The Need 
and Possibilities of Participation by Engineers in Public 
Affairs” 

BerNARD J. ISABELLA, Case School of Applied Science. Sub- 
ject: “The Engineer and Preparation for the Coming 
Peace” 

MiTcHELL C. Kazen, University of Detroit. Subject: “Gov- 
ernment as Affected by Engineering” 

Frep M. P1askowskKI, Univeristy of Detroit, “A Case Study 
of Labor-Management Co-operation” 

JACK DRANDELL, Southern Methodist University, “Engineer- 
ing in the New South” 

Vicror S. RyYKWALDER, University of Detroit, “Creative 
Engineering as a Factor in Promoting Full Employment” 
R. Boers, Stevens Institute of Technology, “The 
Engineering Method—Its Value and Limitations” 


Student Award 
1916 Boynton M. Green, Stanford University, “Bearing Lubri- 
cation” 
Howarp E. StrEvens, Rensselaer Polytechnic Institute, “An 
—a of the Dynamic Pressure on Submerged Flat 
lates” 
M. Apam, Louisiana State University, “The Adaptability 
me of the Internal-Combustion Engine to Sugar Factories and 
Estates” 

1917 H.R. HamMonp and C. W. Hotmperc, The Pennsylvania 
State College, “Study of Surface Resistance With Glass as 
the Transmission Medium” 
C. F. Len and F. G. Hampton, Stanford University, “An 
Experimental Investigation of Steel Belting” 
W. E. Hewtmick, Stanford University, “An Experimental 
Investigation of Steel Belting” 
Howarp G. ALLEN, Cornell University, “Wire Stitching 
Through Paper” 
Kart H. Wuite, University of Kansas, “Forces in Rotary 
Motors” 
RicHarp H. Morris and Abert J. R. Houston, University 
of California, “A Report Upon an Investigation of the 
Herschel Type of Improved Weir” 
CyarLes F. OLMsTEAD, University of Minnesota, “Oil Burn- 
ing for Domestic Heating” 
H. E. Doorirrie, University of California, “The Integrating 
Gate: A Device for Gaging in Open Channels” 
Georce Stuart CLARK, Stanford University, “Two Methods 
Used for the Determination of the Gasoline Content of 
Absorption Oils in Absorption Plants” 
L. J. FRANKLIN and H. Smit, Stanford Univer- 
sity, “The Effect of Inaccuracy of Spacing on the Strength 
of Gear Teeth” 

1925 Harry PEASE Cox, JR., Rensselaer Polytechnic Institute, 

“A Study of the Effect of End Shape on the Towing Re- 
sistance of a Barge Model” 
W..S. Montcomery, Jr., and E. Ray Enpers, Jr., The 
Pennsylvania State College, “Some Attempts to Measure the 
Drawing Properties of Metals” 
R. E. Peterson, University of Illinois, “An Investigation of 
Stress Concentration by Means of Plaster of Paris Speci- 
mens” 
Cecir G. Hearp, University of Toronto, “Pressure Dis- 
tribution Over U.S.A. 27 Aerofoil With Square Wing Tips— 
Model Tests” 
ALFRED H. MARSHALL, Princeton University, “Evaporative 
Cooling” 
Rocer Irwin Esy, University of Washington, “Measure- 
ment of the Angular Displacement of Flywheels” 
CLARENCE C. FRANCK, Johns Hopkins University, “Condi- 
tion Curves and Reheat Factors for Steam Turbines” 
FRANK VERNON BistroM, University of Washington, “An 
Investigation of a Rotary Pump” 
WILLIAM WALLACE Wuirtt, University of Washington, “An 
Investigation of a Rotary Pump” 
Gerarp EpEN CLAUSSEN, Polytechnic Institute of Brooklyn, 
“High-Temperature Oxidation of Steel” 
Harotp L. ApAMs and RicHarp L. SmirH, University of 
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Washington, “A Wind Tunnel for Undergraduate Labora- 
tory Experiments” 

JULES PopNnossorF, Polytechnic Institute of Brooklyn, “Pres- 
sure and Energy Distribution in Multi-Stage Steam Tur- 
bines Operating Under Varying Conditions” 

H. E. Foster, Jk., University of Tennessee, “Factors Affect- 
ing Spray Pond Design” (Undergraduate Award) 
WiLL1AM A. Mason, Stanford University, “An Experi- 
mental Investigation of the Flame Propagation in Internal- 
Combustion Engines” (Postgraduate Award) 

V. CorpiAno, Polytechnic Institute of Brooklyn, 
“Thermal Analysis of Lithium-Magnesium System of Al- 
loys” (Undergraduate Award) 

JAMES A. OsTRAND, JR., Princeton University, “Sudden En- 
largement in the Open Channel” (Postgraduate Award) 
H. ReyNotps Hupson, Georgia School of Technology, “Dy- 
namie Balance and Functional Utility Applied to Auto- 
motive Design” (Undergraduate Award) 

CnHarLes P. Bacua, Rutgers University, “The Behavior 
of Metals Subjected to Combined Stress” (Postgraduate 
Award) 

Rosert W. Beat, Oregon State College, “Do Lubricating 
Oils Wear Out?” (Undergraduate Award) 

Leon B. Stinson, Oklahoma Agricultural and Mechanical 
College, “Polymerized Motor Fuels; Their Economie Sig- 
nificance” (Undergraduate Award) 

DeWir1t D. Bartow, Princeton University, “The Criti- 
cal Speeds of Lateral Vibrations of Shafts With Gyroscopic 
Effects” (Postgraduate Award) 

Gino J. MARINELLI, Rensselaer Polytechnic Institute, “In- 
vestigation of the Towing Resistance of a Model Submarine 
Hull” (Undergraduate Award) 

MARSHALL C. Long, Princeton University, “An Investiga- 
tion Into the Angular Characteristics of an Adjustable 
Blade Current Meter” (Postgraduate Award) 

Donato C. McSortey, Michigan State College, “Humidity 
Insulation” (Undergraduate Award) 

Davip T. JAMES, Michigan State College, “Bells—Concern- 
ing Their Tones” (Undergraduate Award) 

Grorce W. SHEPHERD, JR., Princeton University, “An Auto- 
matie Mechanical Control for Synchronizing Prime Movers” 
(Postgraduate Award) 

Epwarp D. Rowan, Oregon State College, “Powder Metal- 
lurgy” (Undergraduate Award) 

G. WALKER GILMER, III, University of Florida, “Center of 
Pressure Characteristics of a Marconi Yacht Sail” (Under- 
graduate Award) 

ArtHur W. McCuure, Princeton University, “A Specific 
Speed Analysis of Turbosuperchargers for Aircraft” (Post- 
graduate Award) 

J. Packarp Latrp, Princeton University, “An Analysis of 
Motorcycle Behavior” (Undergraduate Award) 

L. Hutton, Princeton University, “The Aero- 
dynamic Development of the Star Sail” (Undergraduate 
Award) 

Netson B. HAMMoND, University of Pennsylvania, “An 
Investigation of Silver Solder Penetration in Brass Joints” 
(Undergraduate Award) 

Joun W. Erickson, Illinois Institute of Technology, “In- 
creasing the Efficiency of Gas Turbine Cycles” (Under- 
graduate Award) 

Paut A. THOMPSON, Illinois Institute of Technology, “Syn- 
thetic Sapphire—A New Industrial Engineering Material” 
(Undergraduate Award) 

R. Cottier, Tufts College, “Corrosion—A Design 
Problem” (Undergraduate Award) 


Freeman Travel Scholarship 


HERBERT N. EATON 1933 
R. Van LEER J. CASEY 
Rosert T. KNAPP 1935 

REGINALD WHITAKER 1936 VICTOR L. STREETER 


T. H. Cniren 
JAMES C. MA 


G. Ross Lorp 1946 { 
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| HONORARY MEMBERS 


i : HONORARY MEMBERS IN ELECTED DIED LIVING HONORARY MEMBERS ce 
PERPETUITY REAR ADMIRAL RoBert STAN- 
ALEXANDER LYMAN HOLtey, Founder of the Ome WILLIAM LAMONT ABBOTT......... 1940 
; Society. Died 1882. CHARLES HAYNES HASWELL. ? 1905 1907 EVERETT G. ACKART Seeesecccoceces 1947 2 
JoHN Epson Sweet, Founder of the So- NarHANAEL GREENE HERRES- CHABEES ALIEN. 1944 
ciety. Died 1916. 1921 1938 Roperr W. 1940 
HENRY ROssITER WorTHINGTON, Founder of FRIEDRICH GUSTAV HERRMANN 1884 1907 1942 
the Society. Died 1880. Gustav ADOLPH HIRN....... 1882 1890 1943 
JosePH HIRSCH ............ 1889 190] ReaR ApMiraL GARDINER 
ENJAMIN FRANKLIN ISHER- SUTENAD : 
Lorenzo 1937 1941 KrnosBury ......... 1940 1943 Wutiis H. CARRIER................ 1942 
Sir — 1905 1913 Hewat 1891 1916 ALEXANDER G. CHRISTIE........... 1946 
WituaM W uc CHARLES THOMAS MAIN..... 1939 1943. WILLIAM FREDERICK DURAND...... 1934 
ATTERBURY 1925 1935 ANATOLE MALLET ........... 1912 1919 Cianuxe ... 1942 
Sm BexnzaMin 1886 1907 CHARLES H. MANNING....... 1913 1919 RatpH E. FLANDERS............... 1946 
EpMUND Bruce Bar... 1939 1944 REAR ADMIRAL GEORGE WAL- Lorp DupLEY GORDON............. 1947 mae 
Jomann 1884 1893 LACE MELVILLE ........... 1910 1912 ARTHUR M. GREENE, JR............ 1940 
Sir Henny 1891 1898 GEORGE A. ORROK........... 1936 1944 Francis HOopGKINSON............. 1947 
Faepericx Joseru Beau. THe HonorABLE Stk CHARLES HERBERT CLARK HOOVER........... 1925 
Sir (STANDEN EON ARD JEROME C. HUNSAKER............. 
1900 1908 CHARLES TALBOT PORTER..... 1890 1910 Davin SCHENCK JACOBUS.......... 1934 
Aveuste C. E. RATEAU...... 1919 1930 Dexter Stimpson KIMBALL......... 1939 
Sir Epwarp J. REep........ 1882 1906 LiruTENANT GENERAL WILLIAM 8. 
Sun ONE........ 1839 1899 CALVIN WInsor RICE........ 1931 1934 Vice-ApMIRAL Emory S. LAND..... 1944 
Swen 1998 1944 PALMER C. RICKETTS........ 1931 1934 GENERAL GrorGe C. MARSHALL..... 1947 
1882 1983 LieUTENANT GENERAL ANDREW G. L. 
Gu “CHARLES M. Scowas........ 1918 1939 Irvine E. MOULTROP.............. 1946 
USTAF DE 913 JAMES A. Seymour......... 1940 1943 Granpe UFFICIALE ING. P1o PERRONE 1920 
C. WILLIAM SIEMANS....... 1882 1883. Anprey ABRAHAM POTTER......... 1945 
1936 Ericut Surpusawa 1929 1931s Sig Harry R. RICARDO............. 1942 
JAMES DRepor 1886 1906 AUREL STODOLA 1941 1942 Vice-ADMIRAL SAMUEL MURRAY 
Vue 913 AMBRosE Swasey .......... 1916 1941 
ToTOR DWELSHAUVERS-Dery. 1886 1913 THOMSON ........... 1900 1946 
THomas ALVA EDISON. ...... 1904 1931 Henry Roptnson ToWNE.... 1921 1924 Gun 1945 
ALEXANDRE Gt STAVE EIFFEL. 1889 1923 tenet TRESCA ............. 1882 1885 Ww 
MARSHAL FERDINAND Focn.. 1921 1929 Epwarp N. Trump 1943 1944 Mason GENERAL WILLIAM H. 
4 ILLIAM CAWTHORNE UNWIN 1898 1933 
JoHN FREEMAN... 1932 1932 MATTHEWS VAUCLAIN 1920 1949 Ricut HonoraBie Lorp WEIR...... 1920 
1900 1913 Henry Hague VAUGHAN.... 1939 1942 Mason GENERAL CHARLES Macon 
Mason GENERAL GEORGE OSKAR VON MILLER...... 1934 Wade's 1941 
WASHINGTON GOETHALS ... 1917 1928 Francts A. WALKER........ 1886 1397 WEN-HAO 1945 
FRANZ GRASHOF ............ 1884 1893. Worcester Reep WARNER... 1925 1943 


GeorceE WESTINGHOUSE ..... 1897 1914 
WILLIAM Henry WHITE. 1900 1913 
ORVILLE WRIGHT ..........- 1918 1948 
Str ALFRED FERNANDEZ YAR- 
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PAST-PRESIDENTS 


Dates in parentheses denote year of death. 


ALEXANDER LYMAN HOLLeEy, Chairman of the Preliminary Meeting 1913 WILLIAM FREEMAN Myrick Goss (1928) 
for Organization of The American Society of Mechanical Engineers 1914 JAMES HARTNESS (1934) 
(1882) 1915 JOHN ALFRED BRASHEAR (1920) 
1916 Davin SCHENCK JACOBUS 
1880-1882 Rospert HENRY THURSTON (1903) 1917 Ira NELSON (1930) 
1883 ERASMUS DARWIN LEAviITT (1916) 
> 1884 JouNn Epson Sweet (1916) 1918 CHARLES THOMAS MAIN (1943) 
1885 JOSEPHUS FLAviIus HoLLoway (1896) 1919 MogTIMER ELwYn Coouey (1944) 
1920 Frep J. MILLER (1939) 
1886 COLEMAN SELLERS (1907) a 
1921 Epwin S. CARMAN 
1887 Georce H. Bascock (1893) 
1922 DeExTER SIMPSON KIMBALL 
1888 Horace SEE (1909) 
1923 JouN LYLE HARRINGTON (1942) 
1889 Henry Ropinson Towne (1924) 
‘ 1924 FREDERICK Low (1936) 
1890 OBERLIN SMITH (1926) 
1925 WILLIAM FREDERICK DURAND 
1891 Rosert Wootston Hunt (1923) 
: 1926 WILLIAM LAMONT ABBOTT 
1892 CHARLES HarpINe (1907) 1927 CHARLES M, ScuwaB (1939) 
1928 ALEX Dow (1942) 
1895 Epwarp F. C. Davis (1895) ag * 
1929 ELMER AMBROSE SPERRY (1930) 
1895 CHARLES ETHAN BILLINGS (1920) 
1896 Joun Fritz (1913) 1930 CHARLES PIEz (1933) 
1897 Worcester REED WARNER (1929) (1943) 
1898 CHARLES WALLACE Hunt (1911) 1933 A A Porm ‘ 
1899 GrorGeE WALLACE MELVILLE (1912) 
1934 Dory (1938) 
1900 CHARLES Morean (1911) 
1935 E. FLANDERS 
1901 SAMUEL T. WELLMAN (1919) 
1936 L. 
1902 Epwin Reynowps (1909) 
1937 JAMES H. HERRON 
1903 JAMES Mapes (1915) 
1938 Harvey N. Davis 
1904 AmBrosE Swasky (1937) 1939 ALEXANDER G. CHRISTIE 
1905 JOHN RIPLEY FREEMAN (1932) 1940 Warren H. McBrype 
1906 FREDERICK WinsLow TayLor (1915) 1941 WituiamM A. HANLEY 
1907 FreperIcK ReMSEN Hutton (1918) 1942 James W. PARKER 
1908 Mrnarp LArever HOLMAN (1925) 1943 Harotp V. 
1909 JessE MerricK SMITH (1927) 1944 Ropert M. Gates 
1910 GEoRGE WESTINGHOUSE (1914) 1945 ALEx D. BAILEY 
1911 Epwarp DANIEL METER (1914) 1946 D. Ropert YARNALL 
1912 ALEXANDER CROMBIE HUMPHREYS (1927) 1947 Evcene W. O’BRiEN 
TREASURERS SECRETARIES 
Apr. 1880—Dec. 1881 Lycureus B. Moore * Organization Meeting, 1880 SAMUEL S. Wesser, JR. (1921) 
Dec. 1881—Nov. 1884 CHARLES W. CoPpELAND (1895) Acting Secretary, Apr.-Nov. 1880 Lycurcus B. Moore * 
1884—1925 H. WItLey (1925) Nov. 1880—Mar. 1883 'THos. WHITESIDE RAE (1895) 
1925—1935 ERIK OBERG 1883—1906 FrepericK R. Hutton (1918) 
1935—1944 D. Ennis (1947) 1906—1934 Cavin W. Rice (1934) 
1944—-date K. W. JAPPE 1934—date CLARENCE E. DAVIES 


* Deceased. Year not known. 
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Abbreviations and Symbols, 
Abbreviations and Symbols, Letter, Comm.... 
Abrasive Wheels, Rep. on Safety Comm 
Acoustical Measurements, Rep. on Comm 
Admissions Comm. 
Advertising Manager, 
Aeronautic Div. See Aviation Div. 
Aeronautics, Rep. on Standardization Comm... 
Air Conditioning Comm 
Aircraft Heat Transfer Comm 

Alfred Noble Prize, ASME Rep..... 
Allowances and Tolerances, Gages, Comm 
American Association for the Advancement of 
Science, ASME 
American Documentation ASME 


Recipients 
Statement about 


Subcomms. 


Cast Iron Pipe, Rep. on Comm 
Cavitation Comm. 


Constitution and By-Laws Comm 
Construction Work, Rep. on Safety Comm. 
eee 4 Conveying Machinery, Safety 


Index to Council and Committee Personnel, February, 1948 


The page numbers in this section are preceded by the letters “SR,” which are omitted in the following index. 


ep. ee 
American Geophysical U nion, ASME "Rep Keone 
American Rocket Society, ASME Reps 


Medal 


Awards, ASME 
Recipients 
Statements about 

Awards Comm. See Honors, Board on 

Biography Comm. 


on Technology 


Revision of Section VIII, Special Comm. 


Boilers, Openings, Comm 
Boilers, Power, Comm 
Boilers, Rules for Inspection of, Comm 
Boilers, Special Design of, Comm 
Bolted Flanged Connections Comm 
Bolt, Nut, and Rivets Comm 
Building a for Light and Ventilation, Rep. 
Calvin Rice Scholarship ease 
Cast Iron at Elevated ME Rep. on 


Compressed Air Machinery and Equipment, 


Graphical, Comm. Co-ordinating Comm, 
Co-ordinating Comm. 
Co-ordination Comm. 
Co-ordination Comm. 
Correlating Comm., ASA Safety Code, Reps. on 


Corrosion, Co-ordinating Comm., Reps. 


(Corrosion), Reps. on.. 
(Power Test Codes).... 


Cranes, Derricks, and Hoists, Safety Comm... 
Cut and Ground Thread Taps Comm 


Daniel Guggenheim Medal Board of Award, 
Power Test Codes 
Dimensional Limits and Allowances Comm.... 
Direct-Fired Fluid Heaters and Boilers Comm.. 
Directors at Large 
Dished Heads Comm 


Americen Standards Association, ASME Reps.10, 35 
ASA Mecha: ical Standards Comm., Reps. on. 
ASA Safety Code Correlating Comm., Reps. on. 
American Year Book Corporation, ASME Rep. 
Antifriction Bearings, Numbering, Rep. 
Applied Mechanics Div. Comms 
Applied Mechanics Reviews, Advisory Board. . 
Applied Mechanics Reviews Managing Comm.. 
Assistant Secretary, 
Austenitic Plates, Boilers, Subgroup......... 
Automatic Regulation Theory Comm 
Aviation Div. Comms 


8, Reciprocating Steam- 
and Evaporation Comm....... 


Drawings and Drafting Room Practice Comm. . 
Dues-Exempt Members’ Contributions Comm. . 
Dust Explosions, Reps. on Safety Comm 
Dust Separating Apparatus Comm 


Education and Professional Status, Board on... 
Education Comm. 


Education Comm., Gas Turbine Power Div. 

Safety, Center for, ASME Rep. "10, 37 
Electrical "Definitions, Rep. on Comm 34 
Ordinance and Statute, 


on Codes and Standards.............. 
on Education and Professional Status... 


Electrie Sockets and Lamp Bases Comm..... 
Electric Welding Apparatus, Rep. on Comm.. 
Engineering Ethics, Principles of, "ASME ‘Rep. 
Engineering Foundation, ASME R 
Conference Comm., ASME 


Boards and Committees. 
Boiler Code 


Conference Comm. 
Exec. Comm 


Engineering "Profession ‘Comm. 
i Profession 


Engineering Rep. Library Board, ASME 


ps. 
Societies Monographs 


Engineering Societies Personnel Service, Inc., 


Engineers Civic Responsibility Comm 
engi il for Professional Develop- 


Engineers Joint Council, 

Engineers’ National Relief Fund, ASME Rep. 
Engineers Registration Comm 
Evaporating Apparatus Comm.. 
Executive Assistant Secretary, ASME. 
Exhaust Systems, Rep. on Safety Comm 


Center for Safety Education, ASME Rep 
Charles T. Main Award 
Recipients 
Statement about 


Farm Management Comm 
Fatigue, ASTM E-9 Comm., ASME Rep 
Fatigue Strength, Screw Threads, Comm 
Feedwater, Boiler Code Comm 
Feedwater Studies, Boiler, Comm 
Ferritic Castings, Boilers, Subgroup 
Ferritic Forgings, Boilers, Subgroup 
erriti , Boilers, Subgroup 
Ferrous Materials, Boilers, Subgroup 


Coal Coke, Rep. on 


Building Construction and Ma- 
terials, Rep. on Comm 
Fire-Tube Boilers, Subgrou 
Flanges, Steel, Comm. 
Floor and Wall Openings, Railings, and Toe 
Boards, Rep. on Safety Comm 


Fluids Handling Comm 
Food Manufacture Comm 
Forest Fire Protection, Rep. on Comm 
Forest Protection, Wood Industries Div. Comm. 
Forging and Hot Metal Stamping, Rep. on 
Freeman Award Comm 
Freeman Scholarship. See John R. Freeman 
Travel Scholarships 
Fritz Medal Board of Award, ASME Reps.... 
Fuels, Domestic, Comm 
Fuels, Power Test Code Comm 
Fuels Div. Comms 


Furnace Performance Factors Comm......... 
Gages, Pressure and Vacuum, Comm........ 
Gantt Medal Board of Award, ASME Reps.. 


Gas 
faseous Fuels, Rep. on Comm 
Gases, Properties of, 
Gifts and Bequests 
Glass, Safety, Rep. on Comm............-.. 
Graphic Presentation 
Grinding Wheel Markings Comm............ 
Guggenheim Medal Board of Award, ASME 
Re ps. 


Heat Exchanger Research Comm............ 
Holley Medal 
Holmes Safety Association, ASME Rep....... 
Honorary Members, List of...............-. 
Honorary Membership, Statement about...... 
Hoover Medal Board of Award, ASME Reps.. 
Hose Couplings, Screw Threads, Comm...... 
Hydraulic Positive Displacement, 
Hydraulic wll Movers 
Power Test Codes 
Hydrogen Storage Tank Comm.............. 
Industrial Conservation Comm.............. 


Industrial Instruments and Regulators Div. 
Industrial Power Trucks, Safety Comm...... 
Industrial Relations Comm................- 
Industrial Workers, Foundries, Protection of, 
Rep. on Safety Comm.............. 
Industrial Workers, Protection of, Reps. on 
Instruments and Apparatus, Power Test Codes 
Internal-Combustion Engines 
Power Test Codes Comm.............. 
International Electrotechnical Commission, 
Iron and Steel Bars Comm...............-. 
Iron and Steel Div. See Metals Engineering 


Div. 
John “ = Medal Board of Award, ASME 
John R. Pacman Travel Scholarships 
Joseph 4> Holmes Safety Association, ASME 
Journal of Applied Mechanics, Editor....... « 
Junior Award 
Ladders, Rep. on Safety Comm.............. 
Lathes, Engine and Tool Room Comm........ 
Laundry Machinery, Rep. on Safety Comm.. 
Life Membership, Statement about.......... 
Lighting Factories, Mills, Rep. on Safety 
Loading Platforms, Rep. on Comm......... e 
Locomotives, Boilers of, Comm............- 
Machine Design Div. Comms..............+. 
Machine Shop Practice Div. See Production 
Engineering Div. 
Machine Tapers Comm................ 
Machine Tool Elements Comm.............. 
Machine Tools, Designations and Working 
Main Award. See Charles T. Main Award 
Management Div. 
Manhole Frames and Covers, Rep. on Comm.. 
Manufactured and Natural Gas Comm........ 
Marston Award, ASME Rep........ éuaveces 
Materials Handling Div. Comms............ 
Max Toltz Loan Fund, Statement about ease 


4 
30 30 
41 33 
14 41 
Gas Comr ass 
30 
34 30 
31 36 
32 ee 
10 29 32 
10 10 10 
10 
10 40 14 aot 
ASME 16 38 
43 18 14 
14 
5 44 ee 
39 43 
Isplacem 10 
Dri 40 47 
Distillation 17 43 a 
84 33 
6 15 
37 18 
41 
5 5 
43 16 
15 
Board 7 34 36 aes 
Board 8 35 16 Len 
Board 7 29 
Board 7 36 37 
6 10 37 
38 10 
. 89 10 
11 
Boiler ter Studies Comm... 11 33 
38 
10 
39 sngineering Comm., 39 
39 10 10 
46 
84 43 
43 10 
36 43 
16 36 
30 32 
Chucks and Cl 30 36 
Coal-Handling Equipment, Rep. on Comm.... 35 43 
Coal Mines, Drainage, Rep. on 35 38 
Coal Testing Code, Rep. on 41 89 37 
Code Symbol Stamps Comm................ 38 Fil 6 85 
Codes and Standards, Board on 38 
Collective Bargaining, ASME Rep........... 10 35 29 ae 
Column Research Council, ASME Reps 39 15 Beets 
Combustion Comm., Gas Turbine Power Div.. 13 39 32 Bs cts 
Compressed Air, Work in, Rep. on Safet 
ompressors and Blowers 17 31 yt Pes: 
Centrifugal and Turbo, Comm........... 40 35 RO 
Displacement, Comm. 40 18 31 
Compressors, Steam-Jet, Comm 41 
Comptroller, ASME 36 15 
Condensers, Water-Heating, and Cooling Equip- 7 35 
Condenser Tubes Co 29 17 
6 10 18 
36 12 43 
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Mechanical Power-Transmission Apparatus, 
36 
Mechanical Refrigeration, Reps. on Safety 
Mechanical Separation Comm............... 17 
Mechanical Springs Comm................. 29 
Mechanical Standards, Reps. on Comm....... 35 
Melville Medal 
Membership Comm., Standing. See Admissions 
Comm. 
Membership Development Comm............. 8 
Membership Review Comm...............-. 8 
Merchant Council Consultants Panel, 
3 
Metal Cutting Data Advisory Comm.......... 6 
Metal Cutting Data and Bibliography Comm.. 29 
Metallurgical Research, Rep. on Comm....... 30 
Metals, Effect of Temperature on, Comm 29 
Metals Engineering Div. Comms.......... oe EO 
Metals Engineering Handbook Board......... 6 
Metals, Plastic Flow of, Comm.............. 30 
Midwest Office, Location of..............06. 5 
Milling Cutter Bodies, Carbide Tipped, Comm. 32 
Monographs Comm., ASME Reps............ 10 
National Bureau of Engineering Registration, 
National Fire Waste Council, ASME Rep..... 11 
National Management Council, ASME Reps... 11 
National Research Council, ASME Rep....... 11 
Nicholls Award Comm., ASME Reps........ 13 
Nomenclature and Symbols Comm........... 14 
Nomenclature, Machine Tools, Comm........ 32 


Nomenclature, Refrigeration, Reps. on Comm. 35 


Nonferrous Materials, Boilers, Subgroup...... 39 
Nuclear Energy Application Comm 7 
Nucleonics Heat Transfer Comm....... 
Oil and Gas Power Div. Comms............. 16 
Oil Engine Power Cost Comm............... 16 
Openings and Reinforcements Comm. (Boiler 


Organization of Engineering Profession Comm. 6 


of Profession, 
Paper and Pulp Mills, etl on Safety Comm. 87 
Percy Nicholls Award Comm., ASME Reps.. 18 
Petroleum Comm., Process Industries Div.... 17 
Petroleum Products and Lubricants, Rep. on 
35 
Pipe Flanges and Fittings Comm............ 32 
31 
Piping Codes and Standards, Joint Conference 
Comm., Reps. on Comm..........+. 35 
Piping Systems, Identification, Comm........ 33 
Pi Tau Sigma Award 


Planning Comm., Nuclear Energy Application. 7 
Plant Layout Templates and Models Comm... 34 


Plastic Flow of Metals Comm.............. 30 
Plate Specifications Comm. (Boiler Code).... 39 
Plumbing Equipment Comm................ 33 

Power Test Codes, General Instructions Comm. 40 
Preferred Numbers, Rep. on Comm.......... 35 
Presses, Rep. on Safety Comm...... <ahtoeuss 87 
Pressure Piping, Code for, Comm............ 33 
Pressure Vessels in Service, Care of, Comm.. 38 
Pressure Vessels, Unfired, Comm............ 39 
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Prime Movers 


Speed Governing Specifications, Reps. on 
Process Industries Div. Comms.............. 17 
Production Engineering Div. Comms........ 17 
TIVE. 6, 12 
Professional Divs. Exec. Comms............. 12 
Professional Status, Board on............... 8 
6 
Pumping Machinery Comm...............+- 15 
Pumps, Centrifugal and Rotary, Comm....... 40 
Pumps, Lubricating and Cooling............ 32 
Pumps, Reciprocating Steam-Driven Displace- 
40 
Punch Press Tosis Comm... 81 
16 
Quarry Operations, Rep. on Safety Comm.... 37 
Refractory Materials, Properties of, Rep. on 
Refrigerating Systems Comm.............-- 41 
Refrigeration Nomenclature, Reps. on Comm.. 35- 
Regional Delegates Conference Officers........ 19 
Representatives on Other Activities . 
41 
84 
Research Procedure Comm. of Engineering 
Foundation, ASME Rep............ 
Research Secretaries 
Rice Scholarship. See Calvin W. Rice Scholar- 
ship 
Richards Memorial Award 
Rotating Electrical Machinery, Rep. on Comm. 35 
Rubber and Plastics Div. Comms........... 17 
Rubber Machinery, Rep. on Safety Comm..... 87 
Safety Education, Center for, ASME Rep...10, 87 
Safety Valve Requirements re 39 
St. Louis Junior Award. See Spirit of St. Louis 
Junior Award 
St. Louis Medal. See Spirit of St. Louis Medal 


Scholarships and Loan Funds, Statement about. 43 


Screw Threads, Fatigue Strength, Comm...... 80 
Screw Threads for Hose Couplings Comm.... 33 
Screw Threads, Standardization, Comm....... 81 
Screw Threads, U.S. Comm., Reps. on........ 35 
Sections 

Regional Groups of......... 
Sieves for Testing Purposes, Rep. on Comm... 385 
Single-Point Tool-Life Tests Comm 82 
Small Plant Management Comm....... 


Solid Fuels, Combustion Space for, Comm.... 83 
Speed, Temperature and Pressure Responsive 


Spindle Noses and Collets Comm............ $1 
Spirit of St. Louis Medal 

Spirit of St. Louis Junior Award 

45 


Splines and Splined Shafts Comm........... 82 
Springs, Mechanical, Comm................ 29 
Standards and Codes, Board on...........-. 7 


Standard Ton of Refrigeration, Rep. on Comm. 41 
Statistics in Engineering and Manufacturing 


34 
Steam Boilers, Critical Pressure, Comm...... 29 
Steam Boilers in Service, Care of, Comm.... 38 
Steam Engines, Reciprocating, Comm........ 40 
Steam-Generating Units, Stationary, Comm... 40 
Steam Locomotives 41 
Steam Turbines, Special Standards Comm.... 34 
Student Awards 
Symbols and Abbreviations 
Symbol Stamps, Boiler Code, Comm.......... 38 
Technical Committees 
Textiles, Rep. on Safety Comm............. 37 
Theory and Fundamental Research Comm. 14 
Therbligs, Process Charts, and Their Symbols, 
Thermal Insulating Materials, Rep. on Comm. 35 
Thermophysical Properties Comm........... 14 
Toltz Fund. See Max Loan Fund 
32 
Tools and Tool Posts Comm. .....cscccisess 31 
Traffic Safety National Comm., Rep. on....... 87 
Transmission Chains and Sprockets Comm.... 32 
Unfired Heat Transfer Equipment Comm..... 14 
Unfired Pressure Vessels Comm............. 39 
United Engineering Trustees, Inc., ASME Reps. 11 
Ventilation, Rep. on Safety Comm........... 37 
Vessels, Low Temperature, Comm........... 39 
Vessels, Strength Under External Pressure, 
Vice-Presidents (Regional) ................5,19 
Walkway Surfaces, Rep. on Safety Comm..... 37 
Warner — See Worcester Reed Warner 
Meda 
Washers, Plain and Lock, Comm............ $2 


Washington Award Commission, ASME Reps.. 11 
Water Conditioning and Waste Disposal Comm. 17 


Water-Cooling Equi t, At pheric, Comm. 41 
Water for Industrial Uses, Rep. on Comm. 30 
Water Heating, Volume, Rep. on Comm...... 35 
Welded Joints, Radiographic Examination of, 
Welding Apparatus, Electric, Rep. on Comm. 35 
Wire and Sheet Metal Gages Comm.......... 33 
Wire Rope for Mines, Rep. on Comm........ 35 
Woman’s Auxiliary, Officers of.............: 42 
Woman’s Auxiliary Scholarship............. 43 
Wood Industries Div. Comms.............-- 18 
Worcester Reed Warner Medal 
43 
Work Standardization Comm............... 16 
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Transactions 


of The American Society of Mechanical Engineers 


Published on the tenth of every month, except March, June, September, and December 


OFFICERS OF THE SOCIETY: 


James M. Topp, President 
K. W. Jappg, Treasurer C. E. Davigs, Secretary 


COMMITTEE ON PUBLICATIONS: 


J. M. Juran, Chairman 
Ronatp B. Smita Joun Haypock 
C, B. 
Gzorcs A. Stetson, Editor W. CLenpinnino, Managing Editor 


REGIONAL ADVISORY BOARD OF THE PUBLICATIONS COMMITTEE: 


Kerr ATKINsSON—I Tomuinson Fort—V 
Orro pe Lorenzi—II R, E. Turner—¥VI1 

W. E. Reaser—Ill R. G. Rosronc—VII 
F. C. Smira—IV M. A. Durtanp—VIII 
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By-Law: The Society shall not be responsible for statements or opinions advanced in papers or...printed in its publications (B13, Par. 4)....Entered as 
second-class matter March 2, 1928, at the Post Office at Easton, Pa., under the Act of August 24, 1912....Copyrighted, 1949, by The American Society 
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Depositories for ASME Transactions in the United States 


Including Territories and Dependencies 


OUND copies of the complete Transactions of The Ameri- 
can Society of Mechanical Engineers will be found in the 
libraries in the United States and other countries which are listed 


on the following pages. 


Engineering Library, Alabama Poly. Inst. 


Birmingham...... Public Library 
University..... Library, University of Alabama 
Arizona 
TWGORccscincs Library, University of Arizona 
Arkansas 
Fayetteville......Engineering Library, University of Ar- 
kansas 
California 
Berkeley....... Library, University of California 
Long Beach... ... Public Library 
Los Angeles... ... Public Library 
University of Southern California 
Oakland........ Oakland City Library 
Teachers’ Professional Library 
Pasadena....... Library, California Institute of Technology 
Santa Clara......Library, University of Santa Clara 
San Diego...... Public Library 


San Francisco. . . 


Stanford Univ.. 


.Engineers Club of San Francisco 


Mechanics Institute 
Public Library (Civic Center) 


. Library, Stanford University 


Colorado 
eee Library, University of Colorado 
Public Library 
Fort Collins...... Colorado State College of Agriculture and 
Mechanic Arts 
Connecticut 
Bridgeport... . . Public Library 
Hartford.........Public Library 
New Haven......Public Library and Yale University 
University of Connecticut 
Waterbury.......Silas Bronson Library 
Delaware 
University of Delaware 
Wilmington...... Wilmington Institute Free Library 
District of Columbia 
Washington...... George Washington and Catholic Univer- 
sities; Library of Congress; National 
Bureau of Standards Library; Scientific 
Library, U. S. Patent Office 
Florida 
Gainesville....... University of Florida 
Jacksonville...... Free Public Library 
Miami...........Public Library 
Public Library 
Georgia 
Carnegie Public Library 
. Georgia School of Technology 
Savannah........ Public Library 
Hawaii 
Honolulu......... University of Hawaii Library 
Idaho 
Moscow.......... University of Idaho 
Chicago..........John Crerar Library; Library, Illinois 


Institute of Technology; Museum of Sci- 
ence and Industry; Public Library of 
Chicago; Western Society of Engineers 


Illinois (continued) 


Evanston........ Northwestern University 
Public Library 
University of Illinois 
Indiana 
Evansville........ Public Library 
Fort Wayne...... Public Library 
Indianapolis. ..... Public Library and Indiana State Library 
Notre Dame..... Library, University of Notre Dame 
Terre Haute...... Rose Polytechnic Institute 
West Lafayette...Library, Purdue University 
Iowa 
Iowa State College 
Des Moines...... Public Library 
Iowa City....... State University of Iowa 
Kansas 
Kansas City..... Public Library, Huron Park 
Lawrence........ Library, University of Kansas 
Manhattan....... Kansas State College 
Wichita City Library 
Kentucky 
Lexington........ University of Kentucky 
Louisville........ Speed Scientific School 
University of Louisville 
Louisiana 
Baton Rouge..... Louisiane State University 
New Orleans... .. The Howard-Tilton Memorial Library 
Louisiana Engineering Society 
Public Library 
Tulane University 
Maine 
University of Maine 
Maryland 
Annapolis........ United States Naval Academy 
Baltimore........ Engineers Club of Baltimore 
Johns Hopkins University 
Public Library 
College Park..... Library, University of Maryland 
Massachuselts 
Boston Public Library 
Engineering Societies of New England 
Northeastern University 
Cambridge....... Harvard University (Engineering Library) 
Massachusetts Institute of Technology 
Fall River........ Public Library 
Free Public Library 
New Bedford..... Free Public Library 
Springfield....... Springfield City Library 
Tufts College..... Tufts College 
Worcester........ Free Public Library 
Worcester Polytechnic Institute 
Michigan 
Ann Arbor....... University of Michigan 
Detroit. Cass Technical High School 
Highland Park Public Library 
Public Library 
University of Detroit 
East Lansing..... Michigan State College 
Public Library 
Grand Rapids... . Public Library 
Houghton........ Michigan College of Mining & Technology 
Jackson......... Public Library 
Minnesota 
Public Library 
Minneapolis..... . Minneapolis Public Library (Engineering 
and Circulating Libraries) 
University of Minnesota 
James Jerome Hill Reference Library 
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Mississippi 
State College..... Mississippi State College 
Missouri 
Columbia........ University of Missouri 
Kansas City...... Public Library 
| rere Missouri School of Mines and Metallurgy 
St. Louis. ........ Engineers Club of St. Louis; Public Library; 
Washington University; Mercantile Li- 
brary 
Montana 
Bozeman......... Montana State College 
Nebraska 
Neer University of Nebraska 
Nevada 
University of Nevada Library 
New Hampshire 
ee University of New Hampshire 
New Jersey 
Bayonne......... Free Public Library 
Camden......... Free Public Library 
Elizabeth........ Free Public Library 
HODOMOR........0% Stevens Institute of Technology 
Jersey City....... Free Public Library 
Free Public Library 


Newark College of Engineering 
New Brunswick. . Rutgers University 


Free Public Library 
Princeton........ Princeton University 
er Free Public Library 
New Mexico 
Albuquerque..... University of New Mexico 
State College..... New Mexico State College 
New York 
New York State Library 
Brooklyn......... Polytechnic Institute 


Pratt Institute 

Brooklyn Public Library 
The Grosvenor Library 

Engineering Society of Buffalo 

Buffalo Public Library 


Cornell University 
Jamaica, L. I... ..Queens Borough Public Library 
New York........ College of the City of New York 
Columbia University 
Cooper Union 


Engineering Societies Library 

New York Museum of Science and Industry 
New York University Library 

Publie Library 


Potsdam . .Clarkson College of Technology 
Rochester........ Rochester Engineering Society 
Schenectady...... Union College 
Syracuse......... Public Library 
Syracuse University 
Rensselaer Polytechnic Institute 
North Carolina 
Chapel Hill...... University of North Carolina 
Durham......... Duke University 
Raleigh .. North Carolina State College 
North Dakota 
| ere North Dakota State Agricultural College 
Grand Forks..... University of North Dakota 
Ohio 
Ohio Northern University 
Public Library 


University of Akron 
Canton..........Publie Library 
Cincinnati.......Engineers Club of Cincinnati 

Public Library 

University of Cincinnati 
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Cleveland........ Case Institute of Technology 
Cleveland Engineering Society 
Fenn College 
Public Library 
Columbus........ The Ohio State Library 
Ohio State University 
Public Library 


Engineers Club of Dayton 
University of Toledo 
Youngstown...... Public Library 
Oklahoma 
Norman......... Oklahoma University 
Oklahoma City... Public Library 
Stillwater........ Oklahoma A&M College 
Tulsa............Public Library 
Oregon 
Corvallis......... Oregon State College 
Portland. 6... Portland Library Association 
Pennsylvania 
Allentown........ Free Library 
Bethlehem....... Lehigh University 
Lafayette College 
Public Library 
Lewisburg........ Bucknel! University 
Philadelphia...... Drexel Institute 


Engineers Club 

Franklin Institute 

The Free Library 

University of Pennsylvania 
Pittsburgh....... Carnegie Free Library of Allegheny 

Carnegie Institute of Technology 

Carnegie Library (Schenley Park) 

Engineers’ Society of Western Pennsylvania 

University of Pittsburgh 
Reading......... Publie Library 


Scranton.........Publie Library 
State College..... Pennsylvania State College 
Swarthmore...... Swarthmore College 
Villanova........ Villanova College 
Wilkes-Barre... ..Pablic Library 
Puerto Rico 
Mayaguez........ University of Puerto Rico 
Rhode Island 
Kingston......... Rhode Island State College 
Providence.......Brown University 


Providence Engineering Society 
Public Library 


South Carolina 
Clemson College. .Library, Clemson College 
South Dakota 
Brookings........South Dakota State College 
Tennessee 
Kingsport........ Publie Ltbrary 
Knoxville........ University of Tennessee 
Mempbhis......... Goodwin Institute 
Nashville........ Vanderbilt University 
Texas 
Austin...........University of Texas 
College Station. ..Texas Agricultural & Mechanical College 
Dallas Public Library 
Southern Methodist University 
Public Library 
Fort Worth...... Carnegie Public Library 
Public Library 
Rice Institute 
Lubbock......... Texas Technological College 
San Antonio...... Carnegie Library 
Utah 
Salt Lake City...University of Utah 
Public Library 
Vermont 


Burlington.......University of Vermont 
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Virginia 
Blacksburg....... 
Charlottesville . . 
Lexington....... 
Richmond........ 


Washington 
Pullman......... 


Virginia Polytechnic Institute 


. University of Virginia 
. Virginia Military Institute 
. Public Library 


Virginia State Library 


State College of Washington 


. Engineers Club 


Publie Library 
University of Washington 
Public Library 
Publie Library 


SOCIETY RECORDS 


West Virginia 


Morgantown..... 
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Madison... 
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Wyoming 
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Depositories for ASME Transactions in Other Countries 


Argentina 


Buenos Aires... 


Brazil 


Chile 


Santiago....... 


Cuba 


Kingston....... 


Biblioteca de la Sociedad Cientifica 


Public Library of Adelaide 

Public Library of Victoria 

University of Western Australia Library 
Public Library of Sydney 


. .Bibliotheca da Escola Polytechnica 


Bibliotheca Nacional 
Bibliotheca da Escola Polytechnica 


Queen's College 

Ecolé Polytechnique 

Engineering Institute of Canada 
McGill University 

University of Toronto, Library 

University of British Columbia 


. .Universidad de Chile, Facultad de Ciencias 


Fisicas y Matematicas (Engg. School) 


Cuban Society of Engineers 


Birmingham Public Libraries 


. .University of Bristol 


University of Cambridge 


..University of Leeds 


Liverpool Engineering Society 

Public Library of Liverpool 

City and Guild Engineering College 

Institution of Automobile Engineers 

The British Coal Utilization Research As- 
sociation 

The Institution of Mechanical Engineers 

Institution of Civil Engineers 


England (continued) 


Newcastle-upon- 


India 


Ireland 


Italy 


Mexico 


Mexico City... 


South Africa 


Cape Town.... 
... South African Institute of Engineers 


Wales 


Cardiff......... 


Institution of Electrical Engineers 

The Junior Institution of Engineers 

The Royal Aeronautical Society 

Manchester Public Libraries (Reference 
Library) 

Oxford University 


The North-East Coast Institution of Engi- 
neers and Shipbuilders 
Sheffield Public Libraries 


Mysore Engineers Association 
Bengal Engineering College 
Poona College of Engineering 


.. University of Rangoon 


Queen’s University of Belfast 


. Biblioteca, Politecnico 
.Consiglio Nazionale delle Ricerche 
. Facolta’ d’Ingegneria, Universita 


Asociacion de Ingenieros y Arquitectos de 
Mexico 

Library of the Escuela de Ingenieros Me- 
canicos y Electricistas 


Royal Technical College 
Mitchell Library 


University of Cape Town 


Kungl. Tekniska Hogskdlans Bibliotek 


. Cardiff Public Library 


Australia Manchester... ... 
Adelaide......... 
Melbourne....... 
Sheffield... . se eee 
Rio de Janeiro, 
Sao Paulo........ 
Ca 
nay Montreal......... 
Toronto.......... 
Vancouver....... 
Havana........ . 
England Scotland 
Birmingham .... . Glasgow......... 
Bristol.........§_ 
Cambridge...... . 
London ......... 
Sweden 
Stockholm......._ 
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Indexes to ASME Papers and 


Publications 


HIS and the following pages will serve as a guide to the cur- 
rent publications of the ASME. 


Regular Society Publications, 1948 


Mechanical Engineering, monthly (see index on page SR-59) 
ASME Transactions, monthly (see Index on page SR-77) 
Journal of Applied Mechanics, quarterly (see index on page SR-85) 
ASME Mechanical Catalog and Directory, 1949 edition. 
Applied Mechanics Reviews, monthly. 


Publications Issued in 1948 


Proceedings of the 1947 National Conference on Petroleum Mechani- 
cal Engineering 
1945, 1946, 1947 Proceedings of Oil and Gas Power Division 
1946 and 1947 Oil Engine Power Cost Report 
1948 Addenda to: 
Low-Pressure Heating Boilers 
Locomotive Boiler Code 
Miniature Boiler Code 
Power Boiler Code 
Unfired Pressure Vessel Code 
Specifications for Materials 
Welding Qualifications 
American Standards 
1947 Supplement to 1942 Code for Pressure Piping. 
Circular and Dovetailed Forming Tool Blanks 
Spindle Noses for Toolroom Lathes 
Taps, Cut and Ground Threads 
Cast-Iron Pipe Flanges and Flanged Fittings, Class 125 
Cast-Iron Pipe Flanges and Flanged Fittings for Refrigerant Piping 
Letter Symbols for Mechanics of Solid Bodies 
Letter Symbols for Physics 
Power Test Codes 
Test Code for Steam Turbines 
Appendix to Test Code for Steam Turbines 


How to Find Papers Presented at 
1948 ASME Meeting 


HE technical programs of the meetings of the Society and of 

its Professional Divisions have been published in Mechanical 
Engineering and may be located by consulting the index on pages 
SR-59 to SR-76. A majority of these papers were published, or will 
be published, in Mechanical Engineering or the Transactions (in- 
cluding the Journal of Applied Mechanics) and may be located by 
reference to the indexes of these publications. 


Publications Developed by the 
Technical Committees 


HE Society’s technical committees, the first of which was 

organized many years ago and all of which have been con- 
tinuously at work on codes, standards, research, and other special 
reports, have developed a series of publications of permanent 
value to the membership. The following list is presented here 
for record and for ready reference. This list covers the works 
of these committees together with dates of publications and 
prices. A discount of 20 per cent is allowed to ASME members 
on all publications except where otherwise noted. 


ASME AMERICAN STANDARDS 
Bout, Nut, Rivet Proportions 


Large Rivets (B18.4—1937), $0.80 

Plow Bolts (B18f—1928), $0.45 

Round Unslotted-Head Bolts (B18.5—1939), $0.60 

Socket-Head Cap Screws and Socket-Set Screws (B18.3—1947), 
$0.60 

Slotted-and-Recessed-Head Screws (B18.6—1947), $1.00 

Small Rivets (B18a—1927 with 1942 Addendum), $0.40 

Tinners’, Coopers’, and Belt Rivets (B18g—1928, with 1942 Adden- 
dum), $0.45 

Track Bolts and Nuts (B18d—1930), $0.50 

Wrench-Head Bolts and Nuts and Wrench Openings (B18.2—1941) 
$0.80 


PIPING AND Pipe Fittincs 


Air Gaps and Backflow Preventers in Plumbing Systems (A40.4— 
1942 and A40.6—1943), $0.55 

Brass Fittings for Flared Copper Tubes (A40.2—1936), $0.45 

Brass and Bronze Screwed Fittings (B16.15-—1947), $0.65 

Cast-Iron Pipe Flanges and Flanged Fittings for 25 Lb Maximum 
Saturated Steam Pressure (B16b2—1947), $0.50 

Cast-Iron Pipe Flanges and Flanged Fittings Class 125 (B16a—1948), 
$0.65 

Cast-Iron Pipe Flanges and Flanged Fittings Class 250 (B16b—1944). 
$0.55. 

Cast-Iron Pipe Flanges and Flanged Fittings for Refrigerant Piping, 
Class 300 (B16.16—1948), $0.45 

Cast-Iron Pipe Flanges and Flanged Fittings for 800 Lb Maximum 
Hydraulic Pressure (B16b1—1931), $0.45. 

Cast-Iron Soil Pipe and Fittings (A40.1—1935), $0.80 

Cast-Iron Long Turn Sprinkler Fittings for 150 and 250 Lb Maximum 

- Saturated Steam Pressure (B16g—1929) and Addendum (B16g1— 

1937), $0.60 

Cast-Iron Screwed Fittings for 125 and 250 Lb Maximum Saturated 
Steam Pressure (B16d—1941), $0.50 

Cast-Iron Screwed Drainage Fittings (B16.12—1942), $0.55 

Code for Pressure Piping (B31.1—1942), $2.50 

Supplement No. 2 to 1942 Code for Pressure Piping, $0.60 

Face-to-Face Dimensions of Ferrous Flanged and Welding End Valves 
(B16.10—1939), $0.65 

Ferrous Plugs, Bushings, Lock Nuts, and Caps (B16.14—1943), $0.50 

Malleable-Iron Screwed Fittings for 150 Lb Maximum Saturated 
Steam Pressure (B16c—1939), $0.60 

Pipe Threads (B2.1—1945), $1.50 

Scheme for the Identification of Piping Systems (A13—1928), $0.60 

Steel Pipe Flanges and Flanged Fittings for 150 to 2500 Lb Maximum 
Steam Service Pressure (B16e—1939), $1.50 

Soldered-Joint Fittings (A40.3—1941), $0.55 

Steel Butt-Welding Fittings (B16.9—1940), $0.50 

Steel-Socket Welding Fittings (B16.11—1946), $0.60 

Threaded Cast-Iron Pipe for Drainage, Vent, and Waste Services 
(A40.5— 1943), $0.30 

Wrought-Iron and Wrought-Steel Pipe (B36.10—1939), $0.60 


LETTER AND GRAPHICAL SYMBOLS AND Carts 


Abbreviations for Scientific and Engineering Terms (Z10.1—1941), 
$0.45 

Abbreviations for Use on Drawings (Z33.13—1946), $1.00 

Drawings and Drafting-Room Practice (Z14.1—1946), $1.50 

Engineering and Scientific Charts for Lantern Slides (Z15.1—1932), 
$0.60 

Engineering and Scientific Graphs for Publications (Z15.3—1943), 
$0.90 


Graphical Symbols for Use on Drawings in Mechanical Engineering 
(Z32.2—1941), $0.60 

Letter Symbols for Chemical Engineering (Z10.12—1946), $0.50 

Letter Symbols for Gear Engineering (B6.5—1943), $0.30 

Letter Symbols for Hydraulics (Z10.2—1942), $0.45 

Letter Symbols for Mechanics of Solid Bodies (Z10.3—1948), $0.30 

Letter Symbols for Heat and Thermodynamics (Z10ce—1943), $0.65 
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Letter Symbols for Physics (Z10.6—1948), $1.00 
Time Series Charts (Z15.2—1938), $1.50 


AMERICAN STANDARDS— MISCELLANY 


Indicating Pressure and Vacuum Gages (B40—1939), $0.50 

Preferred Thickness for Uncoated Thin Flat Metals (B32.1—1941), 
$0.30 

Inspection and Tolerances for Gears (B6—1946), $0.80 

Preferred Standards for Large 3600-Rpm 3-Phase 60-Cycle Condens- 
ing Steam Turbine-Generators (published 1945), $0.30 

Operation and Flow Process Charts, 1947, $0.75 

Self-Appraisal Form for Use of Industrial Plants, 1947, $0.75 

Shaft Couplings (B49—1947), $0.45 

Spring Lock Washers (B27.1—1944), $0.35 

Spur Gear Tooth Form (B6.1—1932) $0.55 

Surface Roughness, Waviness, and Lay (B46.1—1947), $0.45 


Toots AND MacHINE ELEMENTS 


Machine Tapers (B5.10—1943), $0.75 

Milling Cutters (B5c—1930), $0.90 

Nomenclature for Milling Cutter Teeth (B5c1—1947), $0.70 

Reamers (B5.14—1941), $0.90 

Taps—Cut and Ground Threads (B5.4—1948), $1.50 

Terminology and Definitions for Single-Point Cutting Tools (B5.13— 
1939), $0.50 

Adjustable Adapters (B5.11—1937), $0.60 

Chucks and Chuck Jaws (B5.8—1936), $0.55 

Circular and Dovetailed Forming Tool Blanks and Holding Elements 
(B5.7—1948), $0.60 

Markings for Grinding Wheels (B5.17—1943), $0.30 

Involute Splines, Side Bearings (B5.15—1946), $0.80 

Jig Bushings (B5.6—1941), $0.45 

Spindle Noses and Arbors for Milling Machines (B5.18-——1943), $0.30 

Spindle Noses for Toolroom Lathes 

Rotating Air Cylinders and Adapters (B5.5—1932), $0.45 

Tool Shanks and Tool Posts (B5.2—1943), $0.45 

Tool Life Tests (B5—1946), $0.55 

T-Slots, Their Bolts, Nuts, Tongues, and Cutters (B5a—1941), $0.45 

Twist Drills (B5.12—-1940), $0.65 

Code for Design of Transmission Shafting (B17c—1927), $0.90 

Shafting and Stock Keys (B17.1—1943), $0.55 

Woodruff Keys, Keyslots, and Cutters (B17f—1930), $0.45 


Screw THREADS AND THREADING TOOLS 


Fire Hose Coupling Screw Thread (B26—1947), $0.30 

Hose Coupling Screw Threads (B33.1—1947), $0.30 

Limits and Fits in Engineering and Manufacturing (B4.1—1947), 
$0.30 

Rolled Threads for Screw Shells of Electric Sockets and Lamp Bases 
(C44—1946), $0.45 

Screw Threads for Bolts, Nuts, Machine Screws, and Threaded Parts 
(B1.1—1935), $0.75 

Screw Threads for High-Strength Bolting (B1.4—1945), $0.30 

Screw Thread Gages and Gaging (B1.2—1941), $0.75 

Acme and Other Translating Threads (B1.3—1941), $0.55 

Tolerances, Allowances, and Gages for Metal Fits (B4a—1925), $0.60 


BOILER CONSTRUCTION CODE 


1946 Editions With 1947-48 Addenda: 
Boilers of Locomotives, $1.00 
Low-Pressure Heating Boiler Code, $1.00 
Miniature Boiler Code, $0.75 
Power Boiler Code, $2.75 
Specifications for Materials, $4.00 
Suggested Rules for Power Boilers, $1.25 
Unfired Pressure Vessel Code, $2.00 
Welding Qualifications, $0.90 
Boiler Code Interpretation Service, $5.00 annually 
API-ASME Code for Unfired Pressure Vessels 
1943 Edition, with 1944 Supplement, $2.00 


POWER TEST CODES AND AUXILIARY SECTIONS 


Test CopEs For 


Atmospheric Water-Cooling Equipment (1930), $0.55 
Coal Pulverizers (1944), $0.85 


TRANSACTIONS OF THE ASME 


Displacement Compressors, Vacuum Pumps, and Blowers (1939), 
$0.90 

Dust Separating Apparatus (1941), $0.90 

Evaporating Apparatus (1941), $0.60 

Feedwater Heaters (1927), $0.45 

Fans (1945), $1.00 

Gaseous Fuels (1944), $0.90 

Gas Producers (1928), $0.65 

Hydraulic Prime Movers (1938 with 1942 Addenda), $0.75 

Reciprocating Steam-Driven Displacement Pumps (1927), $0.80 

Reciprocating Steam Engines (1935), $0.80 

Stationary Steam Generating Units (1946), $0.75 

Steam Condensing Apparatus (1938), $0.80 

Steam Locomotives (1941), $0.65 

Appendix to Steam Turbine Test Code (1948), $2.00 

Steam Turbines (1948), $2.00 


INSTRUMENTS AND APPARATUS 


General Instructions (1945), $0.55 
Definitions and Values (1945), $0.80 
Part 1—General Considerations (1935), $0.45 
Part 2—Pressure Measurement 
Chapter 1, Barometers; Chapter 6, Tables, Multipliers, and 
Standards (1941), $0.75 
Chapter 2, Static and Total Pressure, Static Holes and 
Tubes, and Impact Tubes, $0.75 
Chapter 3, Static Pressure Hole, Static Tube, or Impact 
Tube (1945), $0.75 
Chapter 4, Bourdon, Bellows, Diaphragm, and Deadweight 
Gages (1938), $0.75 
Chapter 5, Liquid Column Gages (1942), $0.75 
Part 3—Temperature Measurement 
Chapter 1, General; Chapter 5, Pyrometric Cones; Chapter 
6, Liquid-in-Glass Thermometers; and Chapter 7, Bour- 
don-Tube Thermometers (1931), $0.75 
Chapter 2, Radiation Pyrometers (1936), $0.65 
Chapter 3, Thermocouple Thermometers or Pyrometers 
(1940), $0.75 
Chapter 4, Resistance Thermometers (1945), $0.80 
Chapter 8, Optical Pyrometers (1940), $0.45 
Part 4—Head Measuring Apparatus (1933), $0.45 
Part 5—Chapter 4, Flow Measurement by Means of Standardized 
Noazsles and Orifice Plates (1940), $2.75 
Part 8—Measurement of Indicated Horsepower (1941), $0.75 
Part 9—Heat of Combustion (1943), $0.50 
Part 11—Determination of Quality of Steam (1940), $0.55 
Part 12—Measurement of Time (1942), $0.50 
Part 13—Speed Measurements (1939), $0.55 
Part 14—Linear Measurements (1936), $0.65 
Part 15—Measurement of Surface Areas (1944), $0.75 
Part 16—Density Determinations (1931), $0.40 
Part 17—Determination of the Viscosity of Liquids (1931), $0.75 
Part 18—Humidity Determinations (1932), $0.60 
Part 20—Smoke-Density Determinations (1945), $0.75 
Part 21—Leakage Measurements (1942), $0.75 


RESEARCH 


Fluid Meters: 
Part 1—Theory and Application (1937), $3.25 
Part 3—Selection and Installation (1933), $1.75 

Report of the AGA-ASME Committee on Orifice Coefficients. 
(1935), $2.75 

Bibliography on Aircraft Plywood (1944), $1.00 

Bibliography on the Cutting of Metals (published 1945), $6.50 

Riveted Joints—A Critical Review of the Literature Covering Their 
Development, with Bibliography and Abstracts of the Most 
Important Articles (Published 1945), $4.50 

Sources of Information on Instruments (published 1945), $0.75 


SAFETY CODES 


Code for Pressure Piping (B31.1—1942 with 1944 and 1947 Supple- 
ments), $3.00 

Safety Code for Cranes, Derricks, and Hoists (B30.2—1943), $1.80 

Safety Code for Elevators (A17.1—1937 with 1942 Supplement), 
$1.50 

Elevator Inspectors’ Manual (A17.2—1945), $1.50 
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SOCIETY RECORDS 


Safety Code for Conveyors, Cableways, and Related Equipment 
(B20—1947), $0.90 

Safety Code for Jacks (B30.1—1943), $0.40 

Safety Code for Mechanical Power-Transmission Apparatus (B15— 
1927, Reaffirmed in 1935 without change), $0.45 

Compressed-Air Machinery and Equipment (B19—1938), $0.40 

Description and Schematic Layouts of Various Types of Undercar 
Safeties and Governors (published 1945), $0.40 

Handling and Socketing of Wire Rope (published 1945), $0.25 


Biographies 


IOGRAPHIES issued under the sponsorship of the ASME 
Biography Committee are as follows: 


Autobiography of an Engineer, by W. LeR. Emmet (1940), $3.50 

Scientific Blacksmith (Autobiography of Mortimer E. Cooley—1947) 
$3.75 

Autobiography of John Fritz (1940), $3.25 

Biography of Fred J. Miller (1941), $1.25 


Books and Pamphlets on Special 
Subjects 


Automatic Control! Terms (1946) (no discount allowed), $0.25 

Creative Engineering (1944), $0.75 

Creative Thinking (1946) (no discount allowed), $0.25 

Cutter Life, Hardness, Distribution, and Honing, $0.50 

Design Data on Mechanics (1944), $1.50 

Design Data on Strength of Materials, Book 1 (1944), $1.50 

Diesel-Fuel Oils, Production, Characteristics, and Combustion, $3.50 

Dynamics of Automatic Control, $7.50 

Engineering Profession in Transition (1947), $1.00. To ASME mem- 
bers, $0.50 

Engineering Societies Yearbook, $3.00 (no discount allowed) 
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Flow of Water in Pipes and Pipe Fittings (1941), $8.00 

Graphitization of Steel Piping (1944, 1945, and 1946), $3.00 

Improved Application of Coal-Burning Equipment, $0.50 

ISA Tolerance System (1942), $2.50 

Lectures on Development of British Gas-Turbine Jet Unit, $3.00 (no 
discount allowed) 

Manual on Collective Bargaining, $1.00 

Manual on Cutting of Metals (1939), $5.00 

Manual of Consulting Practice (1939), $0.40 

Oil Engine Power Cost Report (1947), $2.50 

1945-1946 Proceedings of Oil and Gas Power Division (1948), $3.50 

1947 Proceedings of Oil and Gas Power Division (1948), $3.50 

Proceedings of the 1946 and 1947 National Conference on Petroleum 
Mechanical Engineering, $4.50 each. Combination price, $7.50 

Reflections on the Motive Power of Heat (1943), $2.75 

A Study of Missiles Resulting From Accidental Explosion, $1.50 

Tentative API-ASME Code for Petroleum Positive Displacement 
Meters, $1.00 

Theoretical Steam Rate Tables (1937), $1.25 

Unwritten Laws of Engineering (1944), $0.25 (no discount allowed) 

1948 Transactions (bound) $15 ($7.50 to ASME members) 

1947 Transactions (bound), $15 ($5 to ASME members) 


Regular Society Periodicals 


Mechanical Engineering (subscription price included in membership 
dues). Annual nonmember rates in United States, $7.00; to 
Canada, $7.75; elsewhere, $8.50. 

Transactions of the ASME, including the Journal of Applied Me- 
chanics. Annual nonmember subscription rate in United States, 
$12.00; elsewhere, $12.75 

Annual subscription rates to ASME members: 
$4.00 for 8 issues of Transactions 
2.50 for 4 issues of Journal of Applied Mechanics 
6.00 for both publications 

1948 ASME Membership List 

Applied Mechanics Reviews 
Annual Nonmember subscription in U. S. $12.50; elsewhere, $13. 
Annual subscription rate to ASME members in U. S. $9; else- 

where $9.50 
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